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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 wiu 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 experimental
techniques and procedures.
D. Communications: Shon 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
will also be presented, together with meeting schedules.
F. Reviews, Tutorial Articles and Special Contributions: This class of anicles will cover the subjects of
general interest.
Nontechnical Section: This part will cover book reviews,
significant personal and technical accomplishments, current news
and new products.
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Appreciation
Professor Morio Onoe retires

from his long held
position as professor at the Institute of Industrial Science,
University of Tokyo, where he has been its Director for the last
several years. Among his many credits, he served as the
President of the Japan Society of Nondestructive Inspection in
1976. But, for us in the acoustic emission field, the most
significant of his contributions is the leadership he has
exhibited in organizing and developing the Japanese Committee
on Acoustic Emission (though this is not the official name in
Japan) as well as the biennial International Acoustic Emission
Symposia. It has become one of premier events around the
world where much information exchange and international
friendship have materialized. His foresighted stewardship has
been highly effective in mobilizing considerable talent of his
countrymen in generating volumes of exciting and innovative
investigative work. This Journal has also benefited from his
advice and assistance as Associate Editor. He has relinquished
this post upon his retirement to our regret, but his support will
long be remembered with our deepest gratitude.
"

Drs. P.G. Bentley, P. Dumousseau, J.
EisenbHitter, I. Grabec, H. Nakasa, J. M.
Rodgers, H. Takahashi, S.J. Vahaviolos, T.
Watanabe and Y. Watanabe have served out as

members of the Editorial Board of this Journal. Their assistance
and support of the Journal, especially in the review process, are
most appreciated. The four EWGAE members have contributed
much in the active participation of other EWGAE members in
this publication as Dr. Hill notes in another article. I also
acknowledge the advice of the four JCAE members on various
matters with appreciation. Because of geographical proximity, I
have been in close touch with the two AEWG members for a
long time and received valuable suggestions and criticisms.
These have been essential in the development of this publication, to which I am forever grateful.

Drs. F. Beall, Y. Higo, T. Holroyd, C.R.L.
Murthy and E. Waschkies have agreed to be new
members of the Editorial Board. They reflect changing trends
and expanding horizons.

European Perspective
It is now four years since the Journal of Acoustic Emission
was initiated by Professor Ono and three years since I took on
the task of Associte Editor-Europe. Our aim in 1983 was frrst
of all to take the Journal from being an American Publication
with occasional European input to an inter- national journal
representing the global AE community. It certainly is to the
benefit of the whole AE community to have a publication
pulling together research results, tech- nical notes, news and
views all in one place.
I have heard it said that Britons were not true Europeans but I
have always been a supporter of the idea of a unified Europe and
I hope that my efforts help all European scientists and
engineers to feel that they have easy access to the pages of the
Journal of Acoustic Emission both for their research work,
ideas and comments.
I am always conscious that the language of the Journal is
English, and of course, this is not the frrst language of the
majority of European readers. Because of this, publication in
the journal must involve authors much more effort in preparing
manuscripts. I would encourage you to ignore this problem.
Our aim is to maintain high standards of technical content and
we look for this from all authors. It is the editors' task to
correct the English, and I am always willing to do this... so
pick up your pen and submit your work for publication in the
journal. If acoustic emission is to continue to develop into a
full scale NOT technique, then we need the full involvement of
the whole European scientific fraternity.
We look forward to your input to the Journal.
With best wishes.

Roger Hill
Associate Editor-Europe
P.S. Since the beginning of 1983 one-third of the papers
published in the journal have been European.

Finally, I wish to share with you the honor bestowed upon me
during the Second International Conference on Acoustic Emission at Lake Tahoe last October. There, I received the Achievement Award of the AEWG, in part for founding, editing and
publishing this Journal. This could not have been accomplished
without the help of the Associate Editors and the members of
the Editorial Board and above all without the authors and
readers. My deepest appreciation goes to all of you.

Kanji Ono, Editor

This photo at the Lake Tahoe Conference shows Dr. Kanji 000
and new AEWG Fellows, Drs. J. Baron (1) and J. Carlyle (r).

CALL FOR PAPERS
29th Acoustic Emission Working Group Meeting
Royal Military College, Kingston, Ontario, Canada
June 23-26,1986 (Deadline date: May 15, 1986)
Submissions in the form of single page abstract are solicited. Final date for the submission of
abstracts is May 15, 1986. The program will include a one day primer on acoustic emission
followed by three days of technical sessions. Planned sessions are:
a) simulated sources
b) instrumentation
c) AE in metals, alloys and composite materials
d) geophysical applications
e) applications to manufacturing technologies
f) AE monitoring of vehicular structures
g) AE in the utility industries
Extended Abstracts Arrangements have been made for the publication of extended abstracts of
meeting presentations in the Journal of Acoustic Emission. Should you wish to take advantage of
this please bring your camera ready extended abstract to the Meeting. Format used should be the
same as that used for the Proc. of-the 2nd Int. Conf. on AE (Lake Tahoe). See page 211 of JAE,
1984 (Vol. 3, No.4) or write to the organizer.
Conference Events Monday, June 23: AE Primer Sawyer Theatre, RMC.
Registration and Welcoming Reception, 6:30-8:30 p.m. Howard Johnson's Hotel.
Tues. Wed. Thurs. June 24 - 26: Technical Sessions Sawyer Theatre, RMC.
Wednesday, June 25: Awards Dinner Senior Staff Mess, RMC. Dress Code.
Thursday, June 26: Business meeting 3:30 p.m. Sawyer Theatre, RMe.
Registration and Information Please forward a single page abstract along with your
registration form to the conference organizer. Registration fee is $100.00 US or the equivalent in
Canadian funds payable to AEWG MEETING KINGSTON. Kingston is located midway between
Toronto and Montreal and is easily accessible form either of these two cities by rail, road or air. A
block of rooms has been reserved in each of the adjacent hotels below.
Hotels (Reservation are required by May 10,1986.)
Howard Johnson's Hotel, 237 Ontario Street, Kingston, Ontario K7L 2ZA 613-549-6300
Holiday Inn Kingston,
1 Princess Street, Kingston, Ontario K7L lAl 613-549-8400
Conference Organizer
Dr. S. L. McBride, Physics Department, Royal Military College,
Kingston, Ontario K7K 51.0 613-545-7637

PRIMER ON ACOUSTIC EMISSION Monday, June 23, 1986
A primer on acoustic emission will be held to provide an introduction to the basics of acoustic
emission techniques. This is an opportunity to familiarize yourselves with the most up-to-date
acoustic emission technology by attending a series of classes conducted by invited experts in the
field, who volunteer their services. There will be six hours of instruction with breaks for
refreshment and lunch. Course notes will be provided. Topics to be covered are the following:

Instrumentation and AE Signal Analysis
AE in Metals and Alloys
AE in Composite Materials
Applications ofAE to Pressure Vessels and Field Tests

A. G. Beattie, Sandia National Labs
s. H. Carpenter, University of Denver
Y. Hinton, Army Mat. Tech. Labs
C. Tatro, Lawrence Livermore Lab

ADVANCE REGISTRATION REQUIRED by May 15, 1986. Cost is $50.00 US or equivalent in
Canadian funds.
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Nondestructive Monitoring of Installed Refractories by
Acoustic Emission
David A. Bell
Abstract

2.

Acoustic emissions from refractory bricks and concretes have been studied. Large scale cracking was indicated
by a peak in the threshold crossing count rate occurring
simultaneously with a minimum in the amplitude distribution constant, b. The extent of crack damage was linearly
related to acoustic emission energy and approximate source
location could be calculated from the relationship between
rise times and durations.

Refractory failures are often caused by thermal stress.
Concretes, and ceramics generally, are subject to brittle
failure at low strains. Nonlinear thermal expansion and low
thennal conductivities when coupled with rapid heating lead
to thermal stress damage. Experimental work was therefore
aimed at monitoring and analyzing acoustic emissions
caused by thermomechanical stresses. Two methods were
used: mechanical loading of notched bars in three-point
bend, and rapid heating of bricks or blocks.
A PAC 3400 4-channel microcomputer-based acoustic
emission analyzer with broad-band transducers and 100·300
kHz bandpass filters was used to record details of burst
emission on to floppy disc for later analysis. The following information was collected concerning each burst (for
single channel operation):
i) time of arrival
ii) peak amplitude
iii) rise time
iv) duration
v) energy
vi) number of threshold crossing counts.
The maximum number of bursts which could be characterized each second was 331. Recrystallized alumina waveguides were used to permit detection of acoustic emissions
from refractories at temperatures up to 1300·C.

1. Introduction
Refractory concretes are being used increasingly instead
of traditional fired bricks. These materials are applied to
steel backplates by casting, ramming or gunning techniques
and are held in place by steel anchors welded or bolted to the
backplate. The result is a continuous concrete structure
fIxed to a steel plate by embedded steel rods. Refractory
concretes are bonded hydraulically and when heated, lose a
considerable amount of water which must be driven off as
steam. Unless great care is exercised during the first heating, serious or even explosive cracking may occur.
Due to the coarse-grained heterogeneous structure of
refractories, cracking occurs even at quite low stresses, and
can be detected by acoustic emission techniques. As
stresses become more severe, the intensity of the acoustic
emission increases, often to a level audible to the human
ear as failure occurs. The significance of this was noted as
early as 1933 (British Refractories Research Association,
1933) but made by Kumagai, Uchimura and others (1980a,
b and c) in Japan and by Edwards (1974), Potter (1981) and
Williams and Anderson (1977) in the United States.
Two serious problems of acoustic emission monitoring with refractories are inconsistent transducer coupling
which leads to great variations in threshold crossing count
rates from similar specimens, and extraneous sources such
as vibration, dust impact, etc. These problems mean that if
refractory degradation is to be monitored, especially if an
early warning of failure is required, signal processing
methods more sophisticated than threshold crossing rate
measurement are required.
Received 4 July 1984; in fmal form, 18 October 1985. The
author is affiliated with British Ceramic Research Association, Ltd., Queens Road, Penkhull, Stoke-on-Trent, ST4 7LQ,
United Kingdom.
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Experimental

3. Amplitude Analysis and Threshold Crossing
Count Rates
In accordance with common practice, amplitude distribution analysis has been used to identify serious cracking.
Peak amplitudes were sorted into 40 groups using a logarithmic scale (each group of width 1 dB relative to the lowest
detectable signal level). Amplitude distribution constants
were calculated for successive groups of 300 bursts by
fitting an exponential curve to the tail of the differential
amplitude distribution at the high amplitude end, viz:
n(V) = c exp(kV)

(1)

where V is peak amplitude in dB, n(V) is the number of
bursts having peak amplitude between V and V + 1 dB, k
and c are constants.
0730-0050/86/05001-05
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The same amplitude distribution is more conventionally expressed as a normalized power law.
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where N(V) is the number of bursts having peak amplitude
greater than V, V0 is the lowest detectable amplitude, b is
the amplitude distribution constant.
Such a notation was used by Pollock (1973). The
value of b may be deduced by taking logarithms of equations (I) and (2) to obtain the empirical equation;
b =- 20 k /In (10)
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The validity of the estimated value of b was determined
using the 'chi-squared' test for goodness of fit, when it was
found that about 90% of data recorded during thermal shock
of refractories were adequately described by equation (I).
Observed values of b lay between 0.35 and 3.5 depending
on the material and severity of thermal shock. The use of a
waveguide introduced an error of less than ± 0.17 in the
determination of b (this was shown by recording acoustic
emission from 10 specimens both directly and using a
waveguide: amplitude analysis of the two data sets gave
similar results).
Thermal shock of 24 refractory bricks of three types
and mechanical loading of more than 40 other specimens
showed that threshold crossing count rate peaks normally
coincided with clear minima in the value of b. Figures I
and 2 show two such cases: values of b decrease towards
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the top of the plots but values of count rate increase so that
count rate peaks had minima of b both show as peaks.
Coincident peaks are marked by asterisks.
Coincident peak features were common among
seriously damaged specimens but were not found for
undamaged bricks. When damage did occur, the value of b
was invariably less than 1.7 but count rate values varied
depending on transducer coupling.

4.

114 mm x 76 mm face
of brick, showing
positions of 12 bars
(solid rectangles)
cut for strength
tests and expected
area of cracking
(shaded area).
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Energy Analysis

,,

Total AE energies were calculated for fracture of 13
notched refractory bars [work of fracture (WOF) specimens]
and thermal shock of 20 full sized refractory bricks. Pencil
lead calibrations were made on every specimen before
testing and the results were used to correct energy values for
attenuation due to variations in acoustic coupling between
transducer and specimen. During the fracture of the WOF
specimens, mechanical work done was measured using an
Instron 1195 universal testing machine and the total energy
measurements are plotted against mechanical energy
measurements in Fig. 3. A correlation coefficient of 0.94
was obtained, showing that acoustic emission energy is
linearly related to mechanical energy. After the thermal
shock tests, each brick was cut into 12 rectangular bars and
the strength of each bar measured. The loss of strength due
to thermal shock damage was calculated by comparing the
mean strength of the 12 bars to the strength of a similar
brick which had not undergone rapid beating.
Rapid heating tends to induce laminar cracking in
bricks, as shown in Fig. 4. Also shown in Fig. 4 are the
positions of bars but for strength testing. If the crack is to
be detected in this way, it must lie close to the lower face
of the bar: the crack shown will therefore weaken 8 of the
12 bars quite considerably, causing an apparent loss of
strength of about 67%. Only very severe thermal shock of
this type will crack the skin of the brick and therefore
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228 mm x 76 mm face
3 of 12 bars can be seen,
tegether with expected crack plane
(dashed). Heated face on left.

Fig. 4 Expected position of cracking (dotted area, shaded)
and positions of bars cut for strength tests (bold line)
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strength loss greater than 67% will be increasingly difficult
to achieve by heating.
Figure 5 is a plot of total AE energy against loss of
strength for the bricks subjected to rapid heating: it can be
seen that points lie close to a smooth curve which has a
dog-leg at about 75% loss of strength. Since the points
lie close to the line, acoustic emission energy measurements are useful for damage estimation. AIS, FHA, SPK
are types of refractory brick.
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Fig. 3 AE energy plotted against mechanical energy; WOF
specimens.
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S.

surface of this shell. In order to test the feasibility of this
method, a 225 rom cube of dense high alumina castable was
prepared with an embedded stainless steel Vanchor. To the
elbow of this anchor had been welded a mild steel plate,
simulating the steel shell to which castable would in practice be attached. A transducer was fIxed to the steel plate
using a magnetic clamp. Calibration of the block was
achieved using a breaking pencil lead, when the difference in
peak amplitude for signals from the near face and far face
was found to be negligible. It is known that the castable
itself attenuates ultrasonic waves quite markedly, but the
steel anchor which penetrated nearly to the hot face may
have provided a better route for the acoustic emission.
After the calibration, the block was placed in the door
of a furnace and heated upon the face furthest from the transducer, as shown in Fig. 7. The maximum hot face temperature was 1000'C, after which the block was allowed to
cool in the furnace.

Rise Times and Durations

During many different acoustic emission tests, the rise
time and duration of every burst (totaling more than 80,000
bursts) were recorded and it was noticed that when the transducer was close to the source, a short duration was recorded
but distant bursts had high duration values. For every specimen, a plot of rise time against duration was made for
every burst and it was found that the slope of this plot
decreased with increasing source-transducer s~paration. For
those specimens in which the location of the source was
known. the time taken for a 150 kHz ultrasonic pulse to
travel between source location and transducer location was
measured using an ultrasonic flaw detector. Figure 6 shows
the slope of rise-time duration relationships plotted against
ultrasonic pulse transit time. Individual highly attenuative
and dispersive medium points are results for single specimens and bars represent grouped data from several specimens where results were similar. This graph is extremely
useful for source location since the normal transducer array
source location methods are useless in refractories due to:
• very high emission rates (often more than 100 bursts
per second)
• highly attenuative and dispersive medium
• necessity for waveguides during high temperature
testing.
Using Fig. 6, sources can be roughly located using just one
transducer.
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Fig. 7 Section of 230 nun castable cube showing anchor
and AE transducer.
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During heating, 496 bursts were detected, showing that
the anchor-waveguide method is valid for the recording of
acoustic emission. Amplitude distributions had b values
between 1.2 and 1.7, indicative of damage. Rise time vs.
duration slope was 0.013, suggesting a source-transducer
transit time of about 120 ms. Transit time from the far
face of the cube to the transducer was measured and was 135
ms. Cracks were found in the block at about 50 nun
behind the hot face (equivalent to a transit time of about
110 ms). The agreement between estimated and measured
source-transducer distances is therefore quite reasonable.

120

Source - transducer transit time (J.Is)
Fig. 6 Slope of rise time - duration relationship plotted
against source· transducer transit time.

6. Acoustic Emission From Castable (Concrete)
Refractories
Most concrete-lined structures are sealed pressure
vessels and direct access to the refractory is not possible.
The steel shell to which anchors are welded is accessible,
however, and the transducers must be fiXed to the outer

7.

Conclusions
Acoustic emission methods can be used to detect,

4

locate and quantify crack damage in refractory concretes.
Possibilities exist for in-service monitoring of such
materials, widely used in the steel and petrochemical
industries, to give early warning of failure. As a research
tool, acoustic emission analysis can be used to follow
progress of cracking and to estimate degree of damage.
Problems associated with temperatures up to 1300·C have
been overcome by using ceramic waveguides.
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Improving the Reliability of Critical Parts by Acoustic
Emission Surveillance During Proof Testing
Edward Goliti
Abstract

(Bassim and Houssny-Emarn, 1983 and 1984). Many AET
applications involving low strength structural steels have
failed because these steels are not reliable AE emitters (Holt
et aI, 1981; Nakasa, 1984).

Acoustic emission (AE) testing is an active nondestructive test method capable of identifying and locating
incipient defects in high strength alloys. A logical starting
point for AE applications is proof testing since many
critical parts are already certified and periodically recertified
by proof testing. However, the validity of AE proof testing
is directly dependent upon the ability of the proof test to
stimulate all significant defects. This can only be
accomplished by testing to highest safe stresses. A crack
detection method is outlined and demonstrated wherein parts
are cycle-loaded while observing crack-like symptoms.
Results provide a basis for the acceptance or rejection of the
parts.

2. Quality Assurance Considerations
The final design of critical parts is the end result of
extensive analysis and testing (Spitzer, 1984). Parts are
either made effectively fail-safe or else designed to provide
adequate warning to allow repair or replacement prior to
failure. Whenever possible, such parts are designed with
large safety factors (Fuchs and Stephens, 1980). Design
parameters are fixed by tight specifications which control
the starting material through all manufacturing processes
(Fouch, 1967). Each part undergoes certification testing
and examinations (Strauss, 1983).
Although a part may pass all of the prescribed tests
and examinations, certain rogue defects can remain. If
these defects are significant and are not stimulated by the
final proof test, or are stimulated but remain undiscovered,
then a defective part is placed into service. When a
significant defect is not stimulated during the proof test
then the test is not rigorous and the results might be invalid
since only the more defective or selectively defective parts
are rejected.

1. Introduction
Acoustic emission (AE) are low energy, transient
elastic waves generated at localized material sources under
stress and are associated with various microscopic processes
of deformation and fracture (Beattie, 1983). The examination of these signals during proof testing provides the
capabilities of identifying, locating and quantifying or at
least qualifying active sources as benign discontinuities or
as significant active defects.
AE signal characterization is quite complex and
statisically random in nature because of the almost infinite
number, types and kinds of material variations even when
dealing with closely controlled materials and manufacturing
processes.
Although AET has become an invaluable research tool
and has been applied to diverse applications such as pressure
vessels, composites, off-shore platforms, geological formations, welding, tool wear, etc. (Williams, 1980), commercial acceptance and application have been slow because
many of the basic processes involved are still not well
understood. Many materials are not reliable AE emitters
and AE signals are often lost in spurious or background
noise (Tonolini et al, 1984).
High strength, heat treated alloy steels are prolific,
proven AE emitters and will be the topic of this paper

3. Capabilities and Limitations of Acoustic Emission Proof Testing
It is well known that certain types of defects present
cannot be detected by conventional non-deslrUctive test
(NDT), especially when the damage is caused by thermal
processes such as heat treatment and welding where anyone
part may be inadvertently damaged from manufacturing
variables, incorrect treatment, handling or contamination
(Fouch, 1967). During the applications of test stress, AET
can pinpoint the initiation, propagation and also stabilization of a defect which would not otherwise be identifiable
by existing NDT or other inspection techniques either
before, during or after stress applications (Dunegan, 1984;
Vahaviolos, 1984).
Individual lots of parts proof tested with AET (or AE
proof tested) can be ranked from good to bad, better to

Received 24 July 1985; in f"mal form, 12 October 1985. The
author is affiliated with Acoustic Emission Consultants, 8
Pleasant View, Novato, California 94947.
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worse or at least less suspicious to more suspicious
(Drouillard and Glenn, 1982). Parts can be periodically
retested using AET to identify interim service damage.
Where warranted, periodic AET can be conducted in situ to
identify in-service damage as it happens or before damage
becomes catastrophic (McBride and Maclachlan, 1984).
AE proof testing identifies defects during their
activation and is capable of detecting the defects anywhere
within the part regardless of size, shape, etc. But since
AET only observes active yielding and cracking effects
under stress and is therefore blind to anomalies per se, it
must be used in conjunction with other inspection and test
methods to validate and otherwise evaluate the significance
of the defects.

6. Crack Detection in High Strength
Steels
6.1 GeneralDescription
High strength steel specimens suspected of cracking

are cycle-loaded to proof stress limits while observing AE
behavior. AE observations are compared with what is
considered normal based on similar materials and part
configurations. When crack-like symptoms in tbe AE
observations are noted, these are then verified by visual or
other independent NDT method. Cracks are measured for
growth rate, direction of propagation, depth, etc., and then
further tracked by continued recycling until the defects are
determined to be acceptable or rejectable. Alternatively, the
defects are removed and the part retested.

4. Inadequacies of Present Proof Testing

6.2 Specimen Preparation

Although a part might be designed with a factor of
safety (f.s.) of 5 and proof tested to 200% of the maximum
allowable working load, many real applications involve
random and often unpredictable or unpreventable dynamic
overloads. Such overloads generate peak stresses approaching or exceeding the ultimate strength in highest stressed
areas. Therefore, such a proof test might not be rigorous.
For example, using the above-mentioned factors and a
high strength steel with a nominal yield strength of 800
MPa and ultimate strength of 1000 MPa, the maximum
allowable working stress would be 200 MPa, (1000/5).
The proof stress would be 400 MPa, (200 x 2). This is,
however, only one-half of the service overload stress which
should cause plastic defonnation.
Since failure rates of critical parts are normally very
low because of the multiple tests and inspections described
previously, the lower stress level proof tests have generally
survived and been accepted as adequate, especially given the
limitations of conventional NDT to find rogue defects
which might be stimulated to dangerous size by the proof
test (Drouillard and Glenn, 1982).

Specimens are cleaned and prepared sufficiently to
remove anything that would create unacceptable spurious
noise or signal attenuation.

6.3 Prooftest load range
The widest practicable load range should be employed
in order to stimulate latent defects. The maximum load,
which will be defined as the proof load, is either
predetermined from specifications or by testing. In any
case, the proof load should be the highest load which can be
sustained by a sound part repeatedly without significant
damage or unacceptable pennanent deformation.

6.4 Cyclic prooftest
The basic proof test described will suffice for most
acceptable parts. Parts that do not pass the basic test are
then subjected to additional recycling until ultimately
accepted or rejected. The procedure is as follows:
a. Recycle the specimen a few times as necessary and
then hold at proof load for two minutes minimum. If
there are no AB events during the last couple of cycles
and there also are no crack-type symptoms, then the
part is acceptable.
b. If the specimen does not become low in AB activities,
or there are crack-like symptoms, then the part must
be tested further or rejected out of hand.
Representative crack-like AE symptoms are summarized in
Table 1.

5. Rigorous Proof Stress Levels
It is necessary to test to highest safe stresses in order
to activate all defects. Many defects only propagate at highest stresses and others which activate at lower stresses
stabilize until reactivated by higher stresses.
Fatigue properties are often improved by stress
overloads (Brock, 1982 and Boardman. 1978). However,
yielding normally defines limiting stresses of finished parts
with fixed dimensions and clearances (McMaster. 1963).
Each case must be carefully evaluated for stress effects on
important material properties such as toughness. ductility,
fatigue life, etc.

6.5 Recycle Tests
The recycle test is essentially the same as the cycle
proof tesL In order for a part to pass this extended test its
AE activity will have to be low for an increasingly greater
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7. Examples of Crack Detection Method
Table 1 List of Crack-Like Symptoms
7.1 GenemI

Increasing rather than decreasing numbers of events.
Localization of events over time at known or suspected
crack locations.
3. A large number of events over time near specific
locations.
4. Multiple events near specific locations; at essentially
the same load and the same time. (Within a few
milliseconds.)
5. A large number of events at essentially the same time.
(Within a few milliseconds.)
6. Cyclically repeating events at random loads.
7. Cyclically repeating events at or near the load
maximum. (Ductile type fatigue cracks often extend
near the load maximum.)
8. Cyclically repeating events near the load minimum.
(Crack face robbing occurs near the load minimum.)
9. Events occurring during the load down cycle. (Often
referred to as unload events.)
10. Events occurring during proof hold periods. (Often
referred to as bold events.)

1.
2.

Two examples. referred to as Hooks 1 and 2, illustrate
representative test results and data from in-service lifting
hooks of a type in widespread use throughout the world.
See Photo 1 for the test set-up and the shape of such a
hook. These hooks are conservatively designed for rogged
use under all service temperatures and conditions and are
manufactured from higb strength, heat treated steel forgings
(UNS 043400).

Present proof load is approximately 30 tons based on
a minimum design factor of safety (f.s.) of 4. AE surveillance tests of over 40 sucb books indicated that at least
a 60-ton proof load was required. Although certain cracks
became blunted by service overloads and exhibited low AE
activities at 30 tons or below, but became active AE
emitters at higher loads.
7.2 Pre-test inspection

Hook I had a small fatigue crack at the root of threaded
shaft, between the fust and second thread at the edge of a
machined spline. Crack dimensions were 1.3 mm depth and
length of less than 0.13 mm.
Hook 2 previously passed a 6O-ton proof test with no
visible damage. A low strength steel insert was preformed
and stressed beyond yield by cold pressing but with no
visible damage. This insert was used during testing to
simulate a hook failure.

number of final cycles, proportional to the total test cycles,
since the repeated proof cycles slow the ratc of ductile
fatigue type crack extension.
6.6 Post Test Inspeetwn

Visual or other independent NOT is necessary after
proof testing and especially before continuing with recycle
tests. It is also needed periodically during extensive recycling of parts.

7.3 Test observations and resu1ls

Test set-up is shown in Pboto 1. Two-channel AE test
instrumentation (AET Model 5000) was used in this test
Hooks were loaded hydraulically using a
hollow cylinder and AE sensors were auaehed
at the two ends of a book.
Hook 1 was tested for a total of 45
cycles and testing was interrupted after the 9th
and 25th cycles for inspection. The flJ'St 4
cycles were equivalent to a normal proof test
to 60 tons whicb the hook passed even
though cracked. Figure 1 shows that this
part of the recycle test sequence. Note in Fig.
1 how the Dumber of events per cycle (from
the first four cycles) rapidly declined to zero
(25, 5, 0, 0).

Photo. 1 Loading set up and AE
sensor placement. Aluminum pointer
indicates the position of the crack
on Hook 1.
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HOOK NO·.

Ie

1

2

CYCLE NO. ----------

4

567 8

9

a
00:00:07
TIME
Fig. 1

Initial nine test cycles for Hook 1 showing load vs. time and AE event rates vs. time.
Region O. Number of intervals = 360, interval size = 1 s.

b

FAILURF.
I

I

•

.......

-o

o
99:22:01
iTIME
Fig. 2

Events leading to failure of Hook 2. Load vs. time and AE event rates vs. time curves
are shown. Region O. Number of intervals :> 360, interval size = 1 s.
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Table 2 Test Results for Hook 1
Cycle No.

Remarks

Event Rates

crack = 1.3 mm deep and < 0.13 mm long

pre-test inspection
1

2S

2

5

data indicates some stable crack
growth and crack face rubbing
(see also Fig. 1).

0

3-4
5
6-8
9
rust interrupt
10
II
12-14
15
16-17

2
0
1

crack = 1.5 mm deep and 0.25 mm long
4
3
0
1
0

18

1

19-20

0

21

increased event rate during each
restart is acceptable if it
reduces quickly to 0 and lessens
with each restart.
start:
1st resume:
2nd resume:

2

22-23
24
25
second interrupt

0
2

25,5,0
4,3,0
3,0,0

0

26

3

27-45
end of test

0

crack = 1.7 mm deep x 0.25 mm long
(edge separation indicates blunting)
crack is dormant (stabilized).
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HOOK
NOTE:

!'lO.

1

TWO TRANSDUCERS WERE USED, ONE AT LOCATIO!'l 0
AND ONE A'r LOCATION 139. (hook was 13.9" long.)

ACTUAL CRACK LOCATION WAS AT 125

~

_

Z

1&1

~

1&1
OIl(

NOTE:

5

Q

CRACK-LIKE EVENTS ARE CLUSTERED AROUND
THE ACTUAL CRACK LOCATION.
MIDPOINT ------_

~
OIl(
o

o

..J

o 4 8 13
Fig. 3

1925 3137 4349 556167 7379 85 9197 195 114 123 132

LOCATION

Spatial distribution of AE events by location. Region O. Number of intervals = 139
for 13.9" long hook, interval size = 1.
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Since the hook was previously cracked and there were
signs of crack-like symptoms (note the unload events after
Cycles 2 and 4), recycling was continued with a few
intermittent but decreasing numbers of crack-like events.
The test was terminated after cycle 10 through 29 produced
no AE event (and no crack extension). In the figure, test
interruption is marked by a heavy vertical dashed line. Table
2 summarizes the test results.
Hook I was therefore proven to be sound in spite of
the thread crack which could not be ground off and left as a
telltale marker in the event of future service overloads.
Hook 2 was near failure (the insert only). Yet
recycling at SO tons produced a steady although higher rates
of AE events than Hook 1. Figure 2 shows clearly that
immediately when the load was raised to 60 tons the AE
symptoms of this hook indicated imminent failure. Shortly
after this, the failure of the insert occurred. During these
last cycles, the AE signal amplitude jumped from the 45 dB
to the 75 dB range.
Figure 3 illustrates the utilization of transducer arrays
(only two in this case) to validate crack-like AE events by
spatial discrimination. The statistical scatter of AE events
around the actual crack location is considerable because of
the shape of the hook and of transducer placement. This
scatter in source location complicates accurate determination
of source position, but AET still shows which areas to

A. G. Beattie (1983), "Acoustic Emission, Principles and
Instrumentation," J. of Acoustic Emission, 2(1-2), 95-128.
B. E. Boardman (1978), "Fatigue Resistance of Steels,"

Metals Handbook, 9th edition, Vol. I, Amer. Soc. Metals,
Metals Park, OH, pp. 665-682.
D. Broek (1982), Elementary Engineering Fracture
Mechanics, 3rd ed., Martinus Nijhoff PUblishers, Boston,
p.469.
T. F. Drouillard and T. G. Glenn (1982), "Production
Acoustic Emission Testing of Braze Joint," J. of Acoustic
Emission, 1(2), 81-85.
H. L. Dunegan (1984), "A Critical Evaluation of the Use of
Artificial Cracks and Notches for AE Characterization of
Metallic Materials used for Pressure Vessel Service,"

Proceedings 0/ 7th Inti Acoustic Emission Symposium
Progress in Acoustic Emission II, zao, Japan, pp. 294-301.
G. E. Fouch (1967), Quality and Reliability Assurance
Handbook H-51, the Office of Asst. Secty of Defense,
Washington, D.C., p. 19.
H. O. Fuchs and R. I. Stephens (1980), Metal Fatigue in
Engineering, A Wiley-Interscience Publication, John Wiley

search.

& Sons, New York, pp. 1-20.

8. Summary

J. Holt, D. J. Goddard and I. G. Palmer (1981), "Methods
of Measurement and Assessment of the Acoustic Emission
Activity from the Deformation of Low Alloy Steels," NOT
International, 14, April, 49-58.

Acoustic emission surveillance during proof testing of
high strengtli steels will increase the reliability of critical
parts provided that:

a.
b.

c.

d.
e.

M. Houssny-Emam and M. N. Bassim (1983), "Study of
the Effect of Heat Treatment on Low-Cycle Fatigue in AlSI
4340 Steel by Acoustic Emission," Materials Science and
Engineering, 61, 79-88

Test parameters are carefully developed.
AE surveillance is accomplished with adequate
equipment capable of real-time analysis, source
location and post-test analysis.
A database is compiled to support the method of
surveillance chosen, such as the present method which
employs recycling while observing crack-like AE
symptoms.
An independent NOT method is used to verify and
validate findings.
The proof test itself is rigorous.

S. L. McBride and J. W. Maclachlan (1984), "Acoustic
Emission due to Crack Growth, Crack Face Rubbing and
Structural Noise in the CC-130 Hercules Aircraft," J. of
Acoustic Emission, 3(1), 1-10.

R. C. McMaster, (ed) (1963), Fundamental Testing
Principles - Chap. 4, Nondestructive Testing Handbook,
Vol. I, The Ronald Press Company, New York, 4.1-4.7..
H. Nabsa (1984), "Some Critical Remarks on Industrial
Application of Acoustic Emission," Proceedings 0/7th Inti
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On the Applicability of Amplitude Distribution Analysis to
the Fracture Process of Composite Materials
Luis Lorenzo and H. Thomas Hahn
Abstract
Acoustic emission amplitude distributions in unidirectional composites have been studied through simulation and
experiment. A Monte Carlo simulation and a fiber failure
model were used to inv~stigate how the source amplitude,
the source location. arid the attenuation affect the apparent
amplitude distribution, which is recorded by a transducer. A
two-parameter Weibull distribution was chosen to represent
the apparent amplitude distribution. The results of simulation were compared with experimental data to identify
mechanisms responsible for acoustic emissions in glass
lepoxy and graphite/epoxy model composites. Simulation
of acoustic emissions coupled with experiments can provide
a valuable insight into the failure mechanisms which can
not be identified otherwise.

1. Introduction
In composites, various failure mechanisms prevail
during loading and contribute to final failure. Some of
these mechanisms occur simultaneously. The current state
of acoustic emission (AE) technology is not advanced
enough to distinguish between these different failure mechanisms. Yet, the success of the AE technique as a nondestructive evaluation tool depends very much on its ability
to detect and assess different types of damage in a structure
and, eventually, to warn of impending failure.
The use of peak amplitude distributions has been
suggested as a means of characterizing damage process.
Most of the work addressing the subject deals with
distributions after specimen fracture (pollock. 1973, 1978,
1981; Guild et aI., 1980; Short and Summerscales, 1984).
In such cases, amplitude distributions only provide a
post-mortem glimpse of the fracture processes. Distribution parameters such as the exponent of the power law
could characterize individual failure mechanisms when a
single failure mode dominates the fracture process (pollock,
1973, 1978, 1981; Short and Summerscales, 1984). However, when more than one mechanism occur simultaneousReceived 2 August 1985; in final form, 14 October 1985.
The authors are affiliated with Center for Composites
Research, Washington University, St. Louis, Missouri
63130.
Journal of Acoustic Emission
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Iy, such a simplistic assumption is no longer true, as
indicated by Guild et a1. (1980). Thus, comparisons of
these parameters only after fmal failure may be misleading.
At the least, amplitude distribution should be analyzed
as a function of the internal state of damage. For example,
distribution parameters could be determined continually as
deformation proceeds, rather than only after final failure.
The use of amplitude distribution scanners has shown that
event amplitude increases with deformation (Lorenzo and
Hanh, 1983; Hamstad and Moore, 1985) and so does the
production of high amplitude events (Fuwa et at, 1975;
Guild et aI., 1982, 1983; Crosbie et aI., 1983). Also, the
change of distribution parameters during testing has been
suggested by Pollock (1981). However, the monitoring of
distribution parameters has not been fully explored yet.
Moreover, since acoustic waves have to travel before
being detected, the recorded apparent amplitude distribution
will in general be different from the distribution at the
source. A variety of parameters will affect the shape of the
apparent distribution, the most important being the source
amplitude, the source location and the attenuation.
The objective of the present work was thus to evaluate
the influence of material parameters as well as wave
parameters at the source on the apparent amplitude distribution in unidirectional composites. Simulation studies
were carried out with a one-dimensional analytical model.
Events were generated in order to resemble acoustic emission activities detected during testing of unidirectional
composites. Peak amplitudes were prescribed at the source,
and the apparent distribution was computed after correction
for attenuation over the travel distance. The scatter in
source amplitude and source location was introduced
through a Monte Carlo simulation. The results were fit by
a two-parameter Weibull distribution. The analytical
results were compared with experimental data for unidirectional glass/epoxy and graphite/epoxy model composites.

2. Failure Process in Unidirectional
Composites
Three basic failure modes during quasi-static loading of
unidirectional composites are constrained matrix cracking,
fiber failure and interfacial failure (Lorenzo and Hahn, 1983,
1984; Lorenzo. 1985).
The matrix resin between fibt:rs cracks very early
0730-00SOI86IOSOlS·2A
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during deformation of the composite, i.e. at strain levels of
1.2% and 0.8% in glass/epoxy and graphite/epoxy, respectively. Matrix cracks are normal to the fibers and are
mostly not harmful to specimen integrity. They do not
propagate cutting or bridging the fibers; rather, they stop at
the fiber/matrix interface.
At the low strain levels where matrix cracking appears,
only a few scattered fiber failures are observed. Upon
further deformation fibers start to fail, and accumulate in a
region until final failure.
Interfacial failure grows from the ends of broken fibers
in glass/epoxy composites. However, interfacial failure is
almost negligible in graphite/epoxy composites be<:ause of
better interfacial bond as wen as low strain capability of
graphite fibers.
Acoustic emission studies of single fibers, bundles,
and layers of bundles embedded in either a ductile or a brillle
epoxy resin have shown that tbe matrix cracking significantly contributed to AE activities at low strains, espe<:ially
when the fiber volume content was low. However, when a
large number of fibers were present, initial scattered fiber
failures were numerous. Hence the effe<:t of matrix cracking
diminished. Moreover, once fibers start to fail, matrix
cracking was shadowed by fiber breakage. Yet AE events did
not increase in proportion to the number of fibers (Lorenzo,
1985). Thus, acoustic emissions from sources other than
fiber breaks can be neglected in epoxy spe<:imens with
embedded fiber bundles.

increased linearly with time up to the prescribed tensile
strength (X s )' In each subinterval, the composite stress is
calculated, and then the undisturbed fiber stress is
determined from the rule-of-mixtures relation. The number
of fiber breaks and load redistribution are computed by
applying Zweben's local load sharing rule (Zweben, 1968)
to a hexagonal array of fibers (see Appendix). Figure 1
shows the predicted accumulation of fiber breaks in a
glass/epoxy (GIIEp) and in a graphite/epoxy (Gr/Ep) composite as a function of the applied stress. The material
properties are listed in Table 1.
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Fig. 1. Number of simulated fiber breaks as a function of
applied stress, for glass/epoxy and graphite/epoxy composites.

3. SimUlation of Amplitude Distributions
3.1 Physical Model

Table 1 Material Properties.
Amplitude distributions are simulated under the
assumption that acoustic activity in the composite is the
result of fiber breakages only. A one-to-one relationship is
assumed between fiber breakage and AE event. Therefore,
the effe<:ts of matrix cracking and simultaneous fiber breaks
on the amplitude distribution is neglected in the present
study.
Tbe energy in an acoustic emission event is considered
to be proportional to the strain energy released upon fiber
failure. In perfectly elastic materials the strain energy
releaSed is proportional to the square of the fiber stress.
Since the energy in a stress wave is proportional to the
square of the initial wave amplitude, the wave amplitude at
the source is assumed to be proportional to the applied
stress.

Property

Em

(GPa)

vm

Er

(GPa)

vf

16

3.45

3.45

0.40

0.40

72.0

231

0.65

0.65

48.01

151.36

(GPa)

df

(mm)

0.016

0.007

A

(mm)

0.151
5.50
4360

Go

(MFa)

0.198
10.0
2673

Xs

(MFa)

1200

1400

L

(mm)

50.0

50.0
10000

NT

A FORTRAN code has been used on an IBM PC to
simulate events with different amplitudes. The independent
variable is the time in the interval [0, 1]. This interval is
divided into 1500 subintervals. The composite stress G is
c

GraphitelEpoxy

Ec

A

3.2 Computation

GlasslEpoxy

10000

For each fiber break a Monte Carlo simulation is
performed to assign a position X and an amplitude Ao' The
position X is the distance from the origin where an AE
transducer is located. All fiber breaks are assumed to occur
to only one side of the transducer. The amplitude Ao is
what an AET Model 5000 system would show if the transducer were placed right over the fiber break, and hence is
called the source amplitude.
The position X is assumed to be normally distributed,
so that

by a two-parameter WeibuU distribution of the form
(6)

where p and As are the shape and scale parameters,
respectively. The determination of these parameters is
based on the method of maximum likelihood (Mann et al.,
1974). We call the distribution (6) an apparent amplitude
distribution to distinguish it from the amplitude distribution at the source.

(1)

4. Experimental Procedures
Here, X and I1 x are the mean and the standard deviation
(SD), respectively. Y is a normal variate with a zero mean
and a unit standard deviation.
The value of Y to be assigned to each fiber break is
determined from a Monte Carlo simulation (Lewis et al.,
1983). The standard deviation is chosen with the understanding that 68.26% of the population lies within one
standard deviation on both sides of the mean. The mean
position X is taken to be 2S rom unless otherwise specified.
The source amplitude Ao is not constant but increases
linearly with the applied composite stress O'c' Le.,

4.1 Mazerials and Specimens
Two epoxy resins having different ductilities were used
together with glass and graphite fibers. A mixture of Epon
815 resin and Versamid 140 curing agent (60/40 weight
ratio) had ductile characteristics. On the other hand. a
combination of Epon 828 resin and Epon Z curing agent
(80120) gave a cured product that was more brittle than the
former. Static tensile behavior and acoustic emission
characteristics of these neat resins were reported by Hollmann (1983).
Specimens were in the form of a layer of fiber bundles
embedded in a resin block. There were either 4 glass fiber
bundles or 12 graphite fiber bundles in a layer. A glass
fiber bundle had 2040 &glass fibers (M450, Al 100. 16 J.LIl1
in diameter) while a graphite fiber bundle contained 3000
TIOO fibers (7 11m in diameter). Thus, graphite/epoxy
specimens are referred to as (T300, 12B) and glass/epoxy
specimens as (E-Gl. 4B). The bundles were placed at the
midplane of the specimen that was of a dog-bone type. The
gage section was 30 rom long by 12 mm wide with a
grip-te-gage widtb ratio of three. Procedures for tbe
specimen preparation were reported by Lorenzo (1985).

(2)

Here ~ is the value of Ao at failure, and hence is called
the maximum source amplitude. Equation (2) is an approximation since the exact value of Ao will depend on the
state of stress at the break. The statistical variation of Am
is also described by a normal variate Y:
(3)

where ~ and I1Am are the mean and the standard deviation,
respectively.
In most cases where fiber breaks are at some distances
away from the transducer, the measured amplitude A. called
the apparent amplitude, is not the same as the source
amplitude Ao because of wave attenuation. In terms of the
attenuation coefficient ex, the relation between A and Ao is
given by

4.2 Test Methods
Static tests were performed on an Instron testing
machine at a constant crosshead speed of 1 mmlmin.
Acoustic emissions were monitored on an AET Model 5000
system in sensor mode with a transducer auaehed at one end
of the gage section. The transducer was a standard omnidirectional AET AC37SL with a resonant frequency of 375
kHz and a sensitivity better than -70 dB referred to
IV/l1bar. It was attacbed to the specimen via a holding
ilxture. and a silicone grease was used as couplant. The
detected signals were passed through a band-pass f"llter
FI-2SX with a flat frequency response between 250 kHz and
500 kHz. They were then preamplified in an AET Model
160B preamplifier with a total gain of 60 dB and a flat
frequency response between 1 kHz and 2 MHz. Final
amplification was obtained in an AET 208 Signal Precessing Unit.

(4)
After apparent amplitudes are calculated for all fiber breaks
up to final failure. the final cumulative distribution for
apparent amplitude is determined from
F(A) = n(A)/N.

(5)

Here N is the total number of fiber breaks, and n(A) is the
number of events whose apparent amplitudes are lower than
or equal to A. The simulated distribution F(A) is finally fit
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1.0

The AE parameters selected are listed in Table 2.
Although preliminary tests did not detect any acoustic
emission activity coming from background noise, lower
bounds were used to screen out extraneous emissions.
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Table 2 AE Preset Parameters.
Parameter

.
.;

Preset Value

1

2

2

4

20
40

3

8

80

0.4

.!

e"

Preamplifier Gain (dB)

60

Amplifier Gain (dB)

30

Threshold Voltage (V, Fixed)

1.0

Event Duration Clock (ns)

125

-Longest Event (J.1s)

480

-Dead Time (J.1s)

32

Rise Time Clock (ns)

0.8

i"
s

"

u

0.2

AIlPanmt Amplitude, dB

Fig. 2. Dependence of apparent amplitude distributions on
source amplitude. X = 25 mm, IlX = 2.5 mm, (X = 0.08
np/mm.

125

Acceptance Criteria

1.0

-Ringdown Counts

4<N<4095

-Peak Amplitude (dB)

20<\,<64

-Event Duration (J.1s)

1<T<3839

-Rise Time (J.1s)

1<Tr <1919
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Results and Discussion
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5.1 Simulation Study

•

•

•
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•

8

7
(70)

4

0
(UO)

The parameters that affect the final apparent amplitude
distribution were varied one at a time. Figure 2 shows the
effect of the maximum source amplitude on the apparent
amplitude distribution. The standard deviation (SD) was
fIXed at 1% of the mean. The attenuation was kept constant
at 0.08 np/mm. This value agrees with the measured
attenuation coefficients for the epoxy resins used (Lorenzo
and Hahn, 1983). As the mean source amplitude increases,
the apparent distribution shifts to the higher amplitude side,
yet maintains its shape undisturbed. Accordingly, a scale
parameter for the apparent distribution increased almost
linearly with the mean source amplitude, as shown in Fig.
3. The rates of increase of the scale parameter with mean
source amplitude are 0.145 and 0.137, respectively, for
glass/epoxy (GlIEp) and graphite/epoxy (GrIEp). The shape
parameter remains almost constant since the coefficient of
variation (CV) was kept constant at the source.
The apparent amplitudes for GrIEp specimens are consistently lower, yielding a lower scale parameter. The reason for this is that the graphite fiber has a larger scatter in
its strength, giving rise to more events of lower amplitude
compared with the glass fiber.

..

!

~

E

~

Moan of MaxlmulII Sourco Amplitude, V
18. Do ot MaxImum llclurccJ AqlIltude, mY)

Fig. 3. Location and shape parameters for apparent
distributions of Fig. 2.
The increase of scale parameter with mean source
amplitude is fairly independent of whether the CV or the
SD is kept constant, as shown in Figs. 3 and 4. However,
when the SO is kept constant, the shape parameter decreases
as the mean source amplitude increases (cf. Fig. 4).
Further, the shape parameter increases when the CV of the
source distribution increases, as indicated in Fig. S. Such
behavior is surprising because the CV of the apparent
distribution changes opposite to that of the source distribution. Note that the coefficient of variation is inversely
related to the shape parameter. The inverse relation between
CV's of the apparent and source distributions requires furtherstudy.
The mean position of the simu1ated fracture sections as
weD as the scatter around it has a very significant effect on
the apparent distribution. Figure 6 shows the variations of
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Fig. 7. Dependence of apparent amplitude distributions on
the standard deviation in the location of fiber breaks, X = 25
mm, Ilx = 2.5 nun, Am = 6 V, IlA = 60 mV, a :::: 0.08
np/mm.

location and shape parameters with the mean position of
fiber breaks from the transducer. The mean position changes the location parameter substantially through attenuation. Since the CV of the position distribution is held
fixed, the shape parameter does not change much. Thus, a
change only in the mean position of failure zone simply
shifts the apparent distribution as a whole without affecting
its shape.
If the simulated fiber breaks are scattered over a wider
region, the apparent distribution shifts slightly to higher
amplitude but with its shape substantially distorted (Fig.
7). The scatter in position leads to a decreasing shape parameter while increasing the scale parameter (Fig. 8).
The large influence that the position of fiber breaks
has on the apparent amplitude distribution suggests that

fracture regions should be located to provide a more meaningful interpretation of the apparent amplitude distribution
data. This will be particularly necessary when the failure
process of a material involves several zones of failure. For
example, in unidirectional glass/epoxy and graphite/epoxy
composites (Owen, 1974), zones of ply cracks are linked by
delamination, while in composite laminates (Reifsnider et
al., 1983; Reifsnider and Stinchcomb, 1984), regions of
fiber breaks at different positions are linked by axial
splitting.
Figure 9 shows a simulation of two failure regions.
Fiber breaks are equally possible at regions A and B, so that
one half of the total fibers fail at section A and the other
half at section B. No emissions result from the growth of
the axial splitting.
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Table 3 Attenuation Coefficients (np/mm).
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Fig. 8. Scale and shape parameters for the apparent distributions of Fig. 7.
Reference A

B

-'-Gr--,------'---Ih-J-"L
•

81SIVI40 (a)
828/Z (a)
828/Z (b)
828/Z (b)

24· C
24· C
22· C, 1 MHz
22·C,2MHz

Attenuation
0.0820
0.0720

0.0475
0.0821

sections A and B. The final distribution is bimodal: the
mode at high amplitudes corresponds to the simulated
events at section A, and the one at low amplitudes, to the
events at section B. As the distance increases, the two
modes approach each. When sections A and B coincide the
distribution becomes unimodal.
Finally, material attenuation was varied to cover the
range typically observed in epoxy resins. Table 3 shows
attenuation coefficients reported in the literature. All values
except those for 81SIVl40 and 828/Z resins were obtained
by sending longitudinal pulse through the thickness of the
specimen. Attenuation in 81S/VI40 and 8281Z resins was
measured by using, on the same face, a broad-band pulscr at
two different locations from the receiving transducer
(Lorenzo and Hahn, 1983).
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Fig. 9. Two zones of transverse accumulation of fiber
failures linked by axial splitting.

2

-

ii
0

1.0

c:
.!!

"i
~
t;

a

8

>

0.8

4

•

~

0.6

2

•..

~

';

....

.!.

I

Gl/Ep

II

o_QIIEp
a.Or/Ep
0.4

0

E
:ll

u

0.04

0.08

0
0.08

0.10

0.12

0.2

0
20

Fig. II. Variations of scale and shape parameters with
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Figure II shows that attenuation also has a very
strong effects on the amplitude distribution. With increasing attenuation both scale and shape parameters decrease.
The attenuation used here was kept constant, independent of
applied stress. Since the apparent attenua- tion affecting the
apparent amplitude includes not only material attenuation
but also effective attenuation due to wave scattering and

Fig. 10. Apparent amplitude distributions resulting from
the failure modes in Fig. 9, J.Lx = 2.5 mm, Am = 6 V, J.LA
= 60 mV, ex a 0.08 nplmm.
The simulation results are shown in Fig. 10 for
different values of distance. The apparent amplitude distribution is a superposition of the individual distributions at
20
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increasing stress. After the first emission, amplitude data
were recorded at equal intervals of crossbead displacement
until final failure. Tests were momentarily interrupted,
usually for no more than 20 seconds, for data acquisition
while the specimen was under load. During this period a
slight stress relaxation was detected on the load outputs.
Events were recorded in I-dB width from the cut-off peak
amplitude of 20 dB in reference to 5 JlV to the maximum
readable peak amplitude of 64 dB.
Figure 13 shows cumulative events versus applied
stress. Unlike the simulation, there is no difference between
normalized AE initiation stresses for the glass and graphite
specimens. In the simulation, the graphite fiber had a
lower shape parameter and the fmal failure was assumed to
occur when the number of fiber breaks reached 1000 for
both types of composites. These assumptions do not seem
realistic in view of the poor correlation for AE initiation
between the simulation and the experiment. Yet the overall
shapes of the curves are quite similar to the simulated ones.
The acoustic emission activity in 828/Z resin
specimens starts later than in the corresponding 81SNl40
resin specimens. This delay is believed to be associated
with higher compressive residual stresses in fibers embedded
in the 828/Z resin, resulting from a higher post-cure
temperature and a higher stiffness. The same effect was
observed with different reinforcements (Lorenzo, 1985).
The total events in the 8281Z resin specimens are fewer
than in the 815/V140 resin specimens. Again, similar
results were recorded in specimens containing different fiber
arrangements (Lorenzo, 1985). The more numerous
emissions in the 81SIVI4Q resin specimens suggest that
the bundles in the ductile resin can accomodate a larger
number of fiber failures before final failure, probably
because of easier stress relief in the matrix. In the less
tough and more notch-sensitive 828/Z resin, fewer fiber
breaks can trigger fmal failure.
Figures 14 and IS show the change of distribution
parameters with applied stress. For all combinations
similar trends are observed: location parameters increase
and shape parameters decrease with increasing stress.
Several deviations from the simulation are observed.
Scale parameters for the glass/epoxy specimens are
higher than those for the graphite/epoxy specimens as final
failure is approached. The opposite is true when the stress
is lower than half the strength. Such difference cannot be
explained by the location of the fracture surface alone. The
fracture surface in the SIS/G-El, 4B specimen was 48 mm
away from the transducer while it was 41 rom in the
81S1T300. 12B specimen. For the 828 IG-EI, 4B and 828
moo, 12B specimens the corresponding distances were 46
and 41 nun, respectively. Thus, near final failure the glass
fibers are believed to produce stronger emissions than the
graphite fibers. The reason why the same ranking does not
hold at low stresses is not clear.
In spite of higher attenuation. the ductile 81 S resin
allows for stronger emissions than the brittle 828 resin, yet
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Fig. 13. Cumulative events as a function of applied stress
in model composites.
damage, a more realistic simulation should include the
change of apparent attenuation with increasing stress. Note
that high attenuation renders the apparent amplitude distribution exponential; that is, the shape parameter is equal to
unity.
Changes of scale and shape parameters with applied
stress are shown in Fig. 12. The scale parameter increases
linearly with the stress just as the source amplitude does.
However, the shape parameter remains fairly constant. The
fluctuation of the shape parameter at low stresses is
believed to be the result of fewer fiber breaks than at high
stresses.

5.2 Experimental Results
Model specimens were staticalJy tested to failure in
order to detect the change of amplitude distribution with
21
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experiment. A computer program was used to simulate
amplitude distributions under the assumption that a
one-to-one relationship existed between fiber breaks and AE
events. Parameters varied were amplitude at the source,
distance between the source and transducer and attenuation.
Amplitude change with applied stress was assumed linear,
and scatter was introduced through a Monte Carlo simulation. A Weibull distribution was used to represent the
final apparent amplitude distribution.
As expected, amplitude distribution at the source is
closely related to the apparent amplitude distribution. Yet,
the corresponding coefficients of variation are inversely
related. Both the position of fiber break and the attenuation
affect amplitude distribution. Since direct correlation between failure mechanisms and AE behavior is hardly
possible experimentally, parametric simulation studies, as
were done in the present paper, will greatly help to interpret
AEdata.
Acoustic emission is very sensitive to changes in
material properties. It can detect the effect of residual
stresses on fiber fracture. A change in the type of fiber or
in resin ductility results in different amplitude distributions,
although some of the observed changes could not be
explained satisfactorily. A combination of AE simulation,
AE monitoring and failure mode examination is required to
fully understand the failure mechanisms in composites.
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Fig. 14. Variations of scale and shape parameters for glass
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L (NTL fA) Pi(ae) F{ar A)

(AI)

i = 1
where NT is the total number of fibers present, L is the
fiber length, Pi(a e) is the sum of the probabilities of all
possible combinations of having i adjacent broken links at
a fiber stress, af' and F(a r A) is the probability of failure
of a fiber of length equal to the fiber ineffective length, A,
at a stress less than or equal to the undisturbed fiber stress

L. Lorenzo and H. T. Hahn (1984), "Fatigue Failure
Mechanisms in Unidirectional Composites," presented at
the ASTM Symposium: Fracture and Fatigue, Dallas,
Texas.

af ·

The ineffective length was predicted by using Rosen's
shear-lag results for a perfectly linear-elastic matrix (Rosen,
1964)
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(A2)

with the material properties given in Table 1. In all cases
the fiber was considered to be ineffective when the fiber
stress decreases below 96% of the undisturbed fiber stress.
The rule-of-mixtures relation was used to obtain the
undisturbed stress on the fiber from the overall stress on the
composite, given the fiber volume content of the composite
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University, pp. 399 - 421.

vf'
(A3)
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The probability of failure of the fiber was assumed to
follow a WeibuU distribution of the form

K. L. Reifsnider, W. W. Stinchcomb, E. G. Henneke and J.
C. Duke (1983), "Fatigue Damage-Strength Relationships
in Composite Laminates," Air Force Wright Aeronautical
Laboratories, AFWAL-TR-83-3084, Vol. I.

F( a, 1) = 1 - exp[ - A(a I aJA.].

(A4)

Here, A. is the shape parameter and ao is the characteristic
strength. Table 1 shows the properties used in the
computation for glass/epoxy and graphite/epoxy composites
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(Rosen,1964; Zweben, 1968; McMahon, 1974; Hitchon
and Phillips, 1979).
Considering the case of up to four adjacent fiber breaks
and applying the methods proposed by Zweben (1968) to a
hexagonal array of fibers, the probabilities PiCa) were
obtained as
PI (0') = 1

P2(a)

=

P3(a)

= P31l (0') + P2/l (0') P3/2 (a)

P2II (a)
(AS)

P4(a) = P4fl (a) + P31l (0') (P4/3 (a»2

+ P2/1 (a)P3/2 (0') (P4/3(a»2 + P2It (0') P4/2(0')
where the Pifi's are the probability fo failure of (i-j) links
surrounding J broken fibers. Their expressions were
obtained for a hexagonal fiber array and are given by
Lorenzo (1985). For the evaluation of the probabilities
Pifi' the stress concentration factors obtained by Hedgepeth
anti Van Dyke (1967) based on a 2-dimensional elastic
stress analysis were used in the present study:
K1 = 1.104, K2 = 1.272 and K 3 = 1.410.
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Detection, Measurements and Location of Partial
Discharges in High Power Transformers using Acoustic
Emission Method
Jerzy Skubis, Jerzy Ranachowski and Boguslaw Gronowski
2. Characteristics of AE Signals and
Measuring Apparatus

Abstract
This paper presents the parameters of Acoustic
Emission (AE) signals caused by partial discharges in
insulation of transformers. Suitable measuring systems are
described. Results of use of AE method for the detection,
measurements and location of partial discharges in power
transformers during high-voltage tests are given. Those
results demonstrate the suitability of AE method in the
metrology of partial discharges.

1.

Various measuring systems can be used for the
detection of AE signals resulting from PO effects.
Metrological parameters of those systems are defmed with
parameters of signals and measuring conditions.
For measurements of AE signals resulting from PD
effects, we can use piezoelectric transducers in three
versions: hydro-phones, contact microphones and contact
resonance transducers (accelerometers). Specific types
should be used as follows:
•
in all cases, where it is possible to introduce the
transducer into the interior of an object, hydrophones
should be used.
when it is impossible to get an access to the interior
(e.g. in the case of transformer during regular operation) the optimum transducers are contact microphones and
for detection of AE signals from PO effects the most
appropriate are contact resonance transducers.

Introduction

Detection, measurements and location of partial
discharges (PO) using acoustic emission (AE) method can
be carried out in various installations of electrical
equipment. There are already known examples of
utilization of AE method for diagnostics of insulation of
transformers and high-voltage measuring transformers
(Georgescu and Filischanu, 1984; Skubis, 1985), bushing
insulators (Skubis, 1983a), power capacitors (Harrold et al.,
1979; Zalewski and Skubis, 1984) and some solid
insulating materials (Bertrand and Ranachowski, 1984;
Fujita et al., 1982; Ranachowski et al., 1981). We have
used AE method for the assessment of PO effects occurring
in high-power transformers. With respect to transformers,
the AE method can be used under various conditions:
- in unit transformers, during normal operation,
- in power transformers, during high-voltage tests,
- for the location of PD effects in unit and power
transformers.
In this paper, we characterized the AE signals resulting
from PO effects and presented the results of application of
AEmethods.

Experience accomulated from the use of various transducers both for laboratory measurements and for measurement performed on transformers in actual use have led to
design and construction of reflecting transducers intended
especially for measurements of AE signals resulting from
PD effects (Skubis, 1982). Special system was designed as
well for calibration of various piezoelectric transducers in
PO electric charge units (Skubis, 1984).
In one work (Skubis, 1985), it was found that
amplitudes of signals in the pressure range from 7 Pa up to
25 Pa give at the output of commercially available
transducers values of between 0.3 mV and 1.1 mY. On the
other hand, well suited for recording are the signals ranging
from 10 mV up to several volts. It means that transducer
output signals should be amplified about 1000 times. In
this way one can get the signals amounting to 0.3 V and
1.1 V.
In papers of Georgescu and Filischanu (1984) and
Skubis, (l983b), it was shown that for the most
unfavorable conditions for the generation of AE signals,
their frequency spectrum upper limit is about 315 kHz. At
the same time, magnetostriction interference, ambient noise
and interference from the fans and cooling pumps eliminate
from measurements the lower band up to 20 kHz.
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Electromagnetic interference and pass-bands of available
transducers limit the useful measuring frequency to below
100 kHz. The measuring frequency range L\f = 20 - 100
kHz determined in this manner should be treated as a general
outline only. Under specific conditions of measurements
some types of interference will not occur, both in low and
high frequency regions, enabling utilization of wider
measuring frequency range.
Recording method of AE signals depends on the choice
of signal parameters. As a fundamental parameter of AE
signals from PO effects the maximum AE amplitude is
employed. For characterizing AE signals, we may choose
other factors, such as the sum and rate of amplitudes, the
sum and rate of AE events, etc. For measurements of
amplitude various instruments could be used: oscilloscopes
with recording of waveforms on photographic film, level
recorders, amplitude discriminators, pulse counter systems,
etc. For calculations of statistical AE factors, it is essential
to record the process parameters by means of the printer,
pulse counter (scaler) or tape punch. The results recorded in
this way could then be processed in laboratory.
Block diagrams of the measuring systems that implements metrological conditions discussed above are displayed
in Figs. 1 and 2.

Fig. 2. Block diagram of the system for digital recording of
AE process resulting from PO effects. 1 - transducer, 2 amplifier, 3 - band-pass mter, 4 - threshold discriminator,S
- pulse counter, 6 - printer
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Fig. 3. Characteristics of band-pass filter used in the
channel for measurement of maximum amplitude of AE
signals resulting from PO effects.
pulses. The printer used was capable of printing 16 characters per line with maximum print-out rate of 2.8 lines per
second.

Fig. 1. Block diagram of the system for measurement of
maximum amplitude of AE signals from PO effects. 1transducer 2 - amplifier, 3 - band-pass filter, 4 oscilloscope

3. Utilization of AE Method for Unit
Transformers

In the first system, we used the amplifier of
amplification factor W = 1000 and band-pass filter of fixed
pass band L\f = 20 - 100 kHz. Characteristic of band-pass
mter used in this system is presented in Fig. 3. As a
signal parameter, amplitude was used and was determined
using a memory oscilloscope.
Second system was designed using typical standard
apparatus. It consists of series-connected linear amplifier,
band-pass filter, threshold discriminator, pulse counter and
printer. The amplifier used featured stepwise controlled gain
coefficient within the range from 10 up to 1920, for
quasi-Gaussian shaping constants from 0.5 IJ.s up to 4 IJ.s.
The filter had pass-band controlled to within 0.5 kHz up to
1SO kHz limits. Discriminator had discrimination range
from 0.1 V up to 10 V, discrimination threshold of SO mV
and pulse resolving time of 100 IJ.S. Counting time for the
counter could be programmed within 0.1 s up to 1000
minutes interval and its counting capacity amounted to 106

Unit transformers, because of their utmost importance
for trouble-free service of electric power stations, have to be
inspected by means of every possible diagnostic methods.
However, no practical method is available for getting the
information on PD effects occurring in unit transformer
insulation, as none of known detection methods of PO
effects could be used directly on the transformers during
their regular operation. This is why it is so urgent to
implement AE methods for the purposes of diagnostic of
insulation of those transformers. Unit transformers are not
provided with tap changer to be operated under load; this
eliminates the interference from this source and is the
reason for regular form of the tank. This is advantageous as
well for the propagation of AE signals.
The important problem was establishing methodology
of measurements. Results depend on the method of mea-
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surements, selection of the number of measuring points,
determination of the place and method of transducer
attachment. Because of regular operation of transformers,
access for measurements is limited to ground level of the
tank. This requirement precludes the measurements at the
upper cover of a transformer, as well as vents and bushings.
Only side walls are accessible for measurements.
For the detection of AE signals from PD effects, the
measuring system was used with recording of AE signals
on an oscilloscope (Fig. I). Measuring transducers were
located both at high and low voltage sides, on three different
levels on the tank. Other transducers were placed in phases
A, B and C as well as between phases A-B and B-C. In this
way measuring grid was formed and the transducers were
located at nodes. When AE occurred, maximum amplitudes
were read out from the oscilloscope. For the measurements
of AE statistical factors, we used the system for digital
recording of AE peak amplitude (Fig. 2).
Over 100 unit transformers of various designs were
tested. In Table I, typical results of measurements of PD
effects using AE method in one of unit transformers are
given. In Fig. 4, exemplary oscillograms of AE signals
resulting from PD effects occurring in this transformer are
presented. Extensive results of detection and measurements
of PD effects using AE method on selected unit
transformers are presented in another paper (Skubis, 1985).
Analysis of results presented in Table I leads us to
conclude that PD effects in insulation of tested transformer
occur from high voltage side and have rather high amplitudes. Probably their action is destructive for insulating
system. Distribution of AE signals on the tank indicates
that PD effects occur in upper and middle sections of phase
A. Analysis of the shape of recorded signals suggests that
PD effects occur probably at oil and insulating paper
boundary. Oscillograrns displayed in Fig. 4 are the proof
that apart from acoustic emission signals from internal PD
effects, this system also records the electro- magnetic pulses
from coronas in air. Observation of signals on the
oscilloscope enables easy distinction of those signals: AE
signals resulting from PD effects have the order of milliseconds, while electromagnetic pulses generated by coronas
are of the order of microseconds.

Fig. 4. Examples of oscillograms of AE pulses from PD
effects recorded during measurements of a unit transformer.
Scales: X = 5 ms/div. Y = 20 mY/div.

4. AE Method for Power Transformers
AE method was also used for the detection and
measurements of PO effects in power transformers subjected
to a high-voltage test after repair. The measurements were
carried out on a test station of a repair plant. During
measurements, the AE system was used with reflecting
transducers and recording of amplitudes on an oscilloscope.
Basic parameters of tested transformers and exemplary
results of measurements are displayed in Table n.
Measurements of PD effects using AE method in
power transformers subjected to high-voltage tests are
hindered because of short duration of the high-voltage tests
(60 s) and very high voltage applied to the transformer:
(2Un + 20) kY where Un is the normal operating voltage.

Table I Results of measurements of AE resulting from PD effects in unit transformer of 240 MYA
power and 220 kV high voltage.
Windings
Phase
Top of the tank
Mid-point of the tank
Bottom of the tank

220kV side
A

SO
120
0

15.75 kV side

A-B

B

B-C

C

A

A-B

B

B-C

C

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0
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Table 11 Parameters of tested power transformers and results of PD effects measurements using AE method.

No. Transformer Type

Power Full rated Voltage of highvoltage test
S
voltage
(lcV)
(MVA) (lcV)

PD effect stan

AE amplitude from PD effects (mV)

voltage
(kV)

Un

1.25U n

1.5Un

1.75 Un

Upr

TRN-400001l1O

40

110

230

170

0

0

0

25

110

2

TR-31500/110

31.5

110

230

125

0

20

70

130

200

3

TRDT-25000/110 25

110

230

105

10

55

105

190

4

FDO-25000/110

25

110

230

90

35

70

135

210

5

TR-20000/60

20

60

130

78

0

0

30

80

150

6

TR-20000/60

20

60

130

65

0

35

130

220

t

t
In spite of those difficulties the results presented are the
proof that AE method can be successfully used for the
detection and measurements of PD effects occurring in
power transformers subjected to a high-voltage test. The
conclusion about suitability of this method under prevailing
conditions is confirmed by other works (Kawaguchi et al..
1971 ; Ogihara. 1964).
In two transformers out of six exposed to a highvoltage test (cf. Table II), partial discharges occurred below
the rated voltage, Un' One of the transformers (No.6, Table
II) did not survive the high-voltage test, even though the
starting voltage for PD effects was higher than Un' The
increases in AE due to PO effects was approximately a
linear function of the voltage applied to the transformer.
The rate of AE accumulation depended on the transformer.
The values of AE due to PO effects given in Table n
were estimated quantities, since they depended on exact
locations of PO in relation to the location of the detecting
transducer. That is, when the detecting transducer was placed
at other locations, measured values were different. Thus, the
observed values should be treated as a means for detecting a
PD, rather than the measure of the intensity of the PD. One
needs to determine the exact location of a PO before the
intensity can be defmed accurately.

s.

Break-down of the transformer

PO location method based on the measurements of
amplitudes is known in publications as a zone location
method, while the method based on propagation delay
measurements in known as a triangulation method. The
simplest one is the zone location method. It consists of
measurements of AE amplitudes for signals resulting from
PO effects at various points of the transformer; i.e. at
various distances from a PO source. Moving the transducer
on tank surface, one can determine the place, where AE
signals have maximum amplitudes. It can be assumed that
along the line perpendicular to the surface at this point,
there is located the source of PO effects. Errors of location
of PO effects using zone location method are caused by
non-uniform internal structure of the transformer. Only in
the case. when signals propagation space is homogeneous,
it is possible to determine accurately the relation between
AE signal amplitude and distance from a PO source. When
signals are propagated partly in oil and partly in solid
material (e.g. in steel. copper and paper), AE signals
approaching the transducer are attenuated and diffused,
making interpretation difficult. In the zone location method
of PO effects, apart from amplitude, essential information
on the place of generation of PO effects is the shape of the
waveform. Signals from PO in oil have rather high amplitudes and short duration. while those from PO effects in
paper are diffused and their amplitudes are lower. For precise location of PO effects using zone location method one
has to analyze simultaneously three parameters: the magnitude of AE signals, the shape of the signals and construction of the transformer under test. Advantages of this
method of location of PO effects are
possibility of zone location of transformers during
their regular operation.
•
carrying out the measurements using a single
measuring channel only, and
•
simplicity of the measurement method.

Locating PD Effects using AE Method

Acoustic emission resulting from partial discharge or
PO effects enables the development of methods of locating
a PO independent of electrical phenomena. Utilization of
AE methods for locating PO is based on two phenomena:
•
measurements of amplitudes of AE signals at different distances from the source of PO effects, and
•
measurements of AE signals propagation delay for the
transducers arranged in various points of the transformer under test.
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sion of measurements and on the method of processing
results. Results of PD source location carried out by the
authors have been confirmed during repairs of the transformers.
The AE method constitutes in metrology significant
supplement to the methods being used till this time.
Special usefulness of AE method consists in the fact, that it
enables the detection, measurements and location of PD
effects directly on transformers during normal operation.
Information on PD effects occurring under those circumstances was not available by means of other already known
method of measurements of PD effects.

We are using zone location method for locating PD
effects in the transformers operating in electric power
stations and substations. By way of example, results from
such testing of a transformer were presented in Table I. For
the verification of the results this transformer was shut
down and transported to repair shop. After disassembling
of this transformer, an insulation defect was found in the
region located by the AE method.
Triangulation method of locating PD effects region
consists in measurements of propagation delay for AE
signals approaching measuring transducers placed at various
points of the transformer. On the basis of measured
distance of PD source from the transducers, coordinates of
the transducers, dimensions of transformer tanks and limits
of accuracy, it is possible to calculate the coordinates of PD
source and their standard deviations. The results are as a
rule processed on a computer. Triangulation method was
already successfully used for locating PD effects in
transformers subjected to high-voltage tests using both
alternating voltage and surge voltage (Kawaguchi et at,
1971; Wroclawski, 1984). The disadvantage of this method
is the need for a large number of parallel measuring
channels required for simultaneous measurements and
recording of propagation delays at many points.

6.
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Is it Time for Acoustic Emission Surveillance of Operating
Nuclear Reactors?

w. F. Hartman
Excluding the work outside the U.S., the plants that had
made some use or study of AE are listed in Table 1.

Abstract
The application of acoustic emission (AE) technology
to surveillance and diagnostics of nuclear power plants has
been studied for about IS years. The early obvious
incentives for pursuing implementation of this technology
remain today; but so do some of the arguments which have
caused hesitation in the nuclear industry's acceptance of this
nontraditional inspection method.
In this paper, the trials, successes, failures and
potential of acoustic emission in the nuclear industry are
reviewed, and the arguments for and against implementation
of AE surveillance of operating nuclear plants are stated and
criticized. Attention is given to the use of AE monitoring
for crack growth detection and/or leak detection. It is
concluded that a strong case can be made for AE leak
detection programs, and that implementation of such
programs can help improve the case for detection of crack
growth.

Table 1 List of AE Tests on Nuclear Plants

1968
1970
1970
1971
1971
1971
1971-73
1972+
1972-77
1972
1972
1972
1972+
1973
1973
1973+
1975
1975
1975+
1976
1977
1977+

1. IntrOduction
"The motivations to apply acoustic emission (AE) to
nuclear plant inspection are very strong, and
substantial progress has been made during the last
twelve years despite major technical obstacles."
That statement (Pollock, 1978) suggested pending
acceptance by the nuclear industry. Still, this has not
occurred. Why?
Prior to 1978 there had been many laboratory studies
and experiments with mock-up vessels, crack growth
studies on fatigued irradiated specimens, monitoring AE
from plastic zones, and studies of intergranular stress
corrosion cracking (IGSSC) in stainless steel. These
studies were conducted not only in the U.S. but also in
Europe and Japan. AE monitoring had been performed on
more than 50 nuclear plants or components thereof.

Dresdenrn
Calvert Cliffs II
Indian Point I
Peach Bottom ill

Noise Studies
Noise Studies
Noise Studies
Shop Hydrotest
Shop Hydrotest
Attenuation Studies
On-line Monitoring
On-Line Monitoring
Leak Monitoring
Primary Hydrotest
Primary Hydrotest
Primary Hydrotest
On-line Monitoring
Attenuation Studies
Primary Hydrotest
On-line Monitoring
Shop Hydrotest
Noise Study
On-line Monitoring
Primary Hydrotest
Hydrotest
On-line Monitoring

With such real-world trials, why didn't AE monitoring
become routinely used in the nuclear industry? Several
things are responsible for this:

1. Even with the real-world experience, focus
remained on results of experiments that used artificial
defects - and those could be interpreted in a way that
was detrimental to the case for AE.
2. At the same time the lack of encouraging results
from artificial defects was being reviewed and discussed, there remained a common attitude to propose
consideration of AE for 100% volumetric inspection of
plants, ultimately on-line. This was so ambitious that
it forced many observers to take a very cautious look
at AE for nuclear plants.
3. When some good arguments were finally being
made for how AE monitoring could help solve some
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Dresden I
San Onofre I
Yankee Rowe
Arkansas Nuclear I
Peack Bottom III
Turkey Point III & IV
Robinson II
Prairie sland I & II
Ginna
Calvert Cliffs I
Zion I & II
Peach Bottom
Quad Cities III & IV
Beaver Valley I
Peach Bottom
LaCrosse
LaSalle n
Vermont Yankee
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nation of Fiber Reinforced Plastic Vessels for inclusion
into Section V. The ASME special working Group on AE
has begun consideration of AE leak detection for preparation
of an examination article on that subject.

problems and these were substantiated by sophisticated
programs funded by the Department of Energy (DoE),
the Nuclear Regulatory Commission (NRC) and
utilities, there occurred the accident at Three Mile
Island (fMl).
Because of the many problems resulting from TMI,
especially the economic and regulatory problems, the
nuclear industry was not interested in how AE could help
them, unless it pertained directly to new regulations.
The potential consequences of cracks and leaks, the
problems of personnel and public exposure to radiation, are
certainly as serious as ever. The costs of repairing damage
soar higher every year and the established inspection
methods, taken together, still leave some gaps which AE
can potentially close. Specifically, the current IGSCC
problem not only poses safety problems, but entails
remedies costing the industry billions of dollars. If crack
growth could be detected during plant operation, particular
welds would be designated as requiring inspection during the
next outage, scheduled or not. Furthermore, if a highly
sensitive, reliable leak-detection capability were applied to
the system, any through-wall crack would be instantaneously detected. AE monitoring has the potential for
both of these, on-line, in real time. So, there is renewed
interest in what AE can do to solve these problems.
Some of the questions posed ten years ago regarding
AE inspection of nuclear plants deserve review:

5. What is the level 0/ confidence in interpreting
ahnonnal acoustic activity?
This question, when addressed for the case of periodic
monitoring, can be related to several mechanisms that
generate AE. Periodic acoustic emission testing of
pressurized structures is being widely applied in industry
today to detect and locate defects growing under service
conditions. The usual test procedure is to lower the
pressure approximately 15% and then to repressurize the
structure to 5% to 10% over the normal working pressure.
The rationale for this type of test was demonstrated by
Dunegan et a1. (1970) more than 15 years ago, and results
using this method have proven to be successful.
This concept is based on the fact that the plastic zone
created at a crack tip will respond elasticaUy on a second
overstress cycle if no crack growth has occurred in the
interval since the first overstress cycle (the Kaiser Effect).
If crack growth has occurred between overstress cycles, the
second overstress will result in a higher stress intensity
factor at the crack tip. This will result in additional crack
growth and an increase in size of the original plastic zone
both of which will produce AE. Acoustic emission
signals due to plastic deformation are low-level signals and
require high sensitivity to detect. Due to their low level
and their attenuation in the structure, detection would
require very close sensor spacings.
On the other hand, the fracturing of oxides and
corrosion products that coUect on crack surfaces produce
signal levels an order of magnitude greater than the level
due to plastic deformation. It is the AE signals due to these
secondary effects that are believed to be responsible for
much of the AE activity from natural defects. These
signals can potentially provide indications of damage in
pipelines and pressure vessels without requiring overpressurizations; for during reduction of pressure, these
oxides can be crushed and the resulting AE identifies their
presence.

1.

How should sensors be attached?
Early attempts to use couplants resulted in significant
changes in coupling efficiency as a result of temperature
and radiation. Today, it is common to attach sensors to
pipes using a stainless steel strap and no couplant.
Although the sensitivity is less than when using couplant,
it is important that it does not change as a result of
environmental conditions.

2. What are the effects of radiation on the sensors and
preamplifiers ?
Sensors are now available that have been tested to 2 x
108 rads (integrated dose) of gamma radiation. Preamplifiers
have been used in BWR containment up to four years
without deleterious effects.

6. Can AE from crack growth be detected in the presence
o/leaks?
The sensitivity of AE methods to leak noise was
often recognized as a problem, because many AE tests were
performed during hydrostatic overpressurization and some
leaking was almost always to be dealt with. On the other
hand, detection of leaks in on-stream systems is usually
more important than detecting crack growth. In fact, there
is now considerable interest in utilizing AE methods for
leak detection, location and identification.

Is a baseline examination required?
Performing periodic on-line monitoring generates a
reference. The fundamental objective is to detect and locate
repetitive sources of AE.

3.

Why don't inspection codes require or mention AE?
Significant progress has been made here. The
American Society for Testing and Materials (ASTM)
standards for AE now exist and are being used. The
American Society of Mechanical Engineers (ASME) is
continuing to review the matter, and recently the main
committee approved Article II Acoustic Emission Exami4.
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2.

Developments since 1978

2.1 Leak detection

The basic pros and cons for using AE monitoring for
leak detection are listed in Table 2. Special concerns in this
area developed as a result of the Three Mile Island incident.
The NRC now requires all nuclear plants to have a direct
indication to the plant operator that the safety and relief
valves on the reactor coolant system are either open or
closed.

Several major accomplishments have occurred since
1978. One thing that has happened is a realization that
modern electronics alone do not drive the market in AE.
What is lacking is not technological capability regarding
AE instrumentation! The basic electronic capabilties of
ex.isting AE equipment are adequate for successful application to the nuclear power tasks. However, this does not
mean tbat the AE instrument vendors have off-the-shelf
equipment that is sufficiently aligned with the full requirements of serious implementation by the nuclear power
industry. Not all the vendors have a nuclear QA program
(in accordance with NRC 10CFRSOB). Not all of the
vendors have experience in environmental qualification of
instrumentation for use in nuclear power plants. Nor do
they have significant experience in applying AE to
monitoring components in nuclear plants. On the other
hand, once the viability of the nuclear AE market is clearly
established, at least some vendors will invest in acquiring
the above qualifications. Even those possessing such
qualifications today refrain from manufacturing a full line of
equipment uniquely suited to nuclear applications. This is
because acceptance of the technology is based, first, on the
inertia of the utility industry; second, on the politics of
regulations; third, on the economics of implementations;
and, fourth, on the availability of the technology.
Therefore, assuming that state-of-the art AE
technology can be made available in a form suitable for
nuclear power plant applications, let us look at some of the
issues that influence utility momentum, regulation and
economic considerations.
The technical· issues associated with the application to
nuclear power plant monitoring are not necessarily the same
as those defining the technological status of instrumentation. An example of this distinction is the oftenexperiened difference between the technolgical capabilities
of ultrasonic testing instrumentation and the technical
variation in the interpretation of the resulting measurements. If two users of a tool don't agree to make the
measurement the same way (a technical issue), no matter
bow technologically sound the tool is, the independent
measurements are destined to differ! So, procedures and
methods are often more responsible for suitable results than
the degree of sophistication of the instruments.
The methods' positive features generally relate to the
arguments supporting its use (pros); while the methods'
limitations (real or perceived) relate to the arguments
against its use (cons).
In reviewing the accomplishments in AE, relevant to
nuclear applications, the pros and cons can be grouped under
two headings: leak detection and crack detection.

Table 2 On line AE Monitoring for Leak Detection

Pros
1.

2.

3.
4.
5.

6.
7.

Already in use for valve monitoring
High sensitivity
Fast response time
Simple model exists
Can locate leaks
Potential for quantitative measurement of leak
rate
Relatively inexpensive

Cons
1.

2.

Background noise is a problem
Cannot give absolute leak rate

In response to this need, acoustic emission valve-flow
monitoring systems were developed. As a valve opens, the
flow of steam generates acoustic noise which is detected
by a sensor located on the piping. The acoustic level
generated by the flow indicates the valve position, which is
displayed to the plant operator. In addition, acoustic
emission valve-flow monitoring systems are used by plant
operators to detect leaking valves.
With installations in more than 50 nuclear power
plants, these systems are used primarily for monitoring
valve actuation on pressurized water reactor (PWR)
pressurizer valves and boiJing water reactor (BWR) main
steam line valves. They are also installed on some PWR
secondary system safety and relief valves to assist in
monitoring potential radiation release. Similar systems
also are being supplied to monitor steam lines for leakage.
The NRC did not specify that acoustic emission
valve monitoring be used. Regulatory Guide 1.96 outlines
the requirements for unequivocal indications of valve
position. It was the industry, the utilities and their
advisers, who decided that the acoustic emission approach
made sense and that they should use it. Because of the
industry's careful specification of the acoustic systems
(environmentally and seismically qualified equipment,
manufactured under a nuclear Quality Assurance program),
NRC totally accepted the technology. Today it has become
the most common method of valve monitoring. Users, con-
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shown in Fig. J. The AE level caused by the activation of
this valve caused saturation of the electronics, so that the
maximum value of the recorded signals is less than the true
maximum. These data were obtained during the hot functiollals testing of the Sequoyah nuclear plant.
In work performed by Westinghouse (Smith et aI.,
1979), leak rates of 76 mVmin (0.02 gaVmin) were shown
to be detectable on main coolant piping of PWR. In
Germany, a basic research program provided the data shown
in Fig. 2, which indicates that leak rates of approximately
0.19 I/min (0.05 gaVmin) can be detected (Fischer et aI.,
1979). A laboratory facility at Argonne National Laboratory can generate leaks from plant-induced IGSCC cracks
(Kupperman et aI., 1982). There, leaks as small as 11
mVmin (0.003 gaVmin) have been detected under simulated
plant conditions. In one instance at the Philadelphia Electric Company Peach Bottom Nuclear Plant, AE monitoring
detected leakage associated with a pump at least ten days
before sump-pump operation indicated excessive leakage,
causing a shutdown (Hartman and McElroy, ]979).
These examples are testimony to earlier conclusions
stated by investigators, such as in a 1976 EPRI (Electric
Power Research Institute) report (Dau, 1976):
..... a system based on acoustic emission has the
greatest potential for providing a method that has
many desirable features not found in present systems".
Because leak noise is primarily associated with turbulent flow, it is possible to predict values of flow parameters
which represent the threshold of AE from leaks (Pollock
and Hsu, 1982). For any case, these values are simply
those that represent the onset of turbulence. Therefore,
simple models for AE leak detection can be formulated
based on elementary fluid mechanics. Successful use of
such models improves credibility of the method, while
defining its range of application.
Regarding the location of leaks by AE monitoring, it
is sufficient to quote an EPRI report (Harris et al., 1980):
..It appears that good sensitivity could be attained
along with locational capabilities with a sensor
spacing of some 4 m... Locational capabilities will be
limited to about one pipe diameter, with increased
accuracy in long small pipes."
Regarding the cons of Table 2, the first has always
been said of all types of AE monitoring. Current
technology allows this problem to be dealt with in several
ways, and greater discrimination against background noise
is being achieved.
Several workers have reported on the AE background
levels in nuclear plants. An example of typical results is
shown as Fig. 3, which indicates that background noise can
vary by a factor of lOin different locations in PWR (US
N.R.C., 1983). The ratio of the value of the total AE
signal to the value of the background signal (ALI A b) is
given [(A L/A b)2 + 1]05, where AL is the rms signal of the
background level. Therefore, a leak signal, Au which is
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Fig. 1. Masoneilan valve - Acoustic emission sensor
spectra (Hartman, ]980). The ranges of the amplifiers were
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Fig. 2. Leakage noise as function of leakage rate (data from
Fischer et al., 1979)
fident of the reliability of acoustic emission monitoring of
valves, have also been implementing acoustic emission
monitoring for leak detection on valves and pipes.
An example of acoustic emission valve monitoring is
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Work in Japan, especially that performed by Toshiba
Corporation (Komura et aI., 1981), has substantiated
successful AE monitoring of IGSCC in Type 304 stainless
steel. Tests were conducted on pipe-test specimens having
one weld joint. The history of cumulative AE event counts
showed an obvious lransition of AE activity, and showed
steplike increase of AE events after the transition, corresponding to propagation of IOsee. After the transition,
many events were observed in load holding and unloading
periods contrary to a few events in loading period before the
lransition. These AE events had high amplitudes and high
released energies. The results of AE source location showed
clear correspondence to the position of weld joint.
The most comprehensive in-plant, on-line AE
monitoring has been the program conducted over the period
1976-1982 at the Peach Bottom Nuclear Power Station,
sponsored by Philadelphia Electric Company and the U.S.
Department of Energy (McElroy, 1981). In 1979, the
following observations were reported (Hartman and
McElroy, 1979).
"Acoustic emission event clusters were observed in all
components. These AE sources are considered to be
minor indications of discontinuities. In general, AE
activity increased whenever the vibration levels
increased or when cooling of the component occurred,
Thus far, the AE results are similar to the results of
both ultrasonic and radiographic inservice inspections.
Although there is not yet any clearly defined quantitative relation between the AE data and the ullrasonic
results, there is a correlation which is very promising."
"The two monitored wells on the recirculation by-pass
lines have not produced any regular emission. The
1977 and 1978 ultrasonic examination of these welds
produced no reportable indications of discontinuities.

DISTANCE ALONG 10-in. SOlEDUU: ~ PIPE 1m)

Fig. 3. Estimated acoustic emission signal at various
distances from an IGSCC leak. Acoustic emission
background data acquired from the Watts Bar (PWR) hot
functional test and levels estimated from Hatch (BWR)
acoustic monitoring data are also shown (US NRC, 1983).
46% of the background level win produce a total AE signal
that is 10% greater than the background level. Referring to
Fig. 3, this means that leaks of 7.6 Vmin (2 gal/min) could
be detected up to 5 meters from the leak, even in the presence of maximum background level.
The criticism of the AE method in regard to giving
absolute leak rate cannot be denied, in general. However,
there have been many examples of empirically developing
this capability. The best example of this is shown in Fig.
4 (McElroy, 1982). Such results are very valuable in
detecting and identifying subsequent leaking valves.

2.2 Crack detection
The specific problem of AE from IGSCC has been
studied by several researchers over the past 10 years. A
program conducted at Battelle Northwest Laboratories,
sponsored by both EPRI and NRC has concluded:
''The earliest onset of IOSCC appears to be a higher
energy, more active emission than the later stages of
activity. Due to the high attenuation and low energy
release of later stages of IOSCC failure, a tuned
system with a center frequency at 250 kHz and a total
system gain of 80 dB should be sufficient for both
early detection and monitoring of the IOSCC and even
during the later stages of failure" (Hutton, 1983).
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One weld on the core-spray line has no AE associated
with it. Radiographic examination of this weld produced no reportable indications of discontinuities.
Regular AE activity was found to cluster in the
vicinity of two core-spray welds which had a large
number of reportable ultrasonic indications. Also,
clustered AE has been recorded on a Feedwater nozzle
weld near the region of O.254-cm long ultrasonic
indications."
"These general correlations suggest the following
argument: Those areas showing little or no AE
activity need not be examined according to the
requirements ofroutine inservice inspection."
"If such an argument can become well received, then
on-line AE surveillance can greatly improve the
efficiency of traditional in-service inspection (lSI)
techniques."
''This can be illustrated by recognizing that, for the
four components discussed herein, the AE data would
lead to specific recommendations that the amount of
ultrasonic in,spection could be reduced by one-half; or,
more examination ofselected areas could be performed
without additional occupational radiation exposure."
The essential pros and cons for using on-line AE
monitoring for crack detection in operating nuclear power
plants are listed in Table 3.
Table 3
detection

viewed as superfluous knowledge and therefore is equated
with superfluous costs. It is also true that acoustic
emission does not detect cracks as such, but it does detect
growing cracks, or at least ones which emit as a result of
fracturing of oxides or trapped corrosion products. Detection
of growing cracks during increasing pressurization is
well-documented and the probability is high that cracks in a
nuclear environment will be successfully detected during
increasing pressurization. Of course the industry would
prefer a technology which can be thought of as a perfect
indicator of cracking. Acoustic emission monitoring falls
short of meeting that criterion, but so do the ot1ler
nondestructive techniques.
Performing on-line acoustic emission monitoring in
an operating nuclear plant produces data which must be
correlated with other operating plant parameters.
Considering this to be a negative fails to take into account
loday's computerized data processing and especially the
detailed data analysis already routinely available in nuclear
power plants. It should also be noted that the number of
plant operating parameters relating to the acoustic emission
results is minimized if AE data is obtained primarily during
a slight increase in pressure from normal operating
conditions. This might be easily done immediately prior to
a planned reduction in operating pressure.
The objection lhal only complex and incomplete
models exist may arise if one focuses attention more on
advanced acoustic emission research than on the many years
of successful AE application. Advanced research in acoustic
emission will always be addressing unanswered questions.
That should be recognized as an indication that the
technology is being used, that the technology is successful,
that the technology is of interest to many industries, and
that acoustic emission technology is here to stay. Taday's
research will ultimately succeed and move on into applications. For example, advanced waveform analysis using
special sensors will not only detect and locate the acoustic
emission source but also classify it as to type, with
consequences that will be significant for many users. In the
meantime the advances of the past 15 years are sufficient to
broaden the range of applications, relying on AE successes
already achieved in such industries as petrochemicals,
aircraft and aerospace.
Retrofitting an acoustic emission system to a plant for
crack monitoring is potentially too expensive. If one is
advocating complete coverage of a nuclear power plant then
this criticism can be seen as very serious. On the other
hand, the problem of IGSCC is known to exist at specific
locations. Instrumenting some or even all of the affected
welds would be a very minor expense when compared with
the alternative remedies. Sensors, preamplifiers, and cables
suitable for the environment can be made available for a
mere fraction of the cost of performing complete ultrasonic
testing of all the subject welds. In fact, the AE results
could be used to guide the ultrasonic testing, resulting in

On-line AE monitoring for crack (growth)

Pros
1. Unique capability (coverage,Iocation).
2. Can detect IGSCC.
3. Can improve efficiency of lSI techniques.
4. Comprehensive in-plant programs completed.

Cons
1. Unequivocal recognition of cracking is questionable.
2. Possibly too sensitive.
3. Must correlate results with many other operating
parameters.
4. Only complex and incomplete models exist.
S. Retrofitting an AE system to a plant for crack
monitoring is potentially too expensive.
6. No ASME codes.
The pros are obvious or have been discussed above.
Some of the cons deserve elaboration. The claim that
acoustic emission does not provide unequivocal recognition
of cracking has foundation; however, many existing
methods including ultrasonic testing give rise to the same
objection. Sometimes discontinuities indicated by acoustic
emission are found to be not cracks but inclusions, plastic
deformation, etc. Detection of such sources is sometimes
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crack growth.
The research programs leading to the case of applying
AE methods in nuclear power plants represent several
million dollars of effort, and yet little implementation has
occurred. Given the problems facing the nuclear industry, it
seems that the time for AE surveillance of operating
reactors is, at least, near.

more cost-effective in-service inspection and far less
occupational radiation exposure.
Overcoming the arguments against implementation is
best accomplished through promoting AE monitoring for
leak detection and utilizing the installed AE equipment to
also monitor discrete AE, so as to attempt to identify
cracking welds. This piggy-back aproach should permit
many of the cons in Table 2 to be systematically addressed
with real, in-plant data. This would serve the need to
establish a database from real cracks in nuclear components
instead of the unsuccessful attempts made over the years
with artificial defects.
The truly successful applications of AE to pressure
vessels is due to testing of actual structures resulting in a
database from real defects. Article II of ASME emerged
from the database established in the testing of composite
pressure vessels and storage tanks. Successes of AE in the
gas bottle industry have resulted from testing hundreds of
vessels under field conditions and correlating the acoustic
emission data with that obtained from other forms of NOT.
If acoustic emission is to be applied to crack detection in
nuclear components, it is time to start obtaining a database.
In a 1984 workshop supported by the NRC, such programs
were encouraged (Jones et al., 1984):
"It was recommended that reactor operators and fracture
mechanicians make more use of AE in order to expand
the data and experience base of the technology.
Acoustic emission could be used for on-line monitoring in a research mode so that experience could
be gained without applying this information to plant
safety. Before evaluation of the reliability and sensitivity of AE and completion of a performance
capability demonstration, the on-line AE information
may be restricted to information only for the reactor
operators. Even in this restricted mode, the AE information could prove useful to reactor operators..."

3.
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Fracture Toughness Measurement of a NiCrMoV Steel by
Acoustic Emission

v. Dal Re
Abstract

2.

Methodology

The K lc measurement (at room temperature) of a
NiCrMoV steel used for the construction of big turbine
disks, calls for the use of very thick specimens (125 to 150
mm) to obtain valid results. In these specimens a first
pop-in not present in smaller specimens is evident and the
measured K lc is about 30% lower than that obtained by
non-valid tests or by J Ic measurements. The acoustic
emission application during the J Ic measurement allows to
emphasize. in small size specimens, a very intense acoustic
emission activity at KI values corresponding to the first
pop-in in big-size specimens. Therefore, it is possible to
obtain valid K Ic measurements, through the J lc
measurement, using only one specimen, by the acoustic
emission application.

The K lc and J lc tests have been performed on compact
tension specimens according to the ASTM standards
(ASTM, 1981). AE's have been detected and recorded with
a Ounegan-Endevco Model 3000 instrumentation with two
0-9203 transducers (Fig. I). Two mechanical attenuators,
shown in Fig. 2 and based on the AE reflection in different
attenuation materials (Oal Re, 1984). have been used to
minimize the external AE coming from the hydraulic test
machine (Instron Model 8033). All specimens were
preloaded, before notch machining, to levels well above
those expected during the test, to minimize the acoustic
noise caused by pin contact stress (Takahashi et aI., 1983).
By the use of the locate and spatial window functions, only
the AE's coming from the stressed zone have been recorded

1. Introduction
One of the most satisfactory applications of AE
technique is the fracture toughness measurement of some
steels. It is possible to detect with good accuracy the onset
of the stable crack propagation under displacement control
after the previous crack-tip plastic deformation (Dal Re,
1984). This method is of particular interest in the case of a
NiCrMoV steel used for the construction of large turbine
disks. Because of the high toughness of this steel at room
temperature. it is necessary to use compact tension (CT)
specimens with a thickness of almost 125 mm in order to
obtain valid K Ic measurements (ASTM, 1981). Non-valid
K rc values obtained with 2T-CT (2" or 50 mm thick)
specimens are about 30% higher than the ones measured on
5T-CT (5" or 125 mm thick) and 6T-CT (6" or 150 mm
thick) specimens. In these tests with thick specimens, a
first pop-in is present.
An indirect K lc measurement through the J lc
according to Landes and Begley (1974), gives a value very
close to the non-valid one obtained with a 2T-CT specimen.
The aim of the AE applicatin to the J lc measurement is to
detect the onset of the crack propagation. and thus the
critical value of J I , using only one small specimen.
Received 2 October 1985. The author is affiliated with
Istituto di Progetti di Mecchine, Tecnologie Meccaniche e
Costruzioni Aeronautiche, University of Bologna, Italy.
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STCT
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6TCT

150 300 150 375 180 75

Fig. 1 Specimen geometry and dimensions. An insert
shows a J lc specimen with AE transducers.
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Table 2 Mechanical Properties

SPECIMEN
FITTING
I

au

ay

e

R.A.

I

MPa

MPa

%

%

OPa

J

I

816

670

21.5

65.3

193

106

1/

E

E(CVN)

i

3.1 K1c andJ1c Tests
Direct K Ic measurements have been performed on
5T-CT, 6T-CT and 2T-CT (cut from one-half of the 6T-CT)
specimens. JIe meausrements have been obtained by four
1T-CT specimens cut from the other half of the 6T-CT
specimen. Test results are reported in Table 3.
Table 3 Results ofKIc and IIc Tests
Specimen

Fig. 2. Mechanical attenuator for testing machine noise.
and analyzed. The AE parameters: location, count-rate,
energy-rate, amplitude distribution and count/event distribution were recorded during the IIc measurement

3.

Results and Discussion

2.5 (KIc:!ay )2
mm

Notes

2T-CT

177.4

171.7

Invalid

ST-CT

142.7

113.4

Valid

6T-CT

135.1

101.7

Valid

4 xJIc t

The chemical composition and the mechanical
properties of this steel is reported in Tables I and 2. The
specimens were cut from the disk as shown in Fig. 3.

KIc
MN/m3/2

t

151

178.9

Valid

Four IIc specimens are referred to as 6-1 through 6-4.

As shown in Table 3. valid K Ic values were obtained only
with the 5T-CT and 6T-CT specimens. In both cases the
load-displacement curves (Figs. 4 and 5) were of Type II
according to ASTM E399-81. The K Ic values corresponding to the first pop-in were lower than those obtained
in the J Ic test (Fig. 6) and in the 2T-CT specimen in which
no pop-in was present.

Fig. 3
disk.

The orientation of specimens cut from a turbine

3.2 Acoustic Emission Application
The aim of AE application was to verify if it is possible to
detect this pop-in (evident only in big K Ic test specimens),
even in small JIc test specimens. The AE's were recorded
during a llc test on four specimens. To recognize the
characteristic AE correlated to the onset of stable crack
propagation, the peak-amplitude statistical distributions
were recorded at various stages of the test (Fig. 7). An
intense acoustic activity, associated with the plastic zone
formation, can be noted in stage 1. A low AE activity
follows in stage 2, with a sudden peak of big amplitude and
energy in point A, accompanied by a fall in the slope plot.

Table 1 Chemical Composition (%)
C

Si

P

.26

.10

.015

S
.015

Mn

Cr

Ni

Mo

V

.3

1.5

2.7

.5

.13
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The visible crack propagation begins in the point B (stage
3). This measurement method has been applied to four
specimens during a J le measurement (Landes and Begley,
1974). The experimental plots are shown in Figs. 7 to 10.
In all specimens a separate strong peak of acoustic emission
activity, corresponding to the non-linear phase of the
load-displacement curve, can be noted (points A). The

MN Load
1

.5

kN P

B

3

40

Disp.
1

2

3

4 mm

Load-displacement plot: Specimen ST-cr.

Fig. 4

Load

1.5 MN

En/s

1

500

cis

Dis .
4

mm
500

Fig. 5 Load-displacement plot: Specimen 6T-Cf.

200

.5

,s
1 mm

DISPLACEMENT

L..._"""":'_ _":-_--'.::~--:------7--~~a
2
A
~
~
1
mm

Fig.7a Experimental results: Specimen 6-1. Load, P, AE
event rate per sec, Enls, AE count rate, Cis and the slope of
the amplitude distribution curve are plotted against
displacement, s, in nun.

Fig.6 I-Resistance curve obtained from four J Ic
specimens.
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Load
kN

log E

c)

40

100 dB

35

En/s

b)
35

500

100 dB

a)
500

AMPLITUDE

100 dB

rig. 7b. The amplitude distribution data obtained at
positions I, 2 and 3 are shown as a), b) and c), respectively.

.5

Disp.
1.5mm

1

Fig. 8 Experimental results: Specimen 6-2. Load, P. AE
event rate per sec, Enls and AE count rate, Cis are plotted
against displacement, s, in mm.

visible crack propagation is preceded, a short time, by a
second AE peak (points B). In each test the IIc has been
calculated by the fonnula:

Table 4 Fracture Toughness Results

IIc = 2 S I [B (W - a»

Specimen IIc

where S is the area under the load-displacement curve up to
point A. B is the thickness of the specimen and (W - a) is
the uncracked ligamenL The corresponding K lc values have
been calculated by the expression:

K1c

lcJ/m2 MN/m 3l2

2T-cr
5T-cr
6T-cr
6-1
6-1
6-2
6-2
6-3
6-3
6-4

KIc = (lIcE I (l - v 2 »1/2
where E is the Young's modulus and v is the Poisson's
ratio. The obtained results are summarized in Table 4.
With this procedure each specimen gives Ilc and Klc
values. All K Ic values corresponding to the first AE peak
(see points A in Table 4), are very close to the KIc value
corresponding to the pop·in of the 6T-cr specimen. Their
average value is:
K Ic = 131.7 MN/m3/2 •

150.9
150.9
150.9
150.9
150.9
150.9
150.9

lcJ/m2

KIc (AE)
MN/m312

177.4
142.7
135.1
178.8 Point A 63.1
B 99.9
178.8
A 77.9
178.8
B 156.9
178.8
A 103.5
178.8
B 184.9
178.8
178.8
A 85.3

Average for Point A:
Average for Point B:
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IIc (AE)

115.7
145.6
128.5
182.5
148.2
198.1
134.5

KIc = 131.7 MN/m 3/2
KIc = 175.4 MN/m 3/2

kN P

/f·
A
,,

40
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,
,,

,

··

A

kN P
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,

.
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En/s
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500
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Cis

.5

1

, s
1.5 mm

500

DISPLACEMENT

Fig. 9 Experimental results: Specimen 6-3. Load, P, AE
event rate per sec, En/s and AE count rate, Cis are plotted
against displacement, s, in rnm.

Slope

The average value of Klc given by the second AE peak
(points B) is:

.5

K lc .. 175.4 MN/m3/2

s

and is very similar to the K rc measured with the
four-specimen method (Landes and Begley, 1974):

.5

1 mm

DISPLACEMENT

K lc = 178.9 MN/m3/ 2 .

Fig. 10 Experimental results: Specimen 6-4. Load, P, AE
event rate per sec, En/s, AE count rate, Cis and the slope of
the amplitude distribution curve are plotted against
displacement, s, in mm.
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4.

Conclusions

•
A valid K1c value for this steel can be directly
measured only by thick specimens (125 - 150 mm) in
which a pop-in is evident.
•
A correct KIc value can be obtained by lie specimens
at the level of the first AE peak.
The four-specimens method gives a higher K1c value,
corresponding to the second AE peak.
•
The AE detection is thus a suitable method to detect
the fracture toughness of this steel.
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Uncommon Cries of Cast Iron Elucidated by
Acoustic Emission Analysis
Winfred Morgner and Hartmut Heyse
8

Abstract
N

The mechanical and acoustic emission (AE) behavior
of cast iron differs from those of steel. We studied AE
behavior in cast iron with flakey graphite. AE occurs from
the very beginning, Kaiser effect disappears in annealing,
and a multi-peak amplitude distribution is obtained. Based
on this and by incorporating electron microscopy, a new
failure model was devised for cast iron. Failure starts with
plastic deformation at the tips of graphite flakes; subsequently, a microcrack network is formed as a stable event,
and unstable macrocrack growth follows along a critical
path through the microcrack network. The graphite body
appears to have no influence on the measurable AE and is
not involved in the macroscopic deformation behavior.

-·-b

Q1
(U
DEFLECTION -

~

q5mm (l6

Fig. I Loading, cumulative AE events and b-parameter vs.
deflection for a cast iron sample tested in three point
bending.

1. Introduction
Being the oldest iron material, cast iron with flakey
graphite still ranks high in mechanical applications due to
its low cost, good castability, high compressive strength,
corrosion resistance and damping power. Its relatively low
tensile strength, the lack of fatigue strength and its
nonlinear elastic behavior are attributed to the presence of
flakey graphite. In the following, acoustic emission (AE)
analysis is shown to contribute towards elucidating some of
the unusual features, in particular the fracture mechanism
under static and dynamic loading conditions.

AE signals increases progressively until failure is
experienced (Fig. 1). Even at moderate loads, these AE
signals exhibit a marked burst character so that details of
the curve reveal a stepped pattern. Macrocracking and crack
propagation are accompanied by the emission of additional
signals. In Fig. 1, the mean slope of the logarithmic
cumulative amplitude distribution, b, is also plotted as a
function of deflection. The value of b increased gradually to
- 1.3 near yield. In the plastic range, b decreased to 0.8 to
0.9.
Despite identical annealing of specimens from the
same batch, the scatter of AE plots was greater than for
other metals. This is true in particular with respect to the
cumulative events reached when fracture occurred. This is
due to the fact that the shape of graphite flakes and their
orientation relative to the notch exert a pronounced
influence on the AE behavior. Effects of the flakes may be
of a notch-sharpening or notch-blunting nature.

2.
Acoustic Emission Behavior of Cast
Iron under Static Loading Conditions
2.1 Acoustic emission during increasing load
When acoustic emission behavior is studied on
three-point bend test specimens of common cast iron
(GGLIS or GGL20 grade; i.e., having a tensile strength of
150 ~d
~a, respectively) as a function of loading,
a~ous~c ermsslon signals are observed from the very beginmng, m contrast to steel and other metals. The intensity of

2.2 Acoustic emission in repeated loading

20?

In repeated loading of cast iron up to 90% of the
ultimate load, no AE were produced until the previous load
level was reached; i.e., cast iron (GGL) also showed Kaiser
effect (Fig. 2). In repeated loading above 90% of the
ultimate load, AE signals were emitted even before the
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previous load level was reached. This felicity effect is
shown in the tenth and eleventh loading cycles by the
shaded areas in Fig. 2. This behavior has been observed for
other metals as well. Cast iron was seen to exhibit a
completely different behavior when the specimens were
subjected to stress relief heat treatment. Kaiser effect began
to disappear at annealing temperatures of IOO·C. This
phenomenon was extremely pronounced at SOO'C (Fig. 3);
i.e., reloading after intermediate annealing again caused AE
to occur from the very beginning. In the experiment shown
in Fig. 3, the sample was annealed at SOO·C after loading it
to 2, 3, 4 and S leN before leloading to a higher load.

iron, where AE during load increases were not included. AE
(pulse) count rates vs. time curve shows increasing AE
activities during load holds above the load level of 3500 N.
Sustained-load AE for cast iron occurred between 60% and
70% of the maximum load and increased with rising load.
Likewise, the time necessary for the termination of the AE
activity or stabilization became longer with increasing
load. For steels, sustained-load AE was seen to be
accompanied by an increase in the AE counts per event
(Runow and Fink, 1979). For cast iron, this phenomenon
was observed as late as immediately before the ultimate load
was reached.
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Of the many possibilities of signal analysis methods
used to classify the signals into the sources causing them,
statistical signal analysis was adopted in this case. Even
though a multi-peak amplitude distribution is observed,
results can be described by an amplitude exponent parameter
b in the well-known approach (pollock, 1973). As is
clear from Fig. 5, this parameter represents the mean slope
of the logarithmic cumulative distribution of AE events
n(vi) as a function of their peak amplitudes Vi in a log-log
plot:
log n(vi) '" - b log Vi + log k,
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f
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2.4 Statistical signal analysis
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Fig. 4 AE (pulse) count rate and loading vs. time for cast
iron sample. Only AE count rates during load holds are
shown.

Fig. 2 AE counts vs. load in N during repeated loading of a
three-point bend test specimen of cast iron (GGL) to study
Kaiser effect. After each loading, the sample was unloaded
and reloaded to a higher load level. Kaiser effect was
exhibited until ninth load cycle.
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where b is the amplitude exponent and k is a constant
Since the value of b is available as an output continually,
typical changes in the amplitude distribution can be detected
and compared to the loading condition of the specimen.
Our experience has shown that the methods used to
determine the crack initiation point for steel do not apply
when adopted for cast iron; yet the maximum in the value
of b seen in Fig. 1 may be consi~ as the actual critical
state of crack initiation for cast iron and can be employed
for fracture toughness determinations.

Fig. 3 Effect of intermediate annealing at SOO·C on AE
counts vs. load for a cast iron (GGL) sample. Felicity effect
is shown after loading, annealing and reloading.

2.3 Acoustic emission under sustained load
AE observed for steel and other metals whilst the test
load is maintained is a clear sign of the presence of cracks
(Hanis et al., 1969). Figwe 4 depicts this behavior for cast
46
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Fig. 6 A model for peak amplitude distribution due to three
different AE sources; Le., plastic deformation, microcracking and macrocracking. Here, Vt = 20 dB indicates the
threshold voltage.

Fig. 5 Amplitude distribution curves for cast iron sample.
I - Differential distribution; 2 - Cumulative distribution; 3 - log-log cumulative distribution.
2.5 Comparative electron microscopy

transducer characteristics, flow and leakage noise in
hydrostatic pressure test, mechanical disturbance and
electromagnetic interference). For more than three years, 22
trouble-prone compressors made of cast iron have been
tested without any misappraisal; three of the vessels were
loaded until they burst. In the light of the findings,
acoustic emission analysis has become an integral part of
the maintenance policy in several companies. The
inspection process is predominantly based on the behavior ~
in the sustained load phases as well as on the amplitude
distribution. In principle, the curves are similar to those
obtained for three-point bend test specimens, though it
must be admitted that, because of the above-mentioned
influences, the peak of the b-parameter was not as marked
as in Fig. 1.

In a previous paper presented at the X-th WCNDT
(Morgner, 1982), we believed that the peaks found in the
peak amplitude (frequency of events) distribution can be
readily assigned to the failure stages as proposed by GrOter
(1977, 1981); that is, decohesion of graphite flakes, fracture
of graphite flakes, microcracking, and macrocracking.
Scanning electron microscopy performed in situ under load
with simultaneous acoustic emission analysis, however,
revealed that "loosening" of graphite flakes and their
break-Up do not playa part in the failure mechanism and,
thus, hardly cause any AE to occur. It is noted that the
plastic deformation occurring at critically oriented graphite
flake tips accounts for both AE in early loading stages (Fig.
6) and the elimination of Kaiser effect after intermediate
annealing. Such plastic deformation generated AE events
with amplitudes less than 40 dB and was measured by
electron microscopy on the basis of slip lines as well as by
means of a grating specially produced under the scanning
electron microscope at 2 IlJ1l spacing. As a next energetic
failure step, a microcrack network developed in front of the
graphite flake tips as a stable event. After sufficient
development of the microcracks, this network led to
unstable macrocrack extension with high amplitude AE
events. This model for the peak amplitude distribution is
schematically depicted in Fig. 6.

3. Cycle Loading
Cycle loading experiments were aimed at determining
the amount of crack-face friction in cast iron compared to
other materials and elucidating the failure mechanism in
fatigue loading.
3.1 Triangular low-cycle loading

Three-point bend test specimens were subjected to
slow triangular loading (0.1 Hz) to study the crack-face
friction. For a ratio of the minimum load F to the
maximum load Fo' R = 0.9, AE occurred in precrc:ked and
as-notched specimens only at the maximum load. With the
value of R diminishing at constant F , AE was observed
during both a load increase and a load d~e (Fig. 7).

2.6 lArge-scale testing

Findings obtained in the laboratory were scaled up for
the testing of large-size compressors in the chemical
industry. Careful attention was given for the behavior of
sound propagation (distance covered, attenuation, spectrum
and polarization of waves, reflections and wave conversions,
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Fig. 8 Cumulative AE counts of a cast iron (GGL) sample
as a function of fatigue cycles with or without crack face
friction. Friction induced noise was gated out by opening
window only at the maximum load.

Statistical analysis of the AE signal distribution
revealed a wide range of amplitude spectra for these signals
as is typical of crack-face friction. The frequency of these
signals after reaching the maximum load is a function of
both R ratio and crack length. Final evidence that the
phenomenon concerned is actually crack-face friction was
produced by injecting a light weight oil into the crack. It is
seen on the right-hand side of Fig. 8 that almost no
additional AE occurred. Comparative investigations performed on nodular iron and steel showed that the amount of
AE induced by crack-face friction under identical conditions
was substantially greater than for cast iron. Likewise, the
amount of AE caused by plastic deformation and cracking in
reversed loading predominated in cast iron when compared
to nodular iron and steel.

events with amplitudes below 30 dB were noted almost
exclusively (Fig. 8). In contrast. a considerable increase in
the amount of high-energy signals was experienced near
failure of the specimen. When the absolute frequencies of
occurrence of these signals are considered, that is,
(No. of Events

~

50 dB)
'" 0.01 - 0.05 x (Total No. of Events),

a fracture prognosis can be derived. A change in the
b-parameter gives further information about the course of
fracture. The downward trend after passing through a wide
maximum suggests that, due to enhanced cracking, the
relative number of high-amplitude events increases. The
discontinuous course after the maximum is suggestive of
stepwise crack growth, with alternating phases of
strain-hardening and crack propagation.

3.2 Fatigue loading
Fatigue testing was performed on three-point bend test
specimens at a frequency of 50 fu and a maximum load F o
= 0.8·F AE' where F AE was the force at which the
amplitude parameter b reached its maximum. The number
of cycles attained ranged from S to 10 x 104. A comparison of the cumulative AE count curves obtained for
static and cyclic loading until the specimens failed, shows
that they differ by more than one order of magnitude.
Comparative metallographic investigations revealed that the
cause is due to a substantially greater volume damaged than
for static loading. In order to eliminate the amount of
crack-face friction in this experiment as well, a voltagecontrolled gate (window) was used to permit only the
friction-noise free AE at maximum load to be detected.
Simultaneous plotting of the curves with and without
crack-face friction provides another means of recording crack
formation. Even without crack-face friction, the AE were
considerably higher than for static loading, which supports
the metallographic finding. Evaluation of maximum event
amplitudes proved to be useful. especially in these
experiments. During early stages of fatigue cycles, AE
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The 29th Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 23-26 June 1986 at the Royal Military College of Canada, Kingston, Ontario.
Meeting organizer is Dr. SL. McBride, Physics Dept. Royal Mili~ College, Kingston, Ont K7K 5LO Canada.
For details, see page ii. The first day will be devoted to Acoustic Emission Primer.

The 2nd International Symposium on AE from Reinforced
Plastics
Planned for 21 - 25 July 1986 at Montreal, Canada. Prof. M. A. Hamstad (University of Denver), Chairman.
It is sponsored by the Committee on AE from Reinforced Plastics, The Soc. of the Plastics Industry, 355 Lexington
Ave, New York, NY 10017 USA. The first day will be devoted to Educational Seminar. Over fifty papers have
been accepted for presentation. Additionally, work-in-progress presentations will be made. For tentative program,
see pages 54-59.

The XVth EWGAE MEETING
The next EWGAE meeting will be held 7 - 10 October 1986 in Istanbul, Turlcey. It is sponsored by ENKA. Details
can be found on page 51. Abstract deadline is July 15 for those to be published in J. AB. Inquiry may be sent to Dr.
Olker Gokoz. ENKA - Research and Development Center, Balmumcu - Besiktas, Istanbul, Turkey.

The 8th International AE Symposium
The 8th lABS will be held in Tokyo on 21-24 October 1986. It is sponsored by the JSNDI, Hashimoto-Bldg,
Asakusabashi 5-4-5, Taito-ku, Tokyo 111, JAPAN. Abstract deadline passed and paper selection is in progress.
Inquiry should be sent to Prof. K. Yamaguchi, Institute of Industrial Science, University of Tokyo, Roppongi
7-22-1, Minato-ku, Tokyo 106, Japan.

A Conference Planned in India
An international conference on acoustic emission is being organized in India by the AEWG of India in 1987. Look
for future announcement.
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CONFERENCES AND SYMPOSIA
was held on the campus of INSA.
As usual, the meeting was prefaced by the one day
code subgroup meeting, charged with the task of developing
European codes on acoustic emission. The efforts of this
group have resulted in five codes being published. The most
recent codes IV and V were published just prior to this
meeting. A full list of acoustic emission codes is given at
the end of this report.
Discussion centered on Code No.6, "Recommended
Practice for Verifying the Performance of Acoustic
Emission Equipment Prior to Testing." The code considers
an acoustic emission measurement system as consisting of
three parts: the transducer/preamplifier called the detection
system, the post-amplifier conditioning section and the part
of the system necessary for the processing of the analogue
signals. Particular emphasis was put on the need to evaluate
the system noise level and check that this is not leading to
spurious acoustic emission measurements. This is
particularly important where continuous type signals are
being measured. This document is being coordinated by
Emilio Fontana of CISE.
Of concern to members of the code group was the lack
of recognition of the industrial success of acoustic emission
and particularly the lack of this knowledge within the wider
NDT and engineering community. The outcome of this
was a decision to publish a set of case studie"s.
Reports from member countries indicated reasonable
levels of activity in France and Germany with declining
activity in UK due to the withdrawal of the electricity
utility industry from AE. Other countries in Europe have
AE activity although it is often not coordinated on a
national basis due to the smaller numbers of people
involved.
The full meeting of EWGAE began on October 9 with
a paper by M. Collins of British Petroleum (B.P.) (UK)
considering pattern recognition methods used by B.P. This
group of workers have taken specific signal parameters such
as amplitude, half life, median frequency, etc., and used
these parameters within standard pattern recognition
routines to achieve some recognition of material type based
on the acoustic emission signals produced.
C. Scruby of AERE Harwell (UK) started with a short
review of approaches to the signal characterization problem.
One method is the pauem recognition method iUustrated in
the paper by Collins. This method makes no altempt to
ask why the signals are recognizable. An alternative approach favored by Harwell is precise physical modeling of
AE sources leading to source characterization. Measurements were described in which three dimensional location of
a progressing fatigue crack front had been achieved.
The National Bureau of Standards in Washington
continue their work on AE tr.ansducer calibration and J.

XVth Meeting of The European Working
Group of Acoustic Emission (EWGAE),
ENKA, Istanbul, TURKEY, October 7-10,
1986
By kind invitation of Dr. Adnan Sokolu, the XVth
EWGAE Meeting will be hosted by ENKA in Instanbul on
October 8 - 10 at
ENKA (EWGAE 15, Dr. A. Sokolu)
Research and Development Center
Balmumcu, Besiktas,
Istanbul, TURKEY.
The code subgroup meeting will be held also at ENKA on
October 7, 1986.
Prospective contributors are asked to send the title and
name of authors to the organizer at the above address as soon
as possible. To encourage technical exchange and discussions, people who want to make a presentation will be
invited to send an extended abstract including figures. The
abstracts should be prepared similar to the requirements for
the Lake Tahoe Conference (see JAE Vol. 3, No.4, p. 211,
1984). Those abstracts received before July 15 will be
published in an issue of JAE to be made available at the time
of EWGAE meeting. Others will be printed later.
The meeting will last 2-112 days during which it will be
possible to visit a research center of the National Council.
The attendance fee including meal, transport from hotels to
ENKA and secretarial expense have been fixed to £85 for
delegates, £125 for exhibitors and £50 for students.
Payments are to be made in UK£ in order to alleviate
problems due to exchange rate fluctuations before July 15 to
EWGAE account No. 23079103 at the LLOYD's Bank,
Birmingham Overseas Centre, POBox 63, 38A Paradise
Street, Birmingham Overseas Centre, UK at time of
registration. Charges for payment after July 15 and payment
at the meeting amounts to £100. Accommodation will be
provided by ENTAS, the travel agency of ENKA. The
hotels are close to ENKA and close to the Center of the city.
ENTAS also proposes city tours and country tours. For
further information about these tours, please contact Dr.
Sokolu or J. Roget at CETIM. Also see page 14.

The XIVth Meeting of European Working
Group on Acoustic Emission, Lyon,
France October 9-11, 1985
The 14th meeting of EWGAE was held in Lyon,
France, 9 - 11 October 1985. The host was the Institute
National des Sciences Appliques (lNSA) and the meeting
51

Simmons of NBS (USA) reported on work using a
calibration wheel which moves away from the need for a
vast metal block.. Using this method the horizontal and
vertical responses can be separated.
The following papers by Rahouadj and Ferrieux (UTC,
France) and Slimani and Fleischmann (INS A, France)
considered the acoustic emission due to dislocation motion
in copper and aluminium alloys. Models appear to be well
developed relating the acoustic emission signal to the
dislocation dynamics. This will lead to a better understanding of crack initiation in ductile materials. S.
MacBride of the Royal Military College (Canada) reported
on AE in aluminium alloys due to fatigue, of relevance to
the monitoring of crack growth in aircraft. The sources of
acoustic emission are produced at the Mg2Si inclusions and

considered acoustic emission and related failure criteria in
short glass-fiber reinforced polypropylene. The study
involved correlating compliance with AE, studying
mechanical energy dissipation and the use of pattern
recognition.
Testard and Rouby of INSA (France) considered the
detection of the directivity pattern of acoustic emission
from compact tension specimens of carbon fiber epoxy
composites. The work showed the promise of AE for
achieving source characterization in materials with coarse
structure (compared to metals) and asymmetric velocity.
R. Hill of Robert Gordon's Institute of Technology
(UK) discussed the chemical degradation of glass-fiber
reinforced plastics of interest in the chemical industry.
Although the AE activity in these corrosion resistant
materials is very low, AE is able to monitor the slow
growth of catastrophic failure cracks.
Two papers considered AE from ceramics. Bussawon
and Fantozu (INSA, France) considered the AE from
structural ceramics. Thermal fatigue was initiated and
propagated in these materials and AE allows studies leading
to better thermal reliability. C. Carry of the Laboratoire de
Ceramique (Switzerland) considered a method using AE to
study brittle cracking in ceramics using a diamond indentor.
An initial load region produced microcracking and this
cracking developed into a radial pattern as load was
increased. As with many applications. it appeared likely
that this method would provide a useful method giving
some indication of brittle fracture resistance.
In another area of application, J. Roget of CETIM
(France) considered ductility and adhesion of bard coatings.
It is useful to have some indication of the ductility and
adhesion. Tests were concerned with brittle coatings based
on titanium, chromium and aluminium. In the case of bend
testing, AE was able to detect the occurrence of the first
crack, with the critical strain being evaluated corresponding
to this first crack. A second test was a scratch test where
peak amplitude was the best way to detect scaling.
At low frequencies (12 kHz), M.e. Reymond of
LCPC (France) indicated AE could be used to aid the testing
of concrete. In another paper, J. Roget (CETIM, France)
considered the AE in a section of PWR nuclear reactor
subject to hot and cold thermal shocks. Acoustic emission
indications of cracking had been confirmed by other
nondestructive testing methods and the system appeared to
work well in a noisy environment. Reporting another case
of successful application, J. Sell of Fischer Pierce
Waldburg (FRG), indicated that AE could be used to
monitor the straightening of vehicle axles with 95%
correlation with MPI.
~. Olma of Gesellshaft Reaktorsicherheit (FRG),
conSidered the wave dispersion affecting AE signals in
primary reactor systems. In the only paper at this meeting
concerning offshore work, L. Rogers of AVT (UK), gave a
talk illustrating the increasing success of AE for monitoring fatigue crack growth in offshore platform nodes.

are found to be dependent on the existence of a misfit stress
at tbe inclusion. The acoustic emission occurs in the plastic zone at the crack tip and only those inclusions in the
crack plane are found to be AE sources.
E. Waschkies of IZFP (FRG) gave an interesting paper
on the identification of crack growth signals in steel. Their
work has been concem~d with identifying cracking sources
and differentiating between these and crack robbing sources.
In this respect, the work has been found to be effective if a
relatively broad band measurement is made. Simple roles
have been devised to correct for the effect of signal loss. S.
Vahaviolos (PAC, US) maintained that attempting to
capture complete events has serious implications for the
rate of processing data. He stressed the need for front-end
filtering and urged users to consider other methods of event
identification if data rates are to be maintained.
Returning to the work at BP (UK), R. Belchamber
discussed the potential of AE for monitoring chemical
reactions, providing as an example, the hydration of silica
gel. Pattern recognition had been used in this application.
Schoorlemmer of PAC in the Netherlands also considered
an aspect of pattern recognition: in this case simply
plotting event amplitude against duration to identify cold
cracking during the cooling of a weld pool in an arc weld.
J. Baram (University of the Negev, Israel) gave a paper
on the use of acoustic emission to study phase changes in
an equiatomic Gd-Cu system. During heating cycles a
phase change occurs and associated volume changes are
accompanied by acoustic emission with a double peak in
the acoustic emission amplitude distribution. The double
peak disappeared as the hysteretic temperature cycling was
continued. D. Valetin of Ecole des Mines (France)
discussed a new theoretical approach to the use of amplitude
distribution in composite testing. Amplitude distribution
is widely used in composite testing with the "b value"
being used to evaluate the width of the amplitude
distribution. Valetin has developed this theory further and
demonstrated the value of the log amplitude distribution for
evaluation of fine structures in the emission from
composite materials. Another paper in this section by H.
Hansman of the University of Duisberg (West Germany)
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These can be obtained from:
AFNOR - Tour Europe, CEDEX 7 - 92080 Paris La
Defense, France.

Methods developed at AVT now indicate that the growing
crack front can be monitored and mapped with good
correlation between a.c. potential drop and acoustic
emission.
Monitoring machining is an AE application of far
reaching industrial importance and again J. Roget of
CETIM (France), demonstrated their involvement in
important industrial applications considering the more
limited tasks of detecting tool breaking. Acoustic emission
provides a fast response to indicate this failure enabling the
cutting to be shut down. Again more long-term effects
such as tool blunting can be monitored by the building AE
signal although Roget stressed the need for more complex
parametric analysis for success.
In the final paper of the meeting, McBride, Pollard and
Wilson of the Royal Military College (Canada) considered
the application of their fundamental work on the origins of
AE in the aluminium. In this paper they considered
monitoring cracks on a flying aircraft. Crack growth had
been detected effectively and differentiated from crack face
rubbing. Further work is looking at miniaturizing the
system.
This meeting was well organized by Pierre
Fleischmann of INSA (France), and I was left with an
impression of a diverse range of applications. The economic
importance and survival of AE as an NOT technique is
assured. As indicated in the Code Group meeting, the wider
NOT community needs to become more aware of this.

ASTM Subcommittee E7.04 on Acoustic
Emission, 21, 22 January 1986
The winter meeting of the Subcommittee was held at
the Hilton Inn in Fort Lauderdale, Florida on January 21
and 22, 1986. Attendance at the section meetings averaged
around 20 persons. Several changes in the Subcommittee
and Section officers were announced. Resignations included
AI Brown, Bob Engle, Dennis White and Juan Ferrer. All
will be missed. Zafer Olgae was appointed Vice Chairman
of E7.04 and Phil Hutton was appointed Vice Chairman of
Section E7.04.04. The document E 1106, "Standard Practice for Primary Calibration of AE Sensors" will go to
Society ballot in March 1986. This document is based on
the NBS primary calibration method. The document "Standard Practice for AE Testing of Reinforced Thermosetting
Resin Pipe (RTRP)" will also be submitted to Society
ballot after editorial revision. Documents moving to Subcommittee or Main Committee ballot are "Standard Practice
for Continuous Monitoring of AE from Metal Pressure
Boundaries", "Standard Practice for Leak Detection and
Location using AE Contact Sensors," and E-750-80,
..Standard Practice for Measuring the Operating Characteristics of AE Instrumentation." Several other documents
are in various stages of preparation. The document on AE
monitoring of rotating equipment is stalled because of lack
of contributors. The Section still thinks that there is a need
for this document and is looking for volunteers to work on
it. Three ASTM AE documents will be submitted to the
International Standards Organization (ISO) for their consideration. They are, in order of submittal,
E-II06, "Standard Practice for Primary Calibration of
AE Sensors,"
E-569, "Standard Practice for AE Monitoring of
Structures During Controlled Stimulation," and
E-I067, "Standard Practice for AE Testing of
Fiberglass Reinforced Plastic Resin (FRP) TanksVessels".
The next meeting of E 7.04 will be June 17-18, 1986 in
Louisville, KY.

Roger Hill
French Acoustic Emission Codes 'Normes
Concernant L'Application de L'E.A.'
(AFNOR Standards Concerning AE)
A.09.3S0 - Vocabulaire Utilise en Emission Acoustique
(Tenninology)
A.09.3S1 • Pratiques Recommandees Pour la Localization
des Sources D'Emission Acoustique (Source location)
A.09.3S2 - Pratiques Recommendees Pour La Detection de
Fuite Par Emission Acoustique (Leak Detection)
A.09.3S3 - Determination des Principales Caracteristiques
D'une Chaine d'emission Acoustique (Characterization of
AE Equipment)
A.09.354 - Designation des Capteurs Piezoelectriques
(Transducer Designation)
A.09.355 - Couplage des Capteurs Piezoelectriques (Transducer Coupling)
A.09.356 - (ft paraitre; not issued) Moyens Permettant la
Caracterisation Simplifiee des Capteurs Piezoelectriques
(Transducer Characterization)
A.09.357 - Examens de Pieces et Structures en Materiaux
Composites Fibers - Matrice (Examination of FRP Struc-

A. G. Beattie

East German Acoustic Emission Colloquium, 22 - 24 April 1986
A colloquium on acoustic emission was held at the
Physics Department, Ingenieurhocltschule, Zittau, DDR, on
22-24 April 1986.
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SECOND INTERNATIONAL SYMPOSIUM ON ACOUSTIC EMISSION
FROM REINFORCED COMPOSITES
MONTREAL, CANADA, JULY 22 • 26, 1986

PRE-SYMPOSIUM EDUCATION SEHINAR PROGRAM
Honday, July 21, 1986

8:00 -

8:30

Registration

8:30 -

9:00

AI

9:00 -

9:30

Failure Mecbanisms in Composites

J. Awerbucb

from Composites in Fatigue

J. Awerbuch

9:30 - 10:00

A!

in Composites for Beginners

K. Ono

10:00 - 10:30

BREAK

10:30 - 11:00

AE Transducers

W. Sachse

11 :00 - 11 :30

Calibration of A! in Composites

It. Bierney

11 :30 - 12:00

AI

Equipment and Interchangeability

J. Rodgers

12:00 -

1:00

LUNCH

1:00 -

1:30

AI

1:30 -

2:00

Waveform Analysis for Composites

J. Carlyle

2:00 -

2:30

Bucket Truck Testing & FRP Equipment Tests

R. Robinson

2:30 -

3:00

BREAK

3:00 -

3:30

Composite Pressure Vessel Testing with A!

H. Gorman

3:30 -

4:00

Aircraft and Aerospace Composite Testing

B. Dykes

4:00 -

4:30

Codes and Recommended Practices for AE

T. Fowler

Testing of Fiberglass Cbemical Equipment

T. Fowler

Testing of Composites

TUESDAY, JULY 22
7:30 - 8:30

Registration

8:30 - 8:40

Welcoming Remarks: Dr. M. A. Hamstad,
Symposium Chairman and Chairman, Committee
on Acoustic Emission from Reinforced Plastics
(CARP), The Society of the Plastics Industry

SESSION 1 - Material Characterization
Chairman: Dr. M. A. Hamstad, University of Denver, Denver, Colorado, USA
8:40- 9:10

"Dynamic Sill'lllations on Acoustic Emission Behaviors of
Unidirectional Hybrid Composites Under Tensile Loading,"
I. Kimpara and T. Ozaki, University of Tokyo, Tokyo,
Japan

9:10- 9:35

"Acoustic Emission Analysis of the Dependance of Damage
Accumulation in Composites on Matrix Properties,"
B. Ponsot and O. Valentin, Ecole Nationale Superieure des
Hines de Paris, Evry, France
54

SECOND INTERNATIONAL SYMPOSIUM ON AE FROM REINFORCED COMPOSITES

9:35-10:00

"Acoustic Emission Monitoring of Short Fiber Reinforced
Polyamide Under Creep. Relaxation, Fatigue and Ductile
Fracture," B. Melve, M. Hval, T. Meland, SINTEF,
Trondheim, Norway

10:00-10:15

Break

10:15-10:40

"Acoustic Emission Behavior of Flawed Undirectional
Carbon Fiber-Epoxy Composites," K. Ono, University of
California, Los Angeles. California. USA

10:40-11:05

"Acoustic Emission Monitoring of Fracture Mechanisms in
Short Fiber Reinforced Thermoplastics: Basic Studies on
Model Compounds," J. Wolters, Deutsches KunststoffInstitut, Darmstadt, West Germany

11:05-11:30

"Detection of Subcritical Compression Failure in Model
Composites by Acoustic Emission," S. Moon. M. Sohi and
H. T. Hahn, Washington University, St. Louis, Missouri,
USA

Summaries of Work-In-Progress
11:30-11:45

"Characterization of Acoustic Emission from Single Fiber
Breakage," Y. L. Hinton and S. L. McBride, Royal Military
College, Kingston, Ontario, Canada

11:45-12:00

"Analysis of Mode I Delamination Damage in Unidirectional
Composites Using Acoustic Emission," G. Newaz. Batelle,
Columbus, Ohio, USA

12:00- 1:30

Lunch Break

SESSION 2 - Material and Mechanism Characterization
Chairman:

Dr. K. Yamaguchi, University of Tokyo, Tokyo. Japan

1:30- 1:55

"Failure Behaviour and Acoustic Emission Analyses of
Multi-Ply Carbon/Epoxy Composites Materials," X-J. Xian
and C-X. Jiang. Chinese Academy of Sciences. Beijing, The
People's Republic of China

1:55- 2:20

"Acoustic Emission During Tensile, Loading-Holding. and
Unloading-Reloading Testing in Fiberglass-Epoxy
Composites." M. Shiwa. C. Itoh Data Systems Co., Ltd.,
Tokyo, Japan, M. Enoki, T. Kishi and S. Kohara.
University of Tokyo, Tokyo. Japan

2:20- 2:45

"The Strain Rate Dependence of Acoustic Emission from
Roving Based Fibre Composites," H. Sundstrom and
J-F. Jansson, The Royal Institute of Technology,
Stockholm, Sweden

Summary of Work-In-Progress
2:45- 3:00

"Acoustic Emission During Irreversible Deformation of LCP
Composites," T-Y. Weng, A. P. Hiltner, E. Baer, Case
Western Reserve University, Cleveland. Ohio, USA

3:00- 3:15

Break

3:15- 3:40

"Monitoring Progression of Matrix Splitting During Fatigue
Loading Through Acoustic Emission in Notched Unidirectional
Graphite/Epoxy Composite," S. Ghaffari and J. Awerbuch,
Drexel University, Philadelphia, Pennsylvania, USA
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3:40- 4:05

"On Acoustic Emission of Impacted CFRP Under Tension and
Compression," M. Clerico. Politecnico di Torino, Turin,
Italy, G. Magistral;. Teksid Castek, Turin, Italy,
F. Cipri and B. Birolo, Aeritalia, Turin, Italy

4:05- 4:30

"Acoustic Emission Study of Impacted Composite Laminate,"
R. Tet; and G. Caprino, Universita degli Stud; di Napoli,
Naples, Italy

Bibliography
4:30-5:00

"A Comprehensive Guide to the Literature on Acoustic
Emission from Composites - Supplement I," T. F. Drouillard,
Rockwell International. Rocky Flats Plant, Golden, Colorado,
USA

WEDNESDAY, JULY 23, 1986
SESSION 3 - Material and Mechanism Signatures
Chairman: Dr. K. Ono, University.of California, Los Angeles,
California, USA
8:30- 9:00

"Underground Tank 3-Layer Particulate (Sand) Filled
Laminate Testing with Acoustic Emission," P. T. McGowan,
Owens/Corning Fiberglas, Granville, Ohio, USA

9:00- 9:30

"Monitoring Acoustic Emission Cross-Ply Graphite/Epoxy
Laminates During Fatigue Loading," W. E. Eckles and
J. Awerbuch, Drexel University, Philadelphia,
Pennsylvania, USA

9:30-10:00

"Mechanical Behavior and Acoustic Emission
Characterization of Kevlar-Epoxy Composites Loaded in
Tension," A. Mittelman, H. Harel, G. Harom and I. Roman,
The Hebrew University of Jerusalem, Jerusalem, Israel

10:00-10:15

Break

10:15-10:45

"The Monitoring of Damage Growth Processes in GFRP by
Amplitude Analyses," La Li and J-H. Zhao. University of
Science and Technology of China. Hefei, The People's
Republic of China

10:45-11:15

"Relation Between Amplitudes and Rupture Mechanisms in
Composite Materials." J. M. Berthelot. Universitl du
Maine. Le Hans. France

11: 15-11:45

"Acoustic Emission Studies of Fiber/Resin Double
Cantilever Beam Specimens." H. R. Gonnan and R. F. Foral.
University of Nebraska. Lincoln. Nebraska, USA

Summary of Work-In-Progress
11:45-12:00

"A Study of Damage in a Carbon Epoxy Fabric Under QuasiStatic loadings." R. Gy, Republique Francaise
Commissariat l l'Energie Atomique. Paris. France

12:00- 1:45

Symposium Luncheon, Chainnan:
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SESSION 4 - Material and Mechanism Signatures II
Chairman: Dr. P. J. Conlisk, Monsanto Chemical Company, St. Louis,
Missouri, USA
1:45- 2:15

"Characterization of Acoustic Emission Signals Generated
in Carbon Epoxy Composites." A. Maslouhi, C. Roy and D.
Proulx, Universitl de Sherbrooke, Sherbrooke, Quebec,
Canada

2:15- 2:45

"Acoustic Emission Characterization of Failure Mechanisms
in Fibre Reinforced Composites under Corrosive Environment."
L. Golaski, Technical University of Kielce. Kielce,
Poland. and J. Ranachowski. Polish Acade~ of Science
IPPT. Warsaw. Poland

2:45- 3:15

"Monitoring Acoustic Emission in Impact-Damaged
Composites." J. Awerbuch and S. Ghaffari. Drexel
University, Philadelphia. Pennsylvania, USA

3:15- 3:30

Break

3:30- 4:00

"Different Types of Amplitude Distributions in Composite
Materials." J. M. Berthelot and J. Rhazi. Univers1tl du
Maine. Le Hans. France

4:00- 4:30

"Acoustic Emission Signature of Failure Modes." A. Rotem.
Technion-Israel Institute of Technology. Haifa. Israel

4:30- 5:00

"Acoustic Emission During Local Buckling of Thin Graphite
Epoxy Tubes." C-H. Chang and H. A. Scarton. Rensselaer
Polytechnic Institute. Troy. New York. USA

THURSDAY, JULY 24. 1986
SESSION 5 - Design. Quality Control, and Applications
Chairman: Hr. W. E. Swain, Independent Testing Laboratories, Searcy.
Arkansas, USA
8:30- 9:00

"Design of High Pressure Composite Pipe: A Complete
Technology," F. H. Pickering, Fiber Glass Systems. Inc ••
San Antonio. Texas, USA

9:00- 9:30

"Use of Acoustic Emission in the Design of Carbon Fiber
Reinforced Plastic Pipe." T.J. Fowler and R.S. Scarpell ini.
Monsanto Chemical Company. St. Louis. Missouri. USA

9:30-10:00

"Acoustic Emission as a Working Tool," D. M. Bertelsman.
Dow Chemical U.S.A •• Freeport, Texas, USA

10:00-10:15

Break

10:15-10:45

"Acoustic Emission Testing of Glass Fiber Reinforced Plastic
Components," R. Teti and I. C. Visconti. Universita degli
Studi di Napoli, Naples. Italy

Summaries of Work-In-Progress
10:45-11:00

"Quality Control of Short Fibre Reinforced Thennoplastic
Injection Moulded Parts with Weld Lines Using AE at Room
Temperature and Low Temperatures." B. Bruehl, V. Delpy and
P. Eyerer. Universitat Stuttgart, Stuttgart. West Germany

11:00-11:15

"Amplitude Analysis of Acoustic Emission Obtained During
Mechanical Lo~ding on CFRP Sandwich Honeycomb Structures,"
O. Valentin, Ecole Nationale Superi'ure des Mines de Paris.
Evry. France. and F. Perez, Aerospatiale, Paris. France
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11:15-11:30

"Acoustic Emission During Fracture of Adhesive Bonds,"
K. Kobayashi, S. Takasugi, and M. Koshitoge, The Yokohama
Rubber Co., Ltd., Yokohama, Japan, M. Shiwa, C. Itoh Data
Systems Co., Ltd., Tokyo, Japan, S. Yuyama, PAC/Dunegan
Japan Corp., Tokyo, Japan, and T. Kishi, University of
Tokyo, Tokyo, Japan

Codes and Standards
11:30-12:00

"Development of Codes, Standards and Practices for Acoustic
Emission Examination of Composites in the United States,"
T. L. Swanson, Monsanto Chemical Company, St. Louis,
Missouri, USA

12:00-1:30

Lunch Break

1:30- 2:15

Invited International Lecture
hAcoustic Emisslon and Composite Failure Mechanisms: A
Review," Or. M. G. Phillips, University of Bath, Bath,
England, United Kingdom

SESSION 6 - Quality Control and Applications
Chairman: Dr. J. C. Lenain, PAC/Dunegan France S.A., Paris, France
2:15- 2:45

"Acoustic Emission Observed During Fatigue of GFRP by
Advanced Analyzer," M. Sh;wa, C. Itoh Data Systems Co.,
Ltd. Tokyo, Japan, S. Yuyama, PAC/Dunegan Japan
Corporation, Tokyo, Japan, T. Kishi, University of Tokyo,
Tokyo, Japan, and S. J. Vahaviolos, Physical Acoustics
Corporation, Princeton, New Jersey, USA

Summary of Work-In-Progress
2:45- 3:00

"Acoustic Emission Testing for FRP Panel Tank," M. Shiwa,
C. Itoh Data Systems Co., Ltd., Tokyo, Japan, T. Imafuku,
Sekisui Koji Co., Ltd., Tokyo, Japan, N. Koizum;, Pony
Atomic Industry Co., Ltd., Tokyo, Japan, S. Yuyama,
PAC/Dunegan Japan Corp., Tokyo, Japan, and T. Kishi,
University of Tokyo, Tokyo, Japan

3:00- 3:15

Break

3:15- 3:40

"Acoustic Emission Testing of Reinforced Plastic 8alsaCore Laminates Used in Road Tankers," S. V. Hoa and
P. Ouellette, Concordia University, Montreal, Quebec,
Canada

3:40- 4:05

"An Approach to AE Monitoring During the Rig Shop Testing
of Large CFRP Aeroeng;ne Components," T. J. Holroyd and
P. E. Cox, Rolls-Royce Ltd., Derby, England, United
Kingdom

4:05- 4:30

"Acoustic Emission Testing of FRP Fan Blades
Coolers and Cooling Towers." T. N. CrumP. E.
Nemours &Co., Wilmington, Delaware. USA and
E. 1. duPont de Nemours & Co., Alvin, Texas,

4:30- 5:00

"A Method for Assessing Manhole Cover Deterioration by
Use of Acoustic Emission." Y. Kimura. K. Kuratani and M.
Takei. Nippon Telegraph and Telephone Corporation, Tokyo,
Japan
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FRIDAY, JULY 25, 1986
SESSION 7 - Source Location, Instrumentation, and Related Topics
Chairman: Dr. S. V. Hoa, Concordia University, Montreal, Quebec, Canada
8:30- 9:00

"On Determination of Arrival Times for Acoustic Emission
Source Location In Composites," M. A. Hamstad. University of
Denver, Denver, Colorado, USA

9:00- 9:30

"The Average Signal Level Monitored with an AE Equipment:
A Possible Damage Criterion for Composite Materials,"
A. Falchi, Physical Institute of Industrial Materials,
University Pau, Lacq. France

9:30-10:00

"Multi-Purpose Fracture Monitoring System by Util izing
Acoustic Emission Wave Parameters." K. Yamaguchi, To Hamada.
H. Oyaizu. H. Ichikawa, T. Kishi. and H. Ishitani.
University of Tokyo. Tokyo. Japan

10:00-10:15

Break

10:15-10:45

"Third Generation AE Instrumentation Techniques for High
Fidelity and Speed of Data Acquisition," S. J. Vahaviolos.
Physical Acoustics Corporation. Princeton. New Jersey. USA

10:45-11:15

"Acoustic Attenuation as a Measure of Damage in GFRP Rods,"
A. Poursartip, J. S. Nadeau. R. Bennett, University of
British Columbia. Vancouver. BritiSh Columbia. Canada

11:15-11:45

"Acousto-Ultrasonics -- Principles and Instrumentation."
J. R. Mitche", Physical Acoustics Corporation. Princeton,
New Jersey, USA

Summary of Work-In-Progress
11:45-12:00

"Acoustic Emission Analysis of Composite Failure Mechanisms
with Special Reference to the Modelling of Amplitude
Distributions Using a Personal Computer." V-H. Wu.
Industrial Technology Research Institute, Hsinchu. Taiwan.
Republic of China

12:00-2:00

Lunch Break

2:00-5:00

International Advisory Committee Meeting

Montreal Conference Information

Cover Photograph

Information regarding attendance, registration, housing
and educational seminar should be directed to
Peggy Stabach, Asst. Manager
SPI Reinforced PlasticS/Composites Institute
355 Lexington Ave.
New York, NY 10017
phone 212-503-0600

This photograph is provided by Dr. W. F. Hartman of
Physical Acoustic Corp., Princeton, NJ. It was taken at one
of operating nuclear reactors, for which the piping integrity
surveillance system utilizing acoustic emission had been
installed.
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Publisher's Note

Physical Acoustics Corp.

We have a few unaccountable payments sent directly to
the bank. Please let us know if you are not receiving the
Journal after payment was sent.

P.o. Box 3135
Princeton, NJ 08540
(619) 452-2510, (800) 257-5140

SNT-TC-IA Qualificatioll/Certificatioll
Course for Acoustic Emissioll Persollllel

1986 SUBSCRIPTION RATE FOR

JOURNAL OF ACOUSTIC EMISSION

(f-or Levell or Lcvelll per ASNT's SNT-TC-IA)
Base rate for one year (four issues, Mar. - Dec.) $ 80.00
Add Postage of U.S., Canada - Book rate
nlc
U.S., Canada - First class
$ 10.00
All others - Book rate
$ 5.00
Western Europe - Air mail 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. 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 $ 45 per
volume for Vols. I - 3 and $ 75 per volume for Vol. 4.
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

July 28 - August 2, 1986, Norwood, MA

School ofAcoustic Emissioll
October 29 - 31, 1986, Princeton, New Jersey

Dunegan Corp.
19B Thomas
Irvine, CA 92718
(800) 523-0599

School ofAcoustic Emissioll
February 2- 6, 1987, Laguna Hills, California

Acoustic Emission Technology Corp.
1824J Tribute Road
Sacramento, CA 95815
(916) 927-3861

Fundamelltals ofAE

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

J uIY 14 - 16, 1986, Sacramento, California
October 20 - 22, 1986, Sacramento, California

Journal of Acoustic Emission is published by
Acoustic Emission Group
Room 6532, Boelter Hall
University of California
405 Hilgard Avenue
Los Angeles, California 90024 USA
Mailing address: Acoustic Emission Group
Box 364, 308 Westwood Blvd.
Los Angeles, CA 90024 USA

Users Traillillg Course for AET 5000
July 17 - 18, 1986, Sacramento, California
October 22 - 24, 1986, Sacramento, California

ASTM - Standards Technology Training
1916 Race Street
Philadelphia, PA 19103
(215) 299-5526

AE Testillg ofIllsulated Aerial Persollllel
Del'ices

Editor-Publisher
Editorial Assistant
Cover Design
Production

Dates and locations to be announced

Publication Date of This Issue:
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HERE IS THE SYSTEM
THAT REDEFINES STATE-OF-THE-ART
IN ACOUSTIC EMISSION SIGNAL PROCESSING.
THE PHOENIX

It's the Newest Most Powerful and
Flexible Acoustic Emission Data
Acquisition System in the WORLD.
AET and AEA have again joined
forces to bring you a quality product
that makes no compromises in setting new standards for performance.
The Signal Acquisition Module*
(SAM) is the first computerized frontend system designed to be interfaceable to any host computer through a
variety of 110 options. Combine the
SAM with your favorite IBM/AT™+
compatible. add the Phoenix operating system programmed under
ASYST'''**, and you have a complete
off-the-shelf system with unparalleled
performance.

Compare These Features and
You'll Understand Our Excitement.
• High-speed data acquisition
-10,000 signals/sec per
channel.
• Expandabillty-up to 4
channels per SAM, up to 16
channels per IBM hosl
• Full signal description set
-amplitude, rise time. counts.
duration. energy. ASL Measured with highly-accurate
A/D conversion from the AE
Signal, with over SOdB true
dynamic range.
• User-selectable signal
descriptions sets.
• Global timing on channels
to 200nsec accuracy. SAM's
may be linked together from
remote sites for source
location.

• Dual thresholds (+/-) on
each channel.

channel, or optional 12-blt
input module.

• Fixed or automatic thresholds selectable by channel

• Four independent VCG's
may be assigned to any
channel.

• Fixed or automatic (adaptive) signal determination
times, selectable by channel.
• Back-to-back signal measurement. The SAM can
resolve signals only microseconds aparl
• Expandable buffer. The
standard 128kByte SAM
buffer can be expanded to
1MByte. providing storage of
up to 500,000 signal descriptions.
• Analog parameter inputs.
One S-bit input per SAM

AND
THE BEST PART
WE SAVED
FOR LAST

• Two analog D.C. outputs
per channel programmable
for selected or computed
signal descriptors.
• Flexible I/O optionsRS232C (standard), 16-bit
parallel (standard), IEEE 488,
modem, and telemetry.
• Battery or AC power
options. +28V or +/- 14V
power/signal options.
• Ruggedized packaging for
field applications, including
vibration-isolated circuitry.

• Industry-standard STD
bus with Motorola 6809 processor per four-channel

SAM.

• Expansion slots for other
STD-compatible modules.
• User-friendly Phoenix
software Including:
• Menu command
selection
• Monchrome or color
graphics
• Multiple on-screen
graphics
• Time-based, parameterbased, and distribution
graphics plots.
• Format conversion program for AE data
manipulation under
++Lotus 1-2-3.

It's available now! For more information or a demonstration,
call or write: AET Corp.
1824J Tribute Rd.
Sacramento, CA 95815
(916)927-3861 Telex 171356
Represented worldwide.

• The SAM and Phoenix are
designed and manulactured by
Acoustlc Emission Associates. San
Clemente, CA. and exclusively
marketed worldwide by AET.

** ASYST is a software program
designed lor IBM/AT compatible
systems. and Is the exclusive
trademark 01 MacMillan SOltware,
Inc.

+ IBM/AT Is a trademark 01 the
IBM Corporation.

HLotus '·2·3· Is a trademark 01
the Lolus Corporatlon.

ACOUSTIC EMISSION TECHNOlOGY CORPORATION

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 - JAB
6532 Boelter Hall
University of California
Los Angeles, California 90024 USA
European authors may submit manuscripts to:
Dr. Roger Hill, Associate Editor - Europe
Robt Gordon's Inst. of Technology
St. Andrew St.
Aberdeen AB 1 IHO United Kingdom
Authors of any AB related publications are encouraged to
send a copy for inclusion in the AB Literature section to:
Mr. T.F. Drouillard, Associate Editor - JAB
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 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.

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 its component parts. Use the International System of Units (SO.

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
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Prediction of Lumber Checking during Drying by Means of
Acoustic Emission Technique
Shigeru Ogino, Koji Kaino and Masahiko Suzuki
Abstract

(1980) suggested the contrOl of drying condition by means of an
AE technique. These studies, however, do not directly show the
possible prediction of lumber checking during drying by use of
the AE technique.

On the basis of the evidence that the occurrence of acoustic
emission (AE) is associated with cell wall shrinkage and the
formation of lumber checks, the prediction of the lumber
checking during drying is attempted by means of an AE
technique. One of the cross-sections of a Japanese Larch
specimen was used as the drying surface and an AE sensor was
acoustically coupled to opposite cross-section. The intensity and
the frequency spectrum of AE events have been examined in
connection with the occurrence of lumber checking during
drying. The correlation between the AE events and the initiation
of lumber checking shows that the prediction of lumber checking
during drying is feasible by the AE technique described in the
present study.

1.

The purpose of this paper is to study the relationship
between checking and AE events in lumber during drying and to
examine the feasibility of the prediction of lumber checking for
the optimum drying process control by means of an AE
technique.

2.

Material and Experiment

Specimens (heartwood) having the dimension of 50 mm
along the grain and 70 mm x 70 mm (Fig. I), were taken from a
Japanese Larch (a type of Japanese pine). The densities of late
and early wood samples were 0.82 and 0.32 Mg/m3 ,
respectively. The green condition specimens were soaked in
water for two weeks for the purpose of conditioning before the

Introduction

Air seasoning and artificial drying are two processes
currently used in the lumber industry. Compared with air
seasoning, artificial drying can dry lumber rapidly and effectively
to the appropriate moisture content for end-use. In the artificial
drying procedure, however, it is difficult to perform optimum
control of lumber drying because the drying of moist solids is a
complex process having simultaneous mass and heat transfer.
Furthermore, the determination of a drying schedule in which the
wood is free from checking is exceedingly difficult since the
wood is extremely nonhomogeneous; and variables such as
density, permeability, capillary behavior, thermal conductivity,
diffusion of bound water and the heterogeneous mechanical
properties differ from species-IO-species.

E
E

It is we)) known that the tensile and compressive
deformation which occur in wood during drying cause checking,
warping and fiber collapse, resulting in acoustic emission (AE).
Taking this evidence into account, Bello (1964), indicated some
promise for AE technique for detecting the formation of surface
checking in wood during drying. Kagawa et at. (1980) and
Noguchi et aI. (1983) reported that AE signals which occur
during lumber drying were burst type emissions and the AE rate
responded sensitively to the change in surface moisture content
Becker (1982) showed the relationship between the AE rate and
the variance of length and width of specimens. Skaar et aI.

g

Fig. 1 Configuration of specimen.
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Technological Institute. 2-12-1 Hisakala, Tenpaku-ku. Nagoya
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Japan.
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experiment. The moisture content of specimens before the
experiment was about 80 - 90 percent. One of the cross-sectional surfaces was used as the drying surface and an AE sensor,
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Table 1 AE Signal Levels (peak amplitude)

3

..1...
:, 8

....

Level

.. _

0.08 - 0.10 (V)
0.10-0.20
0.20- 0.45
0.45·0.71
0.71-0.87
0.87 - I.()(}

1

2

3
4

5

6

3.

Resulls

3.1 Energy Intensiry ofAE Events during Drying.

Fig. 2

The accumulated AE energy vs. drying time and moisture
loss for three drying conditions are shown in Fig. 3. All the AE
events observed are plotted in this figure. The accumulated AE
energy is an accumulation of a square of the AE event amplitude.
Each curve consists of two major regions: the first region of
slow rate of accumulation, and the second one with abrupt
change in increase, which appears after a few small checks are
observed. Checks on the drying surface, which occur in
latewood regions, are shown in Fig. 4 under the drying condition
of 240 W. The arrow seen in Fig. 4a shows the flJ'St visible
check, which corresponds to (a) in Fig. 3. Mter the accumulated
AE energy increased rapidly, a number of checks appear as
shown in Fig. 4b which corresponds to (b) in Fig. 3. The
relationship between the accumulated AE energy and moisture
loss is unsuitable for prediction of lumber checking because the
abrupt change of AE events occur after few small end checks are

Test section and block diagram of data analysis.
(1) camera, (2) infra-red lamp, (3) specimen,
(4) electronic balance, (5) AE sensor, (6) pre·amplifier,
(7) checking monitor, (8) ruter, (9) main amplifier,
(10) comparator, (11) printer, (12) microcomputer,
(13) oscilloscope, (14) data recorder, (I5) spectrum

analyzer.
which has the resonant frequency of 400 kHz, was acoustically
coupled to the opposite surface using cyanoacrylic glue. Except
the drying surface and a portion where the AE sensor was
located, aU the surfaces of specimen were covered with
polyethylene mm to prevent drying. The experimental apparatus
and a schematic diagram of a data analysis system are shown in
Fig. 2. Drying of the specimen was carried out by a infrared
lamp heating. Experiments were conducted under three different
levels of lamp power, 34, 94 and 240 W. The distance between
the drying surface and the infrared lamp was 30 cm. In order to
observe the occurrence of checking, the drying surface was
photographed during drying. Moisture content of the specimen
during drying was monitored with an electronic reading balance.

observed.
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AE electrical signals from a piezoelectric transducer were
amplified by a preamplifier, which has a frequency response in
the range 2 kHz - 1 MHz, with 40 dB gain. A bandpass mter
allowed signals to pass in the range 10kHz - 1 MHz. Most of
the background noise was filtered out. Signals were further
amplified 30 dB by a main amplifier, which has a frequency
response in the range 2 kHz - 1 MHz. According to the evidence
that the energetic quantity of AE events given by a square of the
event amplitude has been successfully used in the detection of
crack extension in structural steels (Takahashi et al., 1981), the
same energetic quantity of AE events was employed in this
study. For this purpose, the electrical signals were supplied to a
comparator where energy intensity histograms of AE events were
printed out against drying time. Simultaneously, data of the
energy intensity histogram were supplied to a microcomputer.
Energy intensities of AE events which were determined from
peak voltage of AE electrical signals are classified as shown in
Table 1. Here, the threshold voltage was 0.08 V.

Fig. 3 Accumulated AE energy during drying.
initiation of checking

To observe the signal shape in time and frequency domain,
the acoustic pulses recorded on a modified video recorder (SONY
FMR-1218) were supplied to the spectrum analyzer.

In order to examine the feature of the AE events during
drying in detail, all the AE events data expressed as the energy
quantity are plotted against loss of moisture. Figure 5 shows the
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examination of the characteristic features of AE events during
drying process shown in Fig. 5, it is evident that the number of
AE events increases abruptly in the falling-drying rate period for
every drying condition. It can be mentioned, particularly, that
the low intensity AE event of level I (see left side of Fig. 5)
occurs frequently in the fa1ling-drying rate period, while such AE
events wre not observed in the constant drying rate period
irrespective of drying condition. It is worth noting, in addition,
that the initiation of checking during drying is closely associated
with the occurrence of such low intensity AE events of level 1.
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results of energy intensity distribution of AE events for three
different drying conditions. Analysis of the energy intensity
distribution of AE events was conducted in the following ranges
of moisture loss under each drying condition:

Analyzed Range
(moisture loss, g)

:

15 z

Fig. 4 Checks on drying surface (drying condition: 240 W)
(a) The initiation point of checking, corresponding to
ponit (a) in Fig. 3. (b) A later stage of checking.
corresponding to point (b) in Fig. 3.

Drying Condition

...

.1"•

Fig. 5 Energy intensity distribution of AE events and drying
characteristic curve during drying. filled square =drying
rate; open circle = AE event t indicates the initiation
of checking.
(a) 240 W, (b) 94 W, (c) 34 W

3.2 Spectrum analysis
The variations in frequency spectrum of AE events obtained
under drying conditions of 34 W and 240 W are shown in Fig. 6.
All the frequency spectra of AE events obtained in the present
experiment are shown. These results illustrate that the frequency
spectrum varies according to the loss of moisture during drying.
Owing to the structural nonhomogeneity of lumber and the
change in moisture content during drying, it is very difficult to
elucidate the source identification of AE events by means of the
frequency analysis. Nevertheless, the variations in frequency
spectrum of AE events illustrated in Fig. 6 show that the
feature of frequency spectra after initiation of checking is
different from that observed before checking initiates. AE events
having low frequency components below 200 kHz occur after
checking initiates, while such AE events having low frequency
component cannot be observed before initiation of checking.
This evidence may show that the AE events having low

The drying characteristic curves are also shown in this
figure. In each drying characteristic curve, there appear three
stages: a pre-drying period, stage I, a constant drying rate period.
stage II, and a decreasing drying rate period, stage Ill. After the
critical moisture content point was attained, the fllSt check
occurred. In the case of the fastest rate of drying in this study.
at 240 W, the AE event occurrence begins at stage I. In the case
of 34 W, the fmt occurrence of the AE event is observed in the
middle of stage IL Thus. the time. of the fllSt occurrence of AE
events is delayed with a decrease in rate of drying. From the
63

when free liquid is depleted. When moisture content is below the
fiber saturation point, which corresponds to the moisture content
at which all water molecules are bound to the wood substance,
cell walls of wood begin to shrink. From the above described
knowledge of the mass transfer in wood, it might be considered
that AE events (above level 2), which occur in the constant
drying rate period are caused by capillary action, namely liquid,
water vapor and air flow through fluid conducting tissues under
the influence of a capillary pressure gradient. As the free-water
movement is completed at and near the drying surface, moisture
content comes to the critical moisture content point and then the
falling rate of drying begins. In this stage, the low intensity AE
event of level 1 frequently appears, while such AE events of
level 1 are hardly observed during the constant drying rate period.
Consequently, it can be supposed that these low intensity AE
events of level 1 are due to cell wall shrinkage which takes place
below the fiber saturation point. Shrinkage of cell walls
produces surface tensile stress, which. in tum, causes checking.

(8)
1
2
3
4
5
FREQUENCY••100 kHz

o

1
234
FREQUENCY, .100 kHz

From the results of spectrum analysis and the drying
characteristic curve, it is shown that in the constant drying rate
period, most of the frequency spectra of AE events contain
several high frequency components ranging from 300 to 500
kHz. In contrast, AE events without such high frequency
components begin to appear as the critical moisture content is
approached. It appears that the AE events with high frequency
components which occur during the constant drying rate period
can be attributed to capillary action of free water. The AE events
without such high frequency components which occur during the
decraesing drying rate period is attributable to cell wall
shrinkage.

5

Fig. 6 Variation of frequency spectrum of AE events during
drying. (a) 240 W, (b) 34 W.

From the above discussion, we conclude that two source
mechanisms of AE events exist: one is due to capillary action,
and the other is from shrinkage and checking.

frequency components below 200 kHz are attributed to the
formation of lumber checking. Furthermore, the AE events
having high frequency components above 300 kHz are observed
before checking initiation, while these AE events having high
frequency components diminishes after checking occurs.

4.

5.

Conclusions

1. The accumulated AE energy vs. moisture loss curve shows
a two-stage behavior. In the first region the rate of the
accumulated AE energy is low. In the second region it increases
abruptly with increasing moisture loss afler a few small checks
are observed.

Discussion

Moisture in wood exists in two basic forms:
(1) free water in liquid form in the cell lumen, and
(2) bound water within the cell wall.
During the drying of lumber, it is commonly accepted that the
transport of fluids may be subdivided into two main
classifications. The fIrSt is the bulk flow of fluids through the
fluid conducting tissue under the influence of a capillary pressure
gradient. namely capillary action which is the dominant
mechanism for moisture movement during the constant drying
rate period. The second is intergas and bound-water diffusion.
Intergas (air and water vapor) diffusion occurs during all the
drying periods and bound-water diffusion within cell walls takes
place during the falling-drying rate period (Kollmann and Cote,
1984). Spolek and Plumb (1980) numerically solved transport
equations in lumber drying. They concluded that capillary
mechanisms completely control the movement of wood moisture
when free liquid exists, and that the diffusive transport prevails
when free liquid is depleted. When moisture content is below the

2. The low intensity AE events begin to appear in the period
of transition from the constant drying rate period to the
decreasing drying rale period. Such low inlensity AE events are
seldom observed during the constant drying rate period. The fIrSt
checking is observed when moisture exceeds the critical moisture
content.
3. In the constant drying rate period, most of the frequency
spectra of AE events contain high frequency components over
300 - 500 kHz, while the AE events without such high
frequency components occur frequently near the critical moisture
content point.
4. Checking can be predicted by means of AE events caused by
shrinkage of wood which takes place after the free water
movement is completed at and near drying surface.
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organizer is Dr. Davis M. Egle, 865 Asp Ave., Room 212, University of Oklahoma, Norman, OK 73019; telephone
no. (405) 325-5011. The first day will be devoted to a shon course, Introduction to Acoustic Emission for
Nondestructive Testing.

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. lC. 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.

A Conference Planned in India
An international conference on acoustic emission is being organized in India by the AEWG of India in 1987. Look
for future announcement.
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On the Acousto-Ultrasonic Characterization of Wood Fiber
Hardboard
Henrique L. M. dos Reis and D. Michael McFarland
Abstract

initial thickness. The percent caliper swell is accepted to be a
good indicator of the dimensional stability of wood fiber
hardboard, see ASlM Annual Book of Standards (1981).
Although these tests predict how well the hardboard will
perform, with the exception of visual examination. there are at
present no nondestructive evaluation (NOE) techniques for the
functional structural integrity of wood fiber hardboard. One
of few studies in this area was perfonned by Beall (1985)
where a relationship of acoustic emission and internal bound
strength of wood-based composite materials was found.

Wood fiber hardboards with controlled contents were
manufactured and characterized using the acousto-ultrasonic
stress wave factor (SWF) technique. The board specimens
were subjected to cyclic soak tests and at the end of each
cycle stress wave factor measurements were obtained. It was
observed that the stress wave factor decreased with an
increase in damage (i.e., higher number of soaking cycles).
Furthennore, tests showed that undamaged boards with higher
SWF readings would have a corresponding lower percent
caliper swell for the same number of soaking cycles.
Therefore, the stress wave factor technique does have the
potential of predicting the dimensional stability of hardboard
in the field, and may be successfully used in quality control
inspection during manufacturing of hardboard.

Acousto-ultrasonics is an NnE technique which
measures the relative efficiency of energy transmission in the
specimen. An ultrasonic pulse is injected into the specimen
via a transmitting transducer and the transfonned wave is
detected by an acoustic emission transducer mounted on the
surface of the specimen. A larger amount of damage in the
specimen produces a higher signal attenuation, resulting in
lower stress wave factor (SWF) readings. The SWF is
evaluated as the number of threshold crossings of the
ringdown oscillations in the output signal from the receiving
transducer. The SWF has already been correlated with the
mechanical strength of composite materials by Vary and Lark
(1978), Williams and Lampert (1980) and Govada et al.
(1985). The purpose of this study is to investigate the
applicability of the acousto-ultrasonic stress-wave factor
technique to assess the structural and functional integrity of
the wood fiber hardboard.

1. Introduction

Wood fiber hardboard is produced by pressing wood
fibers and various additives such as petrolatum and resin into
a hard high-density board. The process begins by loading
wood chips into a container called gun and then injecting high
pressure steam into the gun. This pressure, referred to as gun
preheat is maintained for - 90 s at 2.76 MPa gage (400 psig)
allowing the chips to become saturated with steam. The
pressure is then raised to 3.45 MPa gage (500 psig), a gate OD
the gun is open and the chips are allowed to escape. As the
wood chips reach the lower pressure of the atmosphere, the
high pressure steam explodes out of the chips, thus breaking
the chips into coarse fiber bundles. These fiber bundles are
then sent to a disc fiber refiner where a serrated disk shreds
the fiber bundles into single fibers. Using high pressures and
temperatures these fibers, mixed with approximately I % resin,
2 to 3% petrolatum and acid. are compressed to form a
grainless wood fiber hardboard. The temperatures range from
191 to 204°C (375° to 4OO0f) while the pressure is kept at 6.89 MPa gage (1000 psig) for 20 minutes. Mataki (1972)
gives a good description of the internal structure of fiber
hardboard, and its relation to mechanical properties.

2. Experimental Procedures
Eight 406 mm by 406 mm (16" by 16") wood fiber
hardboards with an average thickness of 8.1 mm (0.32") were
manufactured under controlled conditions. To obtain boards
that would exhibit a different caliper swell when submitted to
cyclic soak tests, each of the eight boards was manufactured
with different combination of resin, petrolatum and core
temperature as shown in Table 1. All the other design
variables that have influence upon the board properties, such
as gun preheat, remained constant during the manufacturing
process.

Presently, the most commonly used tests to assess the
structural and functional integrity of the hardboard are the boil
swell and the cyclic soak tests. In these tests, a percent
caliper swell is introduced and calculated by subtracting the
board's initial thickness from the board's final thickness (after
the test is completed) and then dividing the result by the

The eight boards were progressively damaged by
submitting the boards to cyclic soak tests. Each cycle
consisted of soaking the boards in water at room temperature
for 24 hours and then drying the boards in an oven at the
temperature of 104°C (2200f) for nine hours as shown in Fig.
1.

Received 10 December 1985. The authors are affiliated with
Department of General Engineering, University of Dlinois, 104 S.
Mathews. Urbana, Illinois 61801.

Stress wave factor measurements were obtained for the
undamaged boards and then for the damaged boards at the
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Fig. 2b Average stress wave factor vs. number of soaking
cycles for unsanded boards and core temperature =
193°C (280°F).
the AET Model AC-375 L having an approximate sensitivity
of -65 dB (relative of 1VI~ bar) at the resonant frequency of
375 kHz. The receiving transducer was the DuneganlEndevco
Model S9204 sensitive to frequencies over a range of 25 kHz
to 410 kHz and having a peak sensitivity of -60 dB (relative
to 1VI~ bar). Both the transmitting and the receiving
transducers were mounted inside of aluminum load cells. A
sponge foam was packed tightly into the load cells to secure
the transducers in their position and petroleum grease was
used as couplant medium between the transducers and the
load cells. 25.4 mm (l ") diameter silicone rubber disks with
a thickness of 1.6 mm (1116") were used as a dry couplant
medium between the boards and the load cells. The rubber
disks were attached to the load cells using a silicone base
adhesive and the contact pressure between the silicone rubber
and the boards was such that the saturation pressure was
exceeded. The center-to-center spacing between the load cells
was 50.8 mm (2").

Manufacturing
Core Temp.
°C (oF)
138
138
138
138
193
193
193
193

' ...

2

Controlled Content Boards

Petrolatum
(%)

;;",...

No....

Table 1

Resin
(%)

7

,
\

Fig. 1b Average pen:ent caliper swell vs. number of soaking
cycles for unsanded boards and core temperature =
193°C (380°F).
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(280)
(280)
(280)
(280)
(380)
(380)
(380)
(380)

end of each cycle (i.e., after the drying period) as shown in
Fig. 2. The stress wave factor measurements were obtained
using the portable Acoustic Emission Technology (AET)
Model 206 AU instrument. The transmitting transducer was
68
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Fig. 4b Average stress wave factor vs. number of soaking
cycles for sanded boards and core temperature = 193·C
(380°F).

The transmitting transducer was excited by a -SOY
pulse generated by the 206 AU unit which was set at a
pulsating rate of 1000 Hz. The output signal of the receiving
transducer was amplified 40 dB by a preamplifier (AET
Model 14OB) with a plug-in filter having a passband between
0.25 and 0.5 MHz. The signal was further amplified another
56 dB in the Model 206 AU, giving a total signal gain of 96
dB. The SWF was evaluated for ringdown oscillations that
exceed a floating threshold by setting the 206 AU unit in the
auto mode after setting its fixed threshold at 0.6Y. The
digital counter display on the Model 206 AU was set for an
accumulation time of 0.5 s.

the boards for 10 hours then drying them in an oven at the
temperature of 104°C (220°F) for 4 hours as shown in Fig. 3.
The duration of the soaking and drying periods was reduced
because of the sanded boards' reduced thickness. Stress wave
factor measurements were again obtained for the undamaged
and damaged boards at the end of each cycle (i.e., after the
drying period) as shown in Fig. 4. During the SWF
measurements for the sanded boards the settings of the 206
AU unit remained unchanged with the exception of signal
gain and pulsating rate which were set at 60 dB and 0.5 kHz,
respectively.

To investigate if the SWF measurements on the
surface of the hardboard would reflect the swelling properties
of the hardboard core, approximately 1.2 mm (3/64") of
material was removed from the surface on both sides of each
board from a second set of eight hardboards. The material
was removed using a belt sander. Then, this set of eight
sanded boards was submitted to cyclic soak tests by soaking

3. Experimental Results and ConclUding Remarks
Acousto-ultrasonic stress wave factor measurements
have been conducted on undamaged and damaged wood fiber
hardboard manufactured with controlled contents. To evaluate
the response of the board specimens. they were subjected to
cyclic soak tests. Stress wave factor measurements were
89

recorded at the end of each cycle (i.e., after the specimens
were dried) for each board. Cyclic soak tests and SWF
measurements were also conducted on boards, from which 1.2 mm (3/64") of material was removed from each surface
by sanding both sides of the boards.

soaking cycle. From Figs. 3 and 4, similar results can be
obtained for the sanded boards. Comparing boards within the
same group, it was observed that undamaged boards with
higher average SWF measurements have corresponding lower
average percent caliper swell in cyclic soak tests. This
observation shows the potential of using the acousto-ultrasonic
stress wave factor measurement technique in quality control
inspection during manufacturing of fiber hardboard.

Figures 1 and 3 show the average percent caliper swell
as a function of the number of soaking cycles for the eight
unsanded and sanded boards, respectively. Figures 2 and 4
show the corresponding average SWF measurements. All the
averages (i.e., for the percent caliper swell and the stress
wave factor) were computed using readings at 52 points
equally distributed over the face of each board of the set of
eight manufactured boards, see Table 1. For each board the
SWF measurements displayed a relative large variance.
Standard deviations with values up to 12% of the respective
mean were observed. This relative large variance is a
consequence of the vapor pressure and temperature gradients
that occur in the hot press during the manufacturing process.
For practical applications it is recommended to use a moving
average of the SWF measurements obtained using a drycoupled wheeled sensor fixture similar to the one reported by
Rodgers (1983). Figures 2 and 4 also show that for each
board the average SWF measurement decreases the number
of soaking cycles (i.e., damage) increases. This fact may be
used to evaluate boards stored in warehouses or to predict the
remaining useful life of boards already in service. It was also
hypothesized that the addition of petrolatum (i.e., wax) would
have two effects: first, by increasing the boards' structural
damping it would decrease the SWF measurements, and
second, by increasing the degree of water repellency it would
lower the percent caliper swell of the boards. This hypothesis
is consistent with the data reported. Therefore, SWF
measurements of one board can only be compared with SWF
measurements of boards within the same group, i.e., boards
with or without petrolatum. Figure 5 shows the average SWF
measurements for the undamaged unsanded boards as a
function of the average percent caliper swell after the third
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Effect of Moisture Conditioning on Acoustic Emission from
Particleboard
Frank C. Beall
Abstract

Schmetter (1980) studied the role of wood-cell shape
recovery after compression of solid wood and particleboard.
Compression beyond the elastic limit causes folding of the
cell walls, however, exposure to high relative humidity can
permit almost total shape recovery. The swelling forces of
compressed solid wood were directly dependent on gross
density, but independent of the degree of compression. Based
on this result. he hypothesized that irreversible swelling in
particleboard was caused when shape recovery forces exceed
restraining action of the adhesive. Halligan (1970) has
reviewed the literature on factors affecting and treatments for
particleboard swelling. Increasing resin level to about 10%
reduces thickness swelling to that expected for solid wood of
comparable density. Since increases in resin level are not
economically feasible, many stabilization treatments have
been attempted. The most successful is stearn post-treatment,
where springback is induced after pressing, avoiding its
occurrence in the final product. Suchsland (1973) studied the
effect of hygroscopic exposure on the physical and
mechanical properties of a wide variety of particleboards. He
calculated a swelling ratio of board expansion vs. volume of
moisture adsorbed over a wide RH cycle (40...93...40%).
When springback was present, the swelling ratio was about
unity to 12% moisture content (MC). Above 12% Me, the
ratio exceeded unity, which was attributed to stress release
caused by internal failures.

Particleboard specimens were exposed to cycles
between 50 and 90% relative humidity. One set was tested
for internal bond strength; the other for AE events during
cycling. The internal bond sets that had been exposed to
elevated relative humidity had lower strength and lower total
AE events. The set monitored for AE during exposure had
significant AE events during initial adsorption within the
range of irreversible thickness swelling. No events were
recorded during subsequent adsorption cycles, obeying the
Kaiser effect AE events occurred during every desorption
exposure, apparently from the friction in the interior.

1. Introduction
During the pressing operation, Wood-based composite
materials are compressed in thickness beyond the gross
density of the wood species and remain compressed because
of resin bonding. On exposure to moisture. some portion of
the compression is recovered irreversibly (springback). In
service, the thickness swelling not only causes problems from
the dimensional change, but also from deterioration of
physical and mechanical properties. This study was designed
10 measure acoustic emission during the initial swelling and
subsequent shrinking and swelling cycles to determine which
portion of springback involves fracture of bonds. Internal
bond testing was used 10 complement the bond fracture data.

In two previous papers (Beall, 1985, 1986), acoustic
emission (AE) data was developed from internal bond testing
(m, tension perpendicular to the face) of three representative
wood-base composite panel materials:
particleboard,
medium-density fiberboard (MOF), and oriented strandboard
(OSB). The conclusions from those studies were:

Springback occurs when particleboard is exposed to
elevated relative humidity. Most of this swelling is assumed
to be caused by the recovery of the compressed board, since
particleboard is compressed to about 1.5 the initial wood
density. (Wood density is defined by the mass of material per
unit volume. Oven-dry cell wall material has a density of
ISOO A:g/JriJ and is virtually incompressible. A typical wood
species used for board manufacture has a density of about 4S0
A:g/JriJ, which after compression during hot-pressing, yields a
particleboard of density 700 kglm'). Solid wood swells little in
the longitudinal (cell axis) direction, with nearly all swelling
in the transverse plane. This characteristic is used in making
plywood. where the plies are alternated to provide excellent
dimensional stability in the plane of the finished material.
The particles in particleboard have a random, but
predominantly axial orientation in the plane of the board.
causing thickness swelling to be about an order of magnitude
greater than lineal expansion.

1.

m
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The load at the approximate half-total events to failure
is an excellent predictor of IB value for aU materials
having constant resin levels. However, particleboard
with variable resin level had a high correlation of load,
at an arbitrary AE event level, with final stress.
Logarithm eventslload was inversely proportional to
value and apparently independent of resin level, further
supporting the relationship of AE data to the material
strength.
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2.

At constant resin level, IB and AE correlate well with
density only when bonding quality is related to
density.

3.

There is no significant correlation between total events
to failure and m for particleboard or MOP at constant
resin level. Particleboard with variable resin had a
0730-0050/861$2.00/05071-76
Copyright @ 1986 Acoustic Emission Group

4.

strong correlation of AE events to failure vs. resin
level. indicating proportionality of the initial number
of bonds to resin level and the number of bond failures
to AE events.

having a 7% urea-formaldehyde resin content (solids basis).
The boards were an "industrial" type, having fine particles in
the surface layers and coarser in the core. All specimens
were stored at 50% RH prior to testing.

Peak amplitude distributions (cumulative events vs.
peak amplitude) of particleboard and OSB are similar
with two-segment slopes and slopes relatable to lB.
MOF distributions were nonlinear with no correlation
to lB. Higher strength boards (above about 800 kPa)
showed peak amplitude distributions that appeared
slightly bimodal, suggesting an increase in wood
failure. There was a tendency toward higher ratios of
event duration to peak amplitude for high-strength
boards, although the mean was constant with load.

2.2 IB Tests
IB specimens were randomly assigned to three groups
of eight each. Group 50 remained at 50% RH and served as
controls. Group 50/90 was exposed to 90% RH at 22°C for
one month and tested. Group 50/90150 was exposed at the
same time as the 50/90 specimens, but returned to 50% for an
additional month.
A modified loading fixture for m testing was used to
facilitate attachment of the AE sensor as reported previously
(Beall, 1985). The 175 kHz sensor was used at 1 volt
(floating) threshold and 90 dB gain (60 dB preamplifier) with
a preamplifier bandwidth of 125 to 250 kHz. Data were
recorded on a hard disk and postprocessed after the tests.
Standard hardware and software (AET 5000) were used The
force was monitored through a load cell with a analog output
to the AET 5000 Analog Parameter input. and was scanned at

2. Equipment and Procedure
2.1 Materials
The 50 x 50 x 20 (thick) mm particleboard specimens
were cut from 500 x 500 mm hand-made laboratory boards

,/

Fig. 1

Plexiglas specimen holder for relative humidity
exposure in springback testing.
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a 0.1 s rate. Tests were run on an Instron model TID testing
machine. StIain rate was maintained at the ASTM (DI037)
specification (0.8 mmlmmImin). A hot melt resin (orange
shellac, 75-80°C melting point) was used to bond the
specimens to steel loading blocks.
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2.3 Springback Tests
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Springback specimens were exposed in triplicate to a
sequence of 50/90/501% RH in a similar manner to m group
50/90/50. Sensors were pennanently mounted to one face of
the particleboard using a commercial hot melt adhesive.
Figure I shows the Plexiglas holder for three specimens and
one dummy (aluminum plate). The AE system was operated
at I volt (floating) threshold and 96 dB gain, with 175 kHz
sensors and 125-250 kHz preamplifier filters. Data were
collected continuously for the initial 90 h and thereafter
sampled periodically. To prevent disturbing the AE
specimens, they were weighed and measured only at the end
of exposure to each RH condition. Matched controls were
exposed to similar conditions to determine their mass and
dimensional changes. The one-month exposure at each
condition was done in walk-in conditioning rooms that
typically were controlled within less than 2% RH variation.
The initial exposure period (50 to 90%) was repeated for a
replicate set of specimens.

A ...

... ...

...

A

0

_SOlI:
A

..

.. ..
700

lOCO

INTERNAL BOND (kPa)
Fig. 2

Total AE events during internal bond testing of
particleboard exposed to three different RH
conditions.

between total events and m, consistent with previous studies
where resin content or strength was not altered. We obtained
the square of the regression coefficient, Jll, of 45%, excluding
the lowest point for the control group (which was three
standard deviations from the mean). Some of the possible
contributing factors to lower events from conditioning are:
Elasticity has been modified (in particular, for the
50/90 group).
The material is weaker (as expressed in m).
The material has been "prestretched," eliminating
potential failure sites (for both conditioned groups).
Moisture content level affects ultrasonic transmission
or bond strength (50/90 group).

3./ /B Tests
Table 1 summarizes the m data. Each of the
conditioned groups were significantly lower in m than the
controls, but were not significantly different from each other.
The average 82% residual strength of the conditioned groups
is consistent with that reponed by Dinwoodie (1983) for a
66% residual strength for much longer term exposure. The
greatest difference, highly significant among all groups, was
total events to failure (Fig. 2). There was a weak correlation

A key unknown is the modification of rheological
properties from exposure, since the rate of events is
approximately proportional to the square root of strain rate for
the uncycled controls. No such data is available for the
conditioned specimens. The relationship between total events
and IB, although weak, is consistent with previous data that
Table 1

Mean values of mstrength and total events from moisture conditioned specimens.
Eight specimens per group; standard deviation given in parenthesis

(%RH)

0

2000

lOCO

3. Results and Discussion

Group

SOlI: (e.-)

0

IB

Total

(kPa)

Events

Peak Amplitude
(dB)

50 (control)

788 (27)

847 (91)

3950 (330)

40.9 (0.45)

50190150

770 (28)

702t (64)

2460 (200)

40.0 (0.43)

50/90

783 (26)

638t (76)

1260 (190)

38.8 (0.22)

AU m, Total Events and Peak Amplitude data are significant at 1% level with each other
except the pair with t.
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showed a reduction in total events with reduced resin level
The moisture conditioning could have reduced the effective
level of resin exposed to stress. One means of evaluating the
inherent bond strength is through an analysis of mean peak
amplitude. For the three groups, the difference was small,
approximately I dB separating each group, but highly
significantly different (Fig. 3, Table 1).
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During the test run A (3 specimens), a poor connection
to one specimen introduced extraneous noise, which limited
the data to the remaining two (Al, A2). AU three specimens
(81, B2, B3) in the second run (SO to 90% only) produced
valid data. Figure 4 shows the thickness change of control
specimen ACI during exposure through two RH cycles.
About two-thirds of the change in thickness in the first
exposure (0-1) was the irrecoverable springback, which is
reasonably typical for this material. The hysteresis loop (12-3) is typical for hygroscopic materials. Note the shift in
endpoints (I and 3; 2 and 4), indicating a continuing recovery
of compressed thickness. These endpoints are pseudoequilibrium for the one-month exposure, since up to 6 months
may be required for true equilibrium. The changes of
thickness and mass of the controls very closely matched those
of the AE specimens, at least for the endpoints, since no
intermediate measurements were made for the AE specimens.
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3.2 Dimensional Change from RH Cycles
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Fig. 3

Mean peak amplitude during internal bond testing of
particleboard exposed to three different RH
conditions.
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3.3 AE Events from Dimensional Change
2

Figure 5 provides an overview of the exposure
sequence and rate of AE events for run A. The second cycle
(2·3-4) was run to test for the Kaiser effect. The only events
to occur in adsorption were during the first exposure to 90%
RH (0-1). In contrast. events always occurred in desorption.
The absence of events during the second exposure to 90% (23) confinned that these were not reversible and therefore must
be caused by bond fracture. Also, no events were detected
during the latter stages of 2-3, where network stretching
beyond that of point 1 could have caused additional failures.
If failures occurred during this stretching. the event level was
not detectable at the sensitivity used. It was assumed that the
events in desorption were caused by friction or failure of
moving fragments during shrinkage. During the second
desorption (3-4), the event rate was about one-half of that for
1-2. At this point. it was not clear if these were caused by
the additional network stretching, since this would potentially
expose more material to frictional rubbing. The final cycle
(4-5-6) was run to test this possibility by preventing point 5
from exceeding point 3. Events were still detected during 56, indicating that these are probably from "mechanical"
interaction of the particles and not from bond failures. Mean
peak amplitude during all cycles ranged from 30 to 34 dB
with no consistent trends.
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Change of thickness with time for particleboard
control AC lover two cycles of
adsorption/desorption.
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The AE data for specimen AI is plotted against mass
and tltickness change of control ACl in Fig. 6. The peak in
AE event rate occurred very early in the exposure, at about 10
h. The lead in mass to thickness change will be explained in
section 3.4. Figure 7 shows the AE events activity for the
first full RH cycle for specimen Al, which was typical of the
other specimens. The initial delay in AE events during

Thickness change of control ACI and AE events
from specimen Al during exposure history. Second
full cycle was shortened to measure AE during
desorption below the previous thickness swelling.
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Fig. 8

Natural logarithm of rate of events vs. time for initial
exposure from 50 to 90% RH for AE runs A and B.
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Fig. 9

adsorption were probably from the diffusion-controlled mass
transfer of moisture. The half-time for the AE rate was about
24 h, which corresponds to 3% thickness increase (30% of the
total change). The AE events during the first desorption
occurred almost immediately on startup and decayed very
rapidly to background in about 20 h. Beyond the data points
shown for adsorption, the rate was less than I eventlh. The
AE control (Fig. 1; sensor bonded to aluminum plate) had
only about 1 event/day. During the extension of the network,
it would be expected that undetectable low-level events would
be produced from failure due to creep.

Swelling ratio (increase in gross volume/increase in
moisture volume) of particleboard control ACI in
initial adsorption from SO to 90% RH.

3.4 AEISpringback Relationship
There are three contributions to swelling: 1) cell wall
swelling, 2) bond fracture, and 3) shape recovery. The
reversible cell-wall swelling occurs throughout the process
and controls the other two mechanisms. Bond fracture may
not contribUfe directly to swelling, but as Scharfetter (1980)
contends, may be necessary for shape recovery. The AE data
supports a hypothesis that most bond fracture occurs very
early in swelling, probably initiated by shape recovery. Since
AE events end at about 120 h (also the limit of irrecoverable
swelling), the dominant swelling mechanism becomes shape
recovery, with little or no bond fracture. This is the reverse
of the conclusion by Suchsland (1973) who assumed that
integral swelling above unity was a result of internal failures.

Figure 8 gives the semilog regression lines for all five
AE specimens (Runs A and B) during the first 90% RH
exposure. As in the other figures, the initial rise (up to 3 h)
was eliminated from the plot not only to establish the semilog
portion, but also because the randomness of events made rate
calculations meaningless. In general, intervals of about 8 h
were required to obtain consistent rate data. The range in
peak AE event rate was about twofold. All curves had an
excellent statistical fit. exceeding R2 = 95%.

Figure 9 shows the differential and integral swelling
ratios for one of the control specimens. This curve is simply
a transformation of the swelling curve of Fig. 5, where time is
the mean value for the interval. Suchsland (1973) used an
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The correlation between AE event rate and thickness
change among specimens was not clear. For specimens Al
and A2, the additional swelling beyond the springback region
obscured any analysis. Since the B run was terminated at 113
hr, the relationship should have been more meaningful;
however, there was no clear trend of thickness swelling to AE
rate. For individual specimens, the product of AE rate and
swelling ratio was reasonably constant to about half-time
point discussed in Section 3.3, abruptly dropping to about
one-third of this constant. This relationship appears
reasonable in that AE rate should be a direct function of
stress, whereas swelling ratio is inversely related. Since both
variables were not obtained from the same specimen, no
relationship can be proven.

4. Conclusions
I.

AE events during internal bond testing of particleboard
are substantially reduced from even temporary
exposure to high relative humidity.

2.

Particleboard swelling has two distinct AE regions:
active AE during bond failure and very low level
during subsequent particle shape recovery.

3.

AE events during swelling are closely related to the
irreversible portion of swelling (springback) and do not
occur in subsequent adsorption, exhibiting the Kaiser
effect.

4.

AE events occur during all desorption cycles and are
probably mechanical (frictional, etc.) in nature.
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Acoustic Emission During the Deformation and Fracture of
Molybdenum at Low Temperatures
Jay B. James and Steve H. Carpenter
Abstract

study, 218 K - 295 K. molybdenum's primary plastic
deformation mechanism is slip. As slip becomes difficult
with reduced temperatures, other deformation mechanisms
such as twinning must become active in order to
accommodate increasing strain. Fracture may also become
active with decreasing temperature.

The acoustic emIssIon (AE) generated during the
defonnation and fracture of molybdenum has been
investigated. Tensile tests as a function of temperature were
carried out over a temperature range extending from room
temperature (295 K) down to 218 K. At room temperature
ductile failure was observed with a reduction of cross
sectional area at failure of approximately 50%. At lower
temperatures the failure was completely brittle with no
reduction in the cross sectional area at failure. Typical AE
generated at room temperature is characterized by a well
defined narrow peak of continuous AE at yield, little if any
AE from yield to the onset of necking, and then substantial
burst type AE from the onset of necking until failure.
Lowering of the test temperature reduced the strain at which
the burst type AE occurred. At 218 K the burst type emission
is superimposed on the continuous emission. The peak of
continuous AE at yield has been clearly shown to be due to
the break-away of dislocation lines from interstitial Cottrel1
atmospheres. The burst type emission has been identified as
being due to the nucleation andlor propagation of cracks.
Fast Fourier Transform (FFT) analysis has been applied to the
burst type emissions and has shown that the burst type
emissions can be nicely grouped into two separate types. It
has been possible to correlate the type of burst emission with
the type of cracking, i.e.. transgranular or intergranular
cracking.

Ductile fracture of molybdenum, by void fonnation
and growth mechanisms. generally occurs at temperatures
above room temperature. Therefore. it was anticipated that all
fracture encountered during this investigation would be either
intergranular fracture or transgranular cleavage fracture.
Molybdenum is believed to be susceptible to intergranular
fracture due to the presence of second phases at the grain
boundaries. These second phases generally fonn due to the
low solid solubility of interstitial impurities, specifically 0, N,
C. and H in molybdenum (Bechtold and Shaw, 1969).
2. Experimental
A schematic of the acoustic emission equipment used
is shown in Fig. 1.
A commercially available
DuneganlEndevco (DIE) S9204 resonant transducer was
chosen for this study. A Panametrics broadband preamplifier
was used in conjunction with DIE "3000" series AE
equipment An Apple II plus computer, with a custom
interface (Wilson and Carpenter, 1983), was used to record
digital signals stored in the DIE 3000 equipment The

1. Introduction
Acoustic emission is defined as low level elastic waves
which are emitted as the result of a sudden relaxation of stress
or strain within a material. Other investigators have shown
that AE is an effective technique for monitoring internal
defonnation processes (Hsu and Ono, 1980; Carpenter and
Friesel, 1984; Carpenter and Higgins, 1977; Speich and
Fisher, 1971; Frydman et aI., 1975). Therefore, it is hoped
that AE monitoring during the deformation of molybdenum in
its ductile and brittle state may help identify the internal
mechanisms responsible for the phenomenon known as the
ductile-brittle transition.
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Temperature reduction typically induces an increase in
the yield strength of bee metals such as molybdenum, thereby
enhancing brittle behavior. In the temperature region of this
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Schematic representation of acoustic emission test
equipment.
0730-00501861$2.00105077-84
Copyright @ 1986 Acoustic Emission Group

Fig. 2

The samples were inserted into grips which were
attached to a Dillon screw driven testing machine. Samples
were deformed in uniaxial tension at a constant crosshead
speed of 0.61 mmlmin, corresponding to a strain rate of
approximately 2.5 x I~ $-1. The sample and transducer were
acoustically coupled using a Dow Coming silicone oil.
Preliminary tests had shown that no acoustic emission was
generated by solidification of the couplant in the testing
temperature range (218 K < T < 295 K). Pencil lead (0.3mm,
2H) breaks were done in order to calibrate the entire system
before conducting a test. A cooling apparatus, described in
detail elsewhere (James, 1985), was used for low temperature
tensile tests. Tests perfonned at reduced temperatures
typically lasted between one to five minutes. The temperature
remained stable within 1 K for the duration of the test. A
detailed description of all the experimental details is given
elsewhere (James, 1985).

Tensile sample dimensions (in centimeters).

amplified and filtered AE signal from the transducer was also
monitored using an HP 3400A nns voltmeter. A Sony video
recorder was employed to provide a record of all AE signals
captured during a test Analysis of individual events stored
on video tape was accomplished using a Nicolet 4094 digital
storage oscilloscope. A fast Fourier transformation (FFT)
program, compatible with the Nicolet oscilloscope was used
to calculate the frequency spectrum of individual events.
Frequency analysis was used to classify signals, in an attempt
to distinguish different types of cracking and dislocation
phenomena.

3. Results
3.1 Continuous Emission
Tensile testing of molybdenum at 295 K demonstrated
that the molybdenum samples defonned in a ductile manner
(Reduction of area, ROA = 50%). The AE generated during a
typical deformation test at 295 K, measured in terms of rms
voltage, is plotted with the corresponding load data in Fig. 3.
The AE is characterized by a narrow peak of continuous AE
at yield. The onset of continuous AE was measurable at
stresses as low as 45% of the yield stress. Straining past yield
produced a reduction of continuous AE. Load data of all
ductile deformation tests conducted at 295 K showed a load
drop at yield

Molybdenum samples were fabricated from a rolled
plate of polycrystalline unalloyed molybdenum made
according to standard powder metallurgy methods. The plate
was manufactured by Schwartzkopf Development Corp. and
confonned to ASTM standard B 386-74-361. Samples were
machined on a lathe into double shouldered cylindrical tension
samples. Figures 2 shows the size and shape of the tension
samples. The samples were cleaned and placed in a vacuum
annealing oven. The oven was heated to 1373 K for 20
hours, at a PreSsure of I x 10-' torr, and furnace cooled. The
result was a recrystallized. equiaxed grain structure. The
grains had an average diameter of 44 JUrI (ASTM No. 6.3
grain size). The chemical composition of the plate
molybdenum is tabulated in Table L

A peak of continuous AE was detected at yield for all
tests. Figure 4 shows the load and AE, in tenns of the nns
voltage, generated during a typical test conducted at 258 K.

Mechanical and electrolytic polishing procedures were
carefully perfonned in order to eliminate the cold worked
layer produced by the machining process, and to remove any
surface imperfections. The samples were finally stress-relief
annealed to remove any residual stresses.
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Acoustic emission as measured by an rms meter is
plotted together with the load for a typical room
temperature tensile test.
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Acoustic emission as measured by an rms meter is
plotted along with the load for a typical tensile test
conducted at 258 Ie.
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Acoustic emission as measured by an rms voltmeter
is plotted with the load for a typical quick quenched
tensile test.

Acoustic emission as measured by an ems meter is
plotted along with the load for a typical test
conducted at 218 Ie.

A series of tensile samples were heat treated as
follows: The samples were heated in vacuum to 900 K and
held at 900 K for one hour. The samples were then quenched
into a mineral oil bath maintained at room temperature.
Typical rms AE data and load data generated during tensile
testing at 295 K of quick-quenched samples are shown in Fig.
6. The AE results again showed a smooth rms voltage peak
at yield. The height of the peak however, was reduced to one
third of the height of the rms voltage peak measured for
samples which were not quenched (tested at 295 K).
Rectangular compression test samples were prepared in
the same manner as standard tensile samples. These samples
were tested in compression at 295 K at approximately the
same strain rate as tensile samples. The AE generated during
compressive loading also showed a smooth peak in the rms
voltage at yield.

Burst-type enusslons were detected in room
temperature tests at the onset of necking. As tests were
conducted at decreasing temperature, the strain at which the
burst type emission first occurred decreased (see Fig. 7).
eventually becoming superimposed upon the smooth AE peak
at yield. In testing at 218 K, burst-type events began at
approximately 80% of the yield strength and were
superimposed upon the continuous emission peak (see Fig. 5).
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Testing at 218 K, the lowest testing temperature,
produced a totally brittle tensile failure as measured by the
reduction of area method (ROA = 0%). The AE generated
during a typical test, as measured in terms of rms voltage, is
plotted together with the load data and shown in Fig. 5. The
AE is characterized by continuous emission which began at

«

..J

'LOAD

1.5

«

a:

W
(!)

<

.0

~

>::J

~

en
z

10000
2.5

A series of tensile tests were conducted at 295 K in an
attempt to correlate the burst-type AE with the initiation
and/or propagation of intergranular or transgranular cracking
events. A number of samples were loaded past yield into the
work hardening region, but prior to necking, an then
unloaded. The AE for these tests showed a continuous nns
peak at yield followed by little or no acoustic activity. The
sample loading was stopped in the acousticaIly inactive
region. The samples were sectioned and metallographicatly
examined. No cracks were detected in any of the samples by
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A plot of the lowest strain at which burst-type
emission is detected as a function of temperature.
SEM micrograph of a typical fracture surface of a
molybdenum sample tested at 295 K.

Fig. 8

metallographic inspection. Another series of samples were
loaded past yield, through the work hardening region beyond
the onset of necking, and unloaded prior to failure. The
acoustic emission showed the characteristic continuous
emission peak at yield, followed by an interval of reduced
acoustic activity, followed by burst-type emissions that
coincided with the onset of necking. Again the samples were
sectioned
and
metallographically
examined.
The
metallography revealed the presence of primarily intergranular
cracking. All of the cracks observed were intergranular. One
large crack was found in a sample. located approximately in
the middle of the necked region of the sample. The crack
was an intergranular crack fonned by the parting of 8 to 10
grains at their grain boundaries. Thomley and Wronski
(1970) have reported that the first cracks which form in
molybdenum, in the temperature region of this investigation,
are intergranular cracks. With increasing strain transgranular
cracks are initiated as confirmed by metalJographic analysis.
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3.3 Metallography
Fig. 9

A 50% reduction of area was measured for samples
tested in tension at 295 K. Strains of 40% were achieved
prior to failure. Microscopic examination of the fracture
faced showed that the face was comprised of approximately
90% transgranular cleavage failures, with the balance being
intergranular failures. The intergranular fractures were
generally located in. the central region of the samples. A
photograph of a typical fracture surface of samples tested at
295 K is shown in Fig. 8. Longitudinal cross sections
revealed gross elongation of the grains in the necking region.
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A plot of the reduction of area at the fracture face
versus temperature.

primarily intergranular fractures in the inner eight tenths
diameter of the sample and primarily transgranular cleavage
facets in the outer two tenths diameter of the sample.
Overall, approximately 75% of the fractures were
intergranular and 25% were transgranular. Definite slip bands
were detected in grains in close proximity to the main crack
indicating some plastic deformation even at 218 K.
Examination of fractured tensile samples, at all testing
temperatures, revealed a decrease in the reduction of cross
sectional area with decreasing temperature. A graph showing
the temperature dependence of the reduction of area is shown
in Fig. 9.

Fractographs of samples tested at 258 K showed that
the fracture surface consisted of approximately 50%
transgranular cleavage fractures and 50% intergranular
fractures. Fractographs at 248 K and 238 K showed that the
surface consisted of approximately 60% intergranuJar fractures
and 40% transgranular cleavage fractures. Again the
intergranular fractures were localiz.ed to the central region of
the sample, while transgranular cleavage fractures were
prevalent in the outer portions of the sample.

No twins were observed during any metallographic
examinations of all tensile samples.

Fractured tensile samples from tests conducted at 218
K were also examined. Fractographic examination revealed
80

3.4 Fast Fourier Transformations

4. Discussion

Metallographic examinations of samples uncovered the
fact that there were two types of cracks, transgranular and
intergranular. Attempts to distinguish the two processes using
energy per event calculations, amplitude distribution analysis,
and AE count analysis proved unproductive. The wavefonns
were then examined but proved too complex to analyze. FFr
analysis was the next analytical tool used, and it seemed to
show a quantifiable difference between the two cracking
processes. There were generally two different FFr categories
into which most burst-type events could be classified.
Waveforms and FFfs of burst-type events which are typical
of the two types of FFfs are shown in Fig. 10. One type of
frequency spectrum is characterized by four primary peaks
and designated as Type 1. The other frequency spectrum,
designated Type 2, is characterized by the same four peaks
found in Type I, with additional relatively sharp higher
frequency peaks. At the onset of necking, during room
temperature testing, Type 2 events occur. With further
necking both Type 1 and Type 2 events occur. Just prior to
failure, primarily Type 1 events occur. FFfs of burst-type
emission detected in tests perfonned at 218 K appeared
similar to the Type 2 FFrs which occurred at the onset of
necking in tensile testing at 295 K.

4.1 AE at Yield
One of the significant characteristics of the measured

AE during this investigation was the presence of a peak of
continuous emission at yield, as measured by nns voltage.
The continuous acoustic emission peak is believed to be due
to the break-away of dislocations from Cottrell atmospheres
made up of interstitial impurities. In support of this
contention the following observations were made. First, if the
peaks were due to dislocation break-away then the amplitude
of the peak should increase with decreasing temperature. As
the temperature is lowered, the thermal energy of the
dislocation is lowered and the dislocation is more tigbtly
bound by the pinning atmosphere (Cottrell and Bilby, 1949;
Cottrell, 1961). Consequently, more stress must be applied to
free the dislocation, and when the dislocation breaks away
from its pinning atmosphere, it releases a greater amount of
energy. The increased energy is manifested as an increased
amplitude of the continuous emission signal. An increase in
the continuous emission peak with decreasing temperature was
detected.
Secondly, the AE results of testing a quenched
molybdenum sample in tension should show a decrease in the
amplitude of the continuous emission peak, because
quenching locks the interstitial impurities into sites away from
the dislocations thereby diluting the Cottrell atmospheres.
The dilution of the CottreU atmospheres reduces the
dislocation pinning strength and therefore there should be less
energy liberated during unpinning. The reduction in energy
should be detectable as a reduction in the amplitude of the AE
peak at yield. The testing of samples of molybdenum that
were quenched in a bath of mineral oil showed a dramatic
decrease, by a factor of three, in the amplitude of the AE
peak at yield, compared with slowly cooled samples. This
behavior was reported previously in quenched and slowercooled nickel by Hsu and Ono (1980).

Typical Type 1 Waveform
(max. 0.7 Volts p-p)

Typical Type 2 Waveform
(max. 1.2 Volta p-p)

Thirdly, dislocation break-away motion also occurs in
compression at the yield point Therefore, detecting a peak of
continuous AE at yield in compression as well as in tension
would further support the contention that the AE peak is due
to dislocation motion. Indeed, the continuous AE peak was
detected at yield in compression.

FFT of Typical Type 1 Waveform
.~

0

to 500kHz

~..-...-,PFT

of Typical Type

o to

o•

•

250

-

Finally, the fact that molybdenum has a yield drop
requires that a large number of dislocations break away from
their pinning points in a short period of time. The correlation
of the maximum amplitude of the continuous rms peak with
the load drop further confirms that the continuous AE peak is
due to dislocation break-away motion.

2 Wavefo~

500kHz

From these four points it is clear that the continuous
emission is due to dislocation break-away.
Another
observation now takes on significance. The observation is the
detection of continuous emission prior to fracture during low
temperature testing. The detection of the continuous emission
demonstrates that some plastic defonnation precedes brittle
failure in polycrystalline molybdenum.

•

BOO

laM-

Fig. 10

Top: Typical Type 1 wavefonn (max. 0.7 V p-p);
Second: Typical Type 1 wavefonn (max. 1.2 V p-p);
Third: FFf of typical Type 1 wavefonn in the range of
o to 500 kHz; Bottom: FFT of typical Type 2
wavefonn in the range of 0 to 500 kHz.
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4.2 Burst-Type Emission

1

The second significant feature of the AE data was the
occurrence of burst-type emissions. It is thought that the
burst emission, typically found at large strains in a ductile
sample or superimposed on the continuous emission peak
during tests of a brittle sample, is due to the nucleation and/or
the propagation of cracks within the sample. The following
reasons are given in support of this contention.
PRIMARY CRACK

FiIst, a few samples were tested at room temperature
past yield but prior to necking, and were unloaded before any
burst-type
acoustic
activity
began.
Metallographic
examination of these samples revealed that there were no
observable cracks within the volume of the sample.

SECONDARY

CRACK

Secondly, a few more samples were deformed past the
onset of necking until the beginning of burst-type emissions,
and then unloaded. Metallographic examination of these
samples revealed grain boundary cracks forming at points
which were the intersection of three grain boundaries.

!
Fig. 11 Possible path of an intergranulat crack. The load
cannot effectively propagate a crack parallel to the
tensile axis, and therefore intergranulat crack
propagation is inhibited.

Third, if the burst-type acoustic events are a direct
result of cracking phenomena, then there should be a
correlation between the number of AE bursts and the number
of cracks within a sample. A tensile test was conducted at
295 K and unloaded after the detection of 535 burst
emissions. This corresponds to 4.8 x loJ burst emission per
em". The sample was then sectioned and examined. Fourteen
intergranulat cracks were found in the longitudinal section.
The volume of the cross section containing the 14 cracks was
1.69 x 1(i) em", or 8.3 x toJ cracks per em". It is possible that
more than one crack could have been nucleated at or neat the
same time giving essentially one AE burst. The fair
agreement between the number of AE events and the number
of actual cracks demonstrates that there is a correlation
between the incidence of AE burst-type events and the
incidence of cracks.

transgranulat cracks occurred when the value of K was
1(f NIm"'2. During fracture testing no
macroscopic plastic deformation preceded intergranulat crack

4 x l06N1m"'2 < K < S.S x

initiation and therefore these cracks could propagate more
easily due to the lack of sharp grain boundary angles.
However, once the stress-intensity factor reached a value of
approximately S.3 x tij6 NIm"'2, transgranulat cracking was
initiated and these cracks propagated catastrophically.
We can now attribute the load temperature
embrittlement of polycrystalline molybdenum primarily to the
increased resistance to dislocation motion with decreasing
temperature. It raised the yield strength and inhibited grain
deformation, and this allowed intergranulat cracks to
propagate more easily, resulting in the initiating of a
catastrophic transgranulat cleavage crack.

Knowing when a burst-type emission occurs identifies
when cracking has begun. Acoustic emission measurements
made on molybdenum in its brittle state have shown that a
burst-type emission occurs at stress levels that are
approximately 80% of the fracture stress. Therefore, it is
apparent that non-catastrophic intergranular cracking does
occur prior to the fracture of molybdenum at low
temperatures. The notion of intergranulat crack initiation
being the critical event in the brittle state cannot be
substantiated by this investigation. It does seem that
transgranulat crack initiation may be a critical event during
brittle fracture.

4.3 Analysis of FFT Data
As stated, FfTs of burst-type errusslons generally
showed two distinctly different characters. One type, Type 1,
had few peaks at frequencies greater than 160 kHz. The
second type, Type 2, had more peaks at frequencies greater
than 160 kHz. The most significant difference between Type
I and Type 2 FFTs is in the amplitude of the higher
frequency peaks measured relative to the primary transducer
resonance peak at 145 kHz. The relative amplitudes of high
frequency peaks in Type 2 events are greater than the relative
amplitudes of high frequency peaks found in Type 1 events.
Figure 12 is a bat graph displaying the relative amplitudes of
high frequency peaks of the two different types of FFfs. The
shaded regions are the relative amplitudes of Type 1 FFTs,
and the unshaded regions are the relative amplitudes of Type
2 FFTs. The most significant differences in relative
amplitudes were found in the peaks at 210 kHz and 360 kHz.

The question of why intergranular cracks do not
dominate the final fracture, even though they are the first
cracks to form, is related to the amount of plastic deformation
which precedes crack initiation. In tests at 295 K there was
gross deformation prior to. crack initiation. This led to
difficult propagation of intergranulat cracks due to the sharp
angles formed at the grain boundaries (see Fig. 11). The
sharp angles led to the initiation and propagation of
transgranulat cleavage cracks. Calculations of the stress
intensity factor, K, showed that the propagation of
82

so

5. Conclusions

.

The present investigation has shown the effectiveness
of making careful acoustic emission measurements in
conjunction with in-depth metallographic analysis in order to
fully investigate and characterize the ductile-brittle transition
of polycrystalline molybdenum. The following results were
found.
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1.

In molybdenum, the measurable continuous acoustic
emission peak at yield is due to the breakaway of
dislocations from Cottrell atmospheres of interstitial
impurities.

2.

The detection of the continuous AE peak prior to low
temperature fracture demonstrates that some plastic
flow definitely precedes brittle fracture.

3.

Burst-type acoustic emissions in molybdenum are due
to transgranular and intergranular cracking. These two
cracking processes may be discerned from one another
by comparison of FFfs of individual events.
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Fig. 12 A bar graph of the relative amplitudes of the high
frequency peaks of burst type emissions measured
relative to the primary resonant peak at 145 kHz.
The shaded regions represent Type I events and the
unshaded regions represent Type 2 events.
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Acoustic Emission Produced by the Deformation of Uranium

C. R. Heiple and S. S. Christiansen
Abstract

U-Nb alloys tested included U-2.2%Nb, U-5.2%Nb, U-6%Nb,
and U-7.1 %Nb. (All percentages are given in weight
percent.) Niobium is added to uranium to improve the
corrosion resistance (particularly the oxidation resistance) and
to improve mechanical properties. These measurements were
undertaken to characterize the acoustic emission produced by
deformation of uranium and uranium-niobium alloys so that
acoustic emission detected during proof and other loading of
uranium components could be evaluated.

Acoustic emission has been measured during tensile
and compressive deformation of unalloyed uranium and
several uranium-niobium alloys. Vigorous acoustic emission
was produced during deformation of unalloyed uranium in
tension and compression and U-2.2% Nb alloy in tension.
Little acoustic emission was generated by deformation of the
altoys higher in niobium. The major source of acoustic
emission in these materials is twin formation. When twins
are not formed during deformation or when twins are already
present in the structure and only move or grow during
deformation, then very little acoustic emission is produced.

The equilibrium phase diagram for binary U-Nb alloys
as determined by Rogers et al. (1957) is shown in partial form
in Fig. la. The uranium rich end is shown in Fig. lb. As
shown in Fig. II, unalloyed uranium exists in three solid
phases, the low-temperature orthorhombic alpha phase (stable
to 664°C), the intermediate temperature beta phase with a

1. Introduction
Acoustic emission was monitored during tensile and
compressive deformation of unalloyed uranium and a series of
uranium-niobium alloys. [An extended abstract of the work
reported here appears in Heiple and Christiansen (1985).] The
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twins are glissile (Eckelmeyer, 1982). While metastable, the

complex crystal structure (stable between 664 and 771°C),
and the high temperature body centered cubic gamma phase
(stable above 771 0C). The addition of niobium makes
possible a continuous solid solution at high temperature
referred to as 'YI or 11 depending on the niobium content. In
addition to the equilibrium phases shown in Fig. la, there are
several metastable phases which can be formed in the a + "t1
phase field of the equilibrium diagram (Jackson, 1970). The
approximate compositional ranges for these metastable phases
are shown by dashed lines in Fig. 1b. In practice, it is the
quantity and distribution of these metastable phases which
determine the mechanical properties of a given alloy. The
thennomechanical treatments employed are designed to
produce the distribution of metastable phases appropriate for
the application (Eckelmeyer, 1982).

a" phase will not transform 10 the equilibrium a + 'YI structure

at room temperature. The 7.1%Nb alloy forms a body
centered tetragonal 'f with this heat treatment. This phase
forms martensitically and is also twinned (Jackson, 1970).
The U-2.2%Nb was gamma extruded, but the
subsequent heat treatment was different. Samples were heated
to 870oe, held 1 hr., heated further to 9OOoe, held 10 mins.,
and gas quenched.
The cooling rate through the
transformations from p and 'YI to a plus 11 was about 6OO0CIhr.
The resulting structure consists of small plates of a, with the
"t1 (about 8% of the structure) being very finely distributed.
This heat treatment was used because it simulated the
temperature cycle experienced by this material during brazing.

Unalloyed uranium is normally worked in the upper
temperatures of the alpha range, typically 640De or less. It is
difficult to use higher temperatures because of excessive
oxidation. After working, there are two common annealing
treatments. One involves a fairly long anneal in the high
alpha range, and the second a short anneal in the beta range
followed by a water quench. The alpha anneal causes
recrystallization and produces a relatively small, equiaxed
grain size and retains the degree of crystallographic texturing
initially caused by working. The beta quench produces a
substantially larger average grain size with a considerable
range of grain diameters within a particular sample. The
crystallographic texturing produced by working is
substantially reduced. Texturing is particularly important in
uranium because the thermal expansion and elastic coefficients
of alpha uranium are very anisotropic. Thus textured uranium
products will have different thermal expansion coefficients
and elastic properties in different directions, which can create
problems in some applications as, for example, when the
uranium is brazed to another metal.

Acoustic emission was measured during both tensile
and compressive deformation. The tensile samples were pin
loaded sheet type of conventional design with a gage length
of 32 mm (about 1-114"). Compression samples were of
square cross-section and 15 mm (about 0.6") long. The
pinholes of !he tensile samples were preloaded in compression
using a technique similar to that described by Dunegan and
Tatro (1971), to a load exceeding the fracture load of the
tensile samples to reduce emission from the pinhole region
during subsequent testing. The ends of the compression
samples were lubricated with STP® oil additive and loaded
with haniened steel platens which had been previously loaded
to stresses well above those achieved in !hese tests.
Acoustic emission was detected with a DuneganEndevco (DIE) SI40 transducer (PZT-5A piezoelectric,
longitudinally resonant type, resonant frequency 140 kHz)
which was mounted on the gage section of both tension and
compression specimens and coupled to the sample with Dow
276-V9 viscous resin. The transducer output was fed through
a preamplifier (DIE 802P) for the U-2.2%Nb tests and
Panametrics 5050 AE-I60A for all the other tests) and
amplified further wi!h a DIE Analyzer 301 totalizer with a
frequency bandpass of 100·300 kHz. Measurements were
made with a system gain of 110 dB, except for the U-2.2%Nb
samples where 85 dB gain was used. The amplified and
bandpassed signal was measured wi!h a Hewlett-Packard
3400A rms voltmeter. Amplitude distributions of the acoustic
emission signals were determined after preamplification (60
dB gain) with a DIE 920 Distribution Analyzer. The
amplitude distribution instrumentation had not been acquired
when !he U-2.2%Nb tests were performed, so no amplitude
distributions are available for this alloy. A digital envelope
processor (DIE Model 905) was used to give a continuous
summation of the number of acoustic emission bursts
observed during some of the tests. Assuming that burst rate
is proportional to sample deforming volume, and also
proportional to strain rate, the burst rate was plotted versus
strain as bursts per unit volume per unit strain. Noise was
substracted from the measured rms acoustic emission voltage
using the relation y2'"" =,.".;., - ~ , where v'"" is the actual
rms voltage of the acoustic emission signal, mas.. is the
measured rms voltage, and mas. is the rms noise voltage
(Hamstad and Mukherjee, 1974). All rms voltage and
amplitude distribution data are reported as transducer output,
!hat is, the actual values divided by amplification.

Uranium-niobium alloys are commonly worked in the
gamma range to take advantage of the higher ductility and
lower strength of this phase. Various subsequent heat
treatments are used to produce the desired properties.

2. Experimental Procedures
The unalloyed uranium used in this study was rolled at
6300C to a total reduction in thickness from the ingot of about
94%. Both unidirectionally and cross rolled plate were tested
to determine if the different texturing would affect the
acoustic emission generated during deformation. Both alpha
annealed (525°e, 20 hr. in vacuum) and beta quenched
(heated to 115°C and water quenched) samples from each
rolling procedure were tested. The uranium used had
approximately 600 ppm total impurities.
The U-5.2%Nb, U-6%Nb and U-7.1 %Nb alloys were
rolled in the gamma range and subsequently annealed in an
inert atmosphere at 8000e (Well in the 'YI phase field, Fig. 1a)
followed by a water quench. This treatment produces the
metastable a" microstructure for !he 5.2%Nb and 6%Nb
alloys, which is a ductile monoclinic phase which forms
martensitically from 'YI' The a" is heavily twinned, and the
86
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Acoustic emission and stress vs. strain during tensile
deformation of unalloyed uranium. Large grained,
beta quenched material. The amplitude distributions
of the acoustic emission signals at points 1 and 2 are
given in Fig. 7. The microstructure of this sample is
shown in Fig. 5.

Fig. 3

Acoustic emission and stress vs. strain during tensile
deformation of unalloyed uranium. Fine grained,
alpha annealed material. The amplitude distributions
of the acoustic emission signals at points 1 and 2 are
given in Fig. 8. The microstructure of this sample is
shown in Fig. 6.

Figs. 2 and 3. Several features of these plots, which are from
large grained (beta quenched) and small grained (alpha
annealed) tensile samples and are representative of all the
samples, should be noted. First, the maximum in acoustic
emission (8 ).LV for this large grained sample) is quite high.
For comparison, a sample of 7075 aluminum heat treated to
produce maximum acoustic emission would produce an
acoustic emission peak of less than 1 ).LV under similar testing
conditions (Heiple, et al., 1981). Burst rate was not measured
continuously for the unalloyed uranium. However, the
maximum burst rate estimated from the events counted for the
amplitude distributions was 4 % 107 bllr.stlem'-unit strain.
Second, substantial acoustic emission is generated at very low
stress, well within the macroscopically elastic region. Third,
the maximum in acoustic emission occurs near the onset of
significant plastic flow. rmally, differences between the
acoustic emission behavior of cross-rolled and unidirectionally
rolled plate were small.

Deformation of the samples was produced with a
universal testing machine, having a screw-driven crosshead, at
a nominally constant crosshead speed of 0.05 mrnImin. (0.002
in/min). Sample deformation was measured with a 12.7 mm
(OS') gage, 10% extensometer attached to the tensile gage
section. An extensometer was not used for the U-2.2%Nb
alloy tests, and sample deformation was calculated from the
load-time curve, with testing machine deformation substracted.

3. Results and Discussion
A. Unalloyed Uranium
Vigorous acoustic enusslon was generated from all
samples during deformation. Plots of voltages of rms
voltages of acoustic emission signals versus strain are given in

Table I
Acoustic Emission Produced During Deformation of Unalloyed Uranium
Testing
Mode

Average rms
maximum (J.LV)

range

rms maximUm/em'

Anneal

<J.LV)

<J.LV/em3 )

Plastic strain
at peak (%)

Tension
Compression

lJ quench
lJ quench

8.2
4.2

7.4 - 8.S
4.0 - 4.3

7.5
4.6

0.68
1.30

Tension
Compression

a anneal
a anneal

6.4
7.8

2.3 - 11.1
5.4 - 9.1

6.1
8.6

0.14
O.ol

17

whose microstructures are shown in Figs. 5 and 6. The rms
voltage from the large grained. beta-quenched sample is
shown in Fig. 2. Amplitude distributions from this sample
taken near the peak and at about 5% strain (points 1 and 2)
are shown in Fig. 7. These are to be compared with the
amplitude distributions from the fine grain sample (Fig. 8)
taken at comparable points on its rms voltage curve (Fig. 3).
The burst amplitudes from the large grained sample were
clearly larger. An increase in the size of acoustic emission
bursts with increasing grain size has been previously observed
in iron (Chow and Embury, 1980).

Since the differences in acoustic ermsslon behavior
between unidiR:ctionally·rolled plate tested in the longitudinal
and ttansverse directions llIJd cross-rolled plate were small,
the results for the three rolling histories were averaged. The
results are given in Table I. Each result is the average of 4 to
8 samples. One difference between the acoustic emission
behavior of the two heat treatments is the location of the rms
voltage peak. For the alpha annealed samples, the maximum
occuned before the 0.2% yield stress, while it occurred at
significant plastic strains in the beta quenched samples.
The deforming volume of the tension and compression
samples was different, with the compression samples being
about 25% smaller. It is well established that y2_ is
proportional to sample volume (see Heiple and Carpenter,
1983, for a recent review of data on this subject). The rms
peak heights can therefore be adjusted to compensate for
sample volume so that tensile and compression results can be
compared directly (the column labeled nns maximUm/em').
The results indicate that the amounts of acoustic emission
generated in tension and compression are similar.

The burst rate for these two samples was similar
(approximately 12,000 burst/min near the rms maximum), so,

The major source of acoustic emission in unalloyed
uranium appears to be twin formation. A scanning electron
micrograph of the surface of a deformed compression sample
which had been polished prior to testing is shown in Fig. 4.
The twinning is obvious. The twins are formed throughout
the deforming gage section during deformation in both tension
and compression, and are less common in the starting
material. Figures 5 and 6 are micrographs of cross-sections
from the gage and grip sections of two tensile bars. The twin
density is higher in the gage sections than in the undeformed
grip sections. Note also the large difference in grain size
between the two samples, one of which received a betaquench while the other was alpha annealed.

(a)

If twin formation is the major source of acoustic
emission in this alloy, then the larger twins formed in the
large grained material would be expected to cause larger
acoustic emission events. This expectation was confirmed by
the amplitude distributions of the bursts from the samples

lb)

Fig. 5
Fig. 4

Scanning electron micrograph following deformation
of the previously polished sampled surface.

88

Microstructure of large grained, bela quenched
uranium after tensile testing. The acoustic emission
produced by this sample is shown in Fig. 2. a) Grip
section, b) Gage section.
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Microstructure of fine grained, alpha annealed
uranium after tensile testing. The acoustic emission
produced by this sample is shown in Fig. 3. a) Grip
section, b) Gage section.
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as expected, the rms voltage from the larger grained sample in
this case is higher. Finally, the burst rate for the fine-grained
sample at points 1 and 2 is about the same, so the reduction
in rms voltage at point 2 comes from a reduction in burst
size, as can be seen by comparing the amplitude distributions
in Figs. 8a and 8b. For other alpha annealed samples, the
burst rates were higher, so that some alpha annealed samples
produced larger rms maxima than the beta quenched samples.

10
100
BURST AMPLITUDE

1000
(IlV)

(b)
Fig. 7

Finally, the Kaiser effect is (at least approximately)
observed in unalloyed uranium. The rms voltage for the
initial loading and two reloads is shown in Fig. 9. Emission
does not begin until the previous stress is nearly reached, and
the level is close to that which would be expected from an
extrapolation of the acoustic emission measured during the

Amplitude distributions of acoustic emission bursts
produced during tensile deformation of large grained,
beta quenched, unalloyed uranium. a) At point I,
Fig. 2, b) At point 2, Fig. 2.

initial loading. The Kaiser effect would be expected from
twin formation as the AE source. The twins are unlikely to
disappear upon unloading, and new twins will not be formed
until the previously achieved stress is reached.
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Acoustic emission during initial and subsequent
tensile reloads of unalloyed uranium vs. strain.

c{

a:
u.

1

100

10

BURST AMPLITUDE

I

(~v)

150

(a)

,

~

CIJ 100
CIJ

w
a:

C
:J
t-

10

J:

oc{

w

\

\

>

~

CIJ

m

~

\

\

I

\

W

\

\

\

\

10 0

\rms
\

\

50

~

I
I

\

tCIJ

::J

,

I

,

'iii

w

~

,

-

w

a:-:!:
Z
15z 9x107 ti <c
0
a: a:
:JtCi5
CIJ

•I

f;\

,

-

15

c{

Stress

f\•
,, ,,

1000

,,

. ......

i=
CIJ

:J

............

......

-

.... ........

0
"'- ...

". Burst Rate

, ......

~

_--

5

0

c{

rn

E
~

zt:
oz

6xl0 7 -:J
CIJ ,
CIJ ..

-E
~o

w'

oti
3xl0 7 CIJ:J
i= a:

:Jm

00

-.-.

c{

7

~

CIJ

t;

Fig. 10 Acoustic emission vs. strain during tensile
deformation of U-2.2%Nb.

a:
ffi

5

u.

B. Uranium - 2.2% Niobium

o
Z
o

The addition of 2.2% Nb increases the strength of the
uranium and makes a drastic change in the acoustic emission
behavior. The acoustic emission produced during tensile
deformation (Fig. 10) is similar to unalloyed uranium, but the
size of the nns peak is considerably greater. The average
peak height for the four tensile samples tested was 22 J1v.
(The cross-sectional area of these tensile samples was less
than the unalloyed samples, so a direct comparison is invalid.
Assuming y2..... to be proportional to volume. the average peak
height for the U-2.2% Nb is 32 J1Vlcm', which is about four
times the comparable values for unalloyed uranium.) The
burst rate is also plotted in Fig. 10 as a function of strain and
has a dependence similar to the rms voltage. As expected, the
maximum burst rate is also large, about 10:JC 107 blUsrlcm'-unit
strain compared to 4:JC 107 for unalloyed uranium. The major
difference in acoustic emission behavior between this alloy
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Fig, 8

Amplitude distributions of acoustic emission bursts
produced during tensile deformation of fine grained
alpha annealed. unalloyed uranium. a) At point I,
Fig. 3, b) At point 2, Fig. 3.
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and unalloyed uranium is during compression. Plotted on the
same scale, both the rms voltage and burst rate are
indistinguishable from zero. The only acoustic emission
detected during compression was an occasional small burst.
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Fig. 12. Acoustic emission vs. strain during tensile
deformation of U-6%Nb. Arrows indicate the strain
interval over which the amplitude distribution shown
in Fig. 15 was taken.
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No. of
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Average rrns
maximum (J.LV)

rms maximum/em'
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Plastic strain
at peak (%)
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of Uranium - Niobium Alloys
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Fig. 11 Acoustic emission vs. strain during tensile
deformation of U-5.2%Nb. Arrows indicate the
strain interval over which the amplitude distribution
shown in Fig. 14 was taken.

In contrast to unalloyed and 2.2%Nb uranium alloy,
the higher niobium content alloys are more highly twinned
prior to deformation. The acoustic emission resulting from
deformation is also very different from that produced in
unalloyed and 2.2%Nb uranium alloy. The acoustic emission
generated during tensile deformation of uranium - S.2, 6, and
7.1%Nb alloys is shown in Figs. 11-13. The acoustic
emission bursts are few and similar for all three alloys. Their
amplitude distributions are shown in Figs. 14-16. The major
differences in acoustic emission behavior between these three
high niobium alloys and the unalloyed and 2.2% Nb uranium
are that the emission levels are much lower and the maximum
emission occurs at substantially larger strains. The peak rms
value and the location of the peak for the four U-Nb alloys
are compared in Table n. The acoustic emission levels
produced during compressive deformation of the three high
niobium alloys were similar to those in tension.
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The observed acoustic emission is consistent with the
deformation mechanism proposed by Jackson (1981) for this
alloy. The mechanical properties of U-2.2%Nb are unusual in
that the 0.2% yield strength is about 50% greater in
compression than in tension. Jackson proposed that twins
form and contribute to the deformation in tension, but not in
compression. Since twins may form at tensile stresses below
the critical resolve shear stress for slip, some twins form at
quite low stress and result in some plastic strain, resulting in a
lowering of the 0.2% offset yield strength. This phenomenon
has also been observed in iron (Chow and Embury, 1980). In
compression, the twins do not form and plastic deformation
does not occur until higher stresses when slip begins. This
proposal has not yet been confirmed metallographically
because the structure is quite fine and resolving the
deformation twins is difficult. The proposed deformation
mechanism predicts substantial acoustic emission from twin
formation in tension, as observed. Apparently dislocation
motion in uranium does not have an avalanche character, so
essentially no acoustic emission is created during
compression.
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Acoustic emission vs. strain during tensile
defonnation ofU-7.1%Nb. Arrows indicate the
strain interval over which the amplitude distribution
shown in Fig. 16 was taken.
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White the acoustic emission from the higher niobium
alloys is quite different from unalloyed and low Nb uranium,
the results are nevertheless consistent Twin (onnation is
known to produce vigorous acoustic emission, from the
pioneering observations of tin cry (Czochralski, 1916) to
contemporary measurements on Zn (Toronchuk. 1977;
Kuribayashi, 1978; Chen and Carpenter, 1982), Ti and Ti6AI-4V (Tanaka and Horiuchi, 1975; Kennedy, 1982; Friesel
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Amplitude distribution of acoustic emission
produced during tensile deformation U-7.1 %Nb.
See Fig. 13.
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and Carpenter, 1984a), In (Van Doren, et ai, 1976), Mg
(Friesel and Carpenter, 1984b) and Fe (Chow and Embury,
1980). Twin motion or growth, however, has been shown to
generate much less acoustic emission (Toronchuk, 1977).
Since more twins are present in the microstructure of the
higher niobium alloys prior to deformation, and these twins
are known 10 be mobile, deformation proceeds by twin motion
and growth combined with slip, resulting in little acoustic
emission. The specific source of the small acoustic emission
peak in these alloys has not been identified.

M. Friesel and S.H. Carpenter (1984a), Metall. Trans. ISA,
1849-1853.
M. Friesel and S.H. Carpenter (1984b), J. AcoUSl Emiss. 3,
11-17.
M.A. Hamstad and AX Mukherjee (1974), "Acoustic
Emission vs. Strain and Strain Rate: Measurement and a
Dislocation Theory Model for a Dispersion-Strengthened
Aluminum Alloy,"
UCRL-76077, Lawrence Livermore
National Laboratory, Livermore, CA, November [0 6761.

4. Conclusions

C.R Heiple and S.H. Carpenter (1983), Acoustic Emission,
J.R. Matthews, ed., Gordon and Breach, New York, Vol. 2 of
Nondestructive Testing Monographs and Tracts, pp. 15-103.

The major soun:e of acoustic ermsslon during
deformation in uranium and U-Nb aUoys is twin formation.
The amplitude of the acoustic emission bursts becomes larger
with increasing grain size because the size of the twins
formed increases. When twins are not formed, as in U-2.2%
Nb in compression, or when twins are already present in the
structure and simply move or grow during deformation, then
very little acoustic emission is produced. At least for the heat
treatments and alloys tested, dislocation motion produces little
if any acoustic emission in uranium and U-Nb alloys.
Essentially no acoustic emission is produced during
compression of U-2.2% Nb and there is no acoustic emission
detectable (at 110 dB) from the higher niobium alloys at the
onset of plastic deformation.

C.R. Heiple, S.H. Carpenter and M.I. Carr (1981), MeL Sci.
IS, 587-598.
C.R. Heiple and S.S. Christiansen (1985), J. AcoUSl Emiss.

4, SII6-S118.
RJ. Jackson (1970), "Reversible Martensitic Transformations
Between Transition Phases of Uranium-Base Niobium
Alloys," RFP-1535, Rockwell International, Golden, CO,
December.
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A Discussion of the Basic Understanding of the Felicity Effect
in Fiber Composites
M. A. Hamstad
Abstract

delamination can all be monitored;
(3) total volume sensitivity to the regions of the test sample
which are stressed; and
(4) location of regions in the sample in which damage is
accumulating.

This paper discusses the relation of damage processes
to the acoustic emission (AE) parameter called the Felicity
ratio for fiber composites under cyclic load and time under
load. A brief review of pertinent prior results on the Felicity
effect is followed by the observation of the current lack of
understanding of the physics of the variables that control this
effect. The mechanisms which could generate the acoustic
emission associated with the Felicity effect are divided into
two categories: i) frictional mechanism and ii) new damage
mechanisms. Possible AE sources in each of the categories
are examined as we)) as the variables which could control
these sources. Some advantages of understanding the basics
of the Felicity effect are pointed out Possible approaches to
gaining the basic understanding of the Felicity effect are also
examined.

Of the four criteria used to accept or reject composite
tanks, one is of special interest for this paper. This criterion
is commonly called the Felicity ratio [see reference ASTM
(1986) for definition]. Fowler (1977; 1979) was the first to
introduce the term, although a similar method based on the
emission during the first loading cycle has been utilized for
the inspection of composite pressure vessels for some time
(Green et al. 1964). Others workers (e.g., Bunsell, 1977) had
observed the same phenomenon and called it a violation of
the Kaiser effect. The basic observation is that upon a
successive load cycle to a sufficiently high load level, AE is
observed to begin to occur at a load level that is less than the
previous maximum load. This Felicity effect is quantified as
the Felicity ratio (FR). The FR is determined from the ratio
of the load at which AE begins on a successive load cycle to
the maximum load on the previous load cycle. As can be
clearly seen, a FR < 1 is directly related to damage andlor
frictional processes on repeated load cycles to the same load
level.

1. Introduction
Fiber composite structures fail as a result of the
accumulation of damage within the composite. Three factors
make this accumulation of damage a complex process:
(a) Damage begins at relatively low load levels;
(b) Damage grows as a result of time under load; and
(c) Damage occurs due to load cycling to the same load level.
Thus, to understand failure, it is important to develop a basic
understanding of the variables which control time and load
dependent damage processes in composites.
This
understanding is the key if the effects of stress, Stress-cycling
(proof testing and fatigue), and time on the life and strength
of composites are to be fully understood. Further, only with a
proper understanding of these variables, can fiber composites
be designed to meet structural requirements with high
reliability.

The reason the FR is useful is shown in Fig. I (Fowler
and Gray. 1979). Here a correlation between the ultimate
strength and the FR determined during a proof test for
fiberglass mat is shown. In spite of the demonstrated
usefulness of the Felicity effect (FE), a fundamental
1.4

o
~
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The technique of acoustic ermsslon (AE) is ideally
suited to study variables which control time. and stress
dependent damage processes in fiber composites. Further, the
AE technique has been used to monitor such processes during
proof testing, and based on this AE data, many thousands of
fiberglass tanks and lift booms have been inspected and
accepted or rejected based on the AE data (Fowler. 1984;
Lawson, 1986). The reasons that lead to the usefulness of AE
data for these purposes are:
( I) real-time monitoring of damage processes as a function of
changes in other variables (e.g., time and load level);
(2) high sensitivity (e.g., individual filament fractures.
individual filament debonding. as well as matrix cracking and
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understanding of this phenomenon has not yet been achieved.
Further, it is clear from the type of test in which the FR is
determined that this number is closely related to damage
processes in fiber composites under repeated loadings and, as
will be discussed later, it is also related to damage
accumulation with increasing load or time under load. Thus,
an understanding of key variables which control the FR will
also greatly enhance basic understanding of time and stress
dependent damage processes in composites. This information
is key to these researchers who are developing damage
functions for composites.
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2. Previous Studies Related to the Felicity Errect

~

a:

Early work established that the FR decreases with
increases in the proof test level (see Fowler, 1977; Fowler and
Gray, 1979; and Fig. 1). Tao and Gao (1982) showed the
same type of results for five similar specimens. These results
give some data on the scatter in FR data for different
glass/epoxy samples. They included in their study the
amplitude distributions for each proof cycle. This data
showed that as the FR decreases, the AE amplitudes up to the
previous proof level increase more dramatically as a further
indication of critical damage (see Fig. 2 from Tao and Gao,
1982).
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Some limited studies of time dependency of the FR
have been conducted. Conlisk and Fowler (1977) showed that
for a proof test to a certain load level that, if the load was
held until the AE SlOPped, then the FR was ~ 1, and, if there
was no hold at the peak, then the FR was S 1. Rotem and
Baruch (1974) conducted some similar, very exploratory
studies of the viscoelastic effects in composites. They also
found AE continued at a decreasing rate when the sample was
held at a high stress level. In similar work, Fowler and
Scarapellini (1980) reported observing the FR was < 1
without having to hold a composite in the unloaded condition
if the previous load cycle was close to the ultimate load level.
Thus, one important factor seems to be not only the load
level, but the time at the peak load during the proof cycle.
Rotem (1978) also reported results that indicate the test rate
during a proof test may be an important factor for some
composites. He observed an increase in the number of AE
events (i.e., damage) when the strain rate was decreased for a
tensile test of unidirectional E-glass/epoxy (see Fig. 3). On
the other hand, he noted these strain rate effects did not occur
with graphite fibers in the same epoxy. Others who have
studied strain rate effects are Guild et al. (1980) and Phillips
and Harris (1980). They conjectured that the changes with
strain rate were due to viscoelastic matrix properties rather
than fiber effects.

J

J:!J.~

NORMALIZED STRESS (%)

AMPLITUDE (dB)

Fig. 2 The AE reappearance during loading step-by-step of
glass/epoxy and increasing AE event amplitudes (Tao
and Gao, 1982).
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Some studies have examined the effects of material or
failure mechanisms on the FR. Fowler and Gray (1979)
showed that the FR dependence on proof level is altered if the
fiber volume percentage is changed At a given percentage of
the ultimate load the samples with the higher fiber volume
have a lower FR. Crivelli Visconti et al. (1980) briefly
studied the Felicity effect as a function of load level and
angle of the plus/minus plies. This study is interesting
because with different single plies the dominant failure modes

o
Fig. 3
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Number of AE events depends on strain rate (data
from Rotem. 1978).

(ii) matrix cracking;
(iii) fiber to matrix debonding;

change. The study was too brief to come to firm conclusions.
Hull and Golaski (1981) studied the Felicity effect on
glass/polymer filament-wound pipe loaded in two different
modes. For hoop loading they found the FR was < 1 for all
load levels. For combined hoop and axial loading the FR was
~ 1 for low load levels and the FR was ~ 1 at higher load
levels.

(iv) delamination process; and
(v) fiber and/or matrix plastic deformation.
The frictional processes can be further divided into steady
state vs. non-steady state processes. The steady state
processes are those which occur on each proof cycle to the
same level and the non-steady state processes can be expected
to disappear with increasing fatigue cycles. An example of
the former could be friction between fiber and matrix, and an
example of the latter could be pullout process of a broken
fiber which is completed after several proof cycles. It should
be noted that certain frictional processes may occur upon
unloading and thus are not directly related to the
determination of a FR, but still such AE may be an important
indicator of the presence of a damage zone in a composite
(e.g., a delamination, Awerbuch, 1985).

There have been no published results of fundamental
and systematic studies of the potential variables which could
control the value of the FR for a two-cycle proof test that
yields the necessary AE data. Thus, the fundamental
understanding of the basic physics which results in the FE has
not yet been achieved (Summerscales, 1986). Only a few
authors have discussed what causes the FE. Tutans and
Urzhumtsev (1971) suggested that pullout was not a key
factor contributing to the FR being ~ 1. Fowler and Gray
(1979) stated that the Felicity effect is a measure of the total
amount of damage and that the effect is related to the
redistribution of residual stresses during the unload time.
Since the FR increases with holds until AE ceases (Le., more
damage) compared to the FR with no hold, and since at high
load levels no rest is necessary to observe a FR < I, these
ideas seem to be only part of the explanation. Bunsell (1977)
attributes the FR < 1 to be due to the fact that on unloading,
the matrix goes into compression such that to reach the same
overall load on the next load cycle the fibers have to be
stressed further thus leading to more fiber breaks with the
resulting AE. Tao and Gao (1982) derived an expression
related the FR less than unity to the effective reduction in
cross-sectional area which results on unload due to a
redistribution of stress and consequently new AE on
reloading. As can be seen, these explanations do not provide
comprehensive and satisfying answers to the following
questions.

Next, look at the variables which control each of the
broad categories. Frictional processes will be controlled
primarily by the amount and types of damage in the
composite. Of special importance' will be regions of
concentrated damage. The expectation is that increased
damage will result in increased frictional AE sources. Also
some types of damage may generate more frictional AE than
other types. Actual amounts of AE generated will depend on
such things as friction coefficients and roughness of surfaces
which move relative to each other. The test rate may also
influence the frictional AE sources. Unbonded fibers in the
as-fabricated composite are also potential frictional AE
sources. The stress vs. deformation characteristics of the
fibers and matrix material will also influence the frictional
sources. Thus the plastic, viscoelastic, and elastic properties
of the fibers and matrix under the cyclic loads will be
important particularly in regions of concentrated damage.
These materials properties will change the fit (with additional
proof cycles) of the surfaces which generate frictional AE. A
final factor is residual stresses. Again depending on the
constitutive properties of the fiber and matrix materials, the fit
of damaged parts can be changed by residual stresses.

What are the micromechanisms that cause the AE
associated with the FE?
What are the key variables which control these
micromechanisms?

Assuming the same applied loading, there are a
number of variables which can control the generation of AE
by growth of damage on the second cycle of a proof test
(i) time-dependent strength of fibers,
(ii) viscoelastic/plastic response of the matrix material under
tensile and compressive loading,
(iii) the amount of concentrated damage from the previous
loading,
(iv) rate dependent deformation characteristics of the fiber and
matrix materials,
(v) residual stress fields in the as-fabricated material combined
with the constitutive properties of the fiber and matrix
materials, and
(vi) load history of the composite combined with the other
factors above.

3. Discussion of FE Micromechanisms and Associated
Variables
On the level of mechanisms in fiber composites which
could generate the AE associated with the FE, there are two
broad categories: (a) frictional mechanisms and (b) new
damage mechanisms. First. a list of possible frictional
mechanisms:
(i) relative sliding (or pullout) between debonded fibers and
surrounding matrix material;
(ii) friction between matrix crack surfaces, or between split
fiber surfaces;
(iii) rubbing between delamination surfaces; and
(iv) other frictional processes between damaged parts of
composites that no longer fit together due to damage or
permanent deformation (this process could lead to some
additional damage, [see Awerbuch, 1985]).
Second, a list of possible new damage mechanisms:
(i) fiber fracture and/or splitting;
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their operating level. This would reduce proof test damage
and probably enhance the useful life of the composite
structure.

4. Significance of Understanding the FE
Developing a fundamental understanding of the
mechanisms which generate the AE detennined Felicity effect,
and separating out the key variables which control ~ese
mechanisms will provide several important payoffs. First,
from the point of nondestructive evaluation (NOE) of fiber
composites by AE, use of the FR to detennine ultimate
strength and life is very desirable particularly for aerospacetype composites. Aerospace-type composites are u~ually
designed such that stress levels are relatively unifonn
throughout the structure. This design results in a high
strength or stiffness to weight ratio. But, at the same time, it
also results in very large numbers of AE events during proof
testing. The sheer mass of data makes it difficult to separate
significant data from insignificant data. These high AE event
rates also cause AE equipment to miss events (i.e., lost data)
and more importantly, precludes the use of source location
techniques since stress waves from more than one AE events
are propagating at the same time. The great advantage of FE
testing is that sources \ of AE events primarily originate in
regions of concentrated damage rather than being distributed
throughout the composite structure. Thus, the AE event rates
and total number of events are reduced by orders of
magnitude. Hence, only the most significant AE data is
recorded, and AE source location techniques are not precluded
by having too many AE events over too short a time.
Further, FE testing means that the small random AE sources
are not present that would result in variable changes in the
background or continuous AE level. Thus, the AE threshold
can be set very low (i.e., just above the electronic background
noise level, rather than above the maximum continuous AE
level during the test), which will increase the number of AE
events which have correct arrival time differences [see
Hamstad, 1986]. By proper use of AE source location
techniques in a composite (Hamstad. 1986) the FR could be
keyed to location in a composite structure. Such a locationbased FR should give a better correlation between AE and
strength and life, because only the AE which originates at the
flaw which controls the strength or life would be correlated
rather than AE originating at several flaws of different sizes.

Fourth, for the researcher who is working on the
development of damage functions for fiber composites under
complex histories of time at load, different loads, and load
cycles, the basic understanding of the physics of the FE
should be very useful. Further, because of the unique
capabilities which AE has to monitor damage as a function of
time and load-level studying the FE with AE may be the
shortest route to development of such damage functions that
correlate well with experimental data obtained for complex
load histories.
Fifth, basic understanding of the FE will enhance and
give a more sound physical basis to the current AE standards
(Adams, 1982; ASTM, 1985; Droge, 1983) for accept/reject
proof testing of composite tanks, pipes, and booms.
Sixth, using the knowledge of what key material
properties control the FE, may lead to better fabrication
techniques and or different fiber or matrix properties which
will minimize the growth of damage in composites that have
design requirements for load cycling andlor time at load. AE
data in the past was used to help develop better winding
patterns for filament wound pressure vessels (Hamstad. 1972;
1973) and to help choose an epoxy system for best
perfonnance of such a pressure vessel (Hamstad and Chiao,
1976).
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5. Effect or Matrix Stress-Strain Properties on the FE
When high tensile stresses are applied and then
released from a glass, Kevlar, or graphite/epoxy composite,
the fibers undergo primarily elastic deformation. On the other
hand. the matrix material undergoes plastic and viscoelastic
defonnation. The tensile stresses cause positive elastic,
plastic, and viscoelastic strains in the matrix. When the
applied stress is released, depending on the constitutive
properties of the matrix material, the elastic strain is released
and the elastic contraction of the fibers results in compressive
plastic and viscoelastic deformation of the matrix. Depending
on the stress-strain relations for the matrix, the stress state in
the composite at the end of this first load cycle (due to one
load cycle) could easily be a residual compressive stress in
the matrix. These stresses in the fibers and matrix balance to
give a net average zero stress which corresponds to no applied
load. If a second load cycle is now applied to the same
maximum applied load as on the first cycle, then since the
matrix starts at a different state than on the first cycle, the
stresses in the fibers may be higher at this point than they
were in the first cycle. Then more fibers could be broken or
more debonding of broken fibers could occur or more growth
of matrix cracking could also occur. All of these mechanisms
could result in AE being generated due to this new damage at
load levels below the previous maximum. Frictional processes
could also generate new AE due to new micro-positions of
damaged composite. In either case, the FR would be less than
unity. Since with additional load cycles the microstress state

Second, fundamental understanding of the FE should
provide the knowledge necessary to properly tailor the load
vs. time schedule for proof testing of a fiber composite in
such a way as to minimize the damage to the composite.
Some data (Wu, 1984) has been generated that indicates that
current proof testing does not enhance the reliability of a
composite article. Hopefully, this tailored proof test would be
one that maximizes the FE information. Because the AE that
is associated with the FE seems to be closely related to the
level of damage or the severity of flaws in a composite
structure there will be a large payoff where a full
understanding of the physics associated with this effect is
understood.
Third, it may be possible to enhance the FE
information in such a way that this information can be
obtained during proof testing at a much lower level than that
which is currently used for composite structures which are
proof tested above their nonnal operating level or are proofed
at their operating level but have a very short design life at
88

in the composite at no load and peak load would tend to
stabilize (except for the strain softening or hardening fatigue
characteristics of the matrix material), it might be expected
that the FR for each succeeding cycle would be higher than it
was for the previous cycle. This type of response was
observed by Pollock and Cook (1976), who caused fresh
damage to a glass-polyester composite and then observed the
FR for succeeding load cycles. They found the FR increased
with increasing proof cycles.

AE to reduce damage done in proof testing of the previously
described composites, this approach does not seem to be the
best. However, lacking fundamental understanding of the
physics of the FE, this approach seems to be the only one at
the present time.

6. Approaches to Basic Understanding of the FE
Two complimentary approaches can be taken to the
study of the physics of the FE.. The first of these is the use of
finite element micromechanics analysis. Such a finite element
code must allow in addition to standard capabilities: the
cycling of the applied load; the local concentration of damage
to fibers, matrix, and interfaces; time-dependent properties of
the materials; various loading rates; load or strain holds; and
residual stresses (from fabrication). Then presuming that the
necessary constitutive and micro-failure properties are
available the effects of various material properties and load
vs. time history can be examined with respect to the creation
of new damage on subsequent load cycles. The load at which
such damage occurs would lead to a theoretical FR for those
damage mechanisms which could be expected to result in the
generation of AE. From such results, the combinations of
material properties, load-histories, and states of concentrated
damage which lead to the lowest values of the FR could be
determined. This scheme would identify key factors and
variables. Theoretical data could also be developed relating
the FR to the ultimate strength as a function of proof level. It
would also be possible to examine the FR as a function of the
proof level as well as study the Felicity ratio for various AE
source mechanisms. Since the necessary material and microfailure properties for such a code are not available for a wide
range of materials, and since such a code will not supply the
time based generation of stress waves which the AE sensors
sense, direct correlations with the second approach of
experimental work may be difficult But, it may be possible
to derive some information from such a code which
qualitatively agrees with the experimental data. Further, if
frictional processes are a significant contributor to the AE that
causes the FE, such a computer code without the capability of
modeling frictional AE processes will not be useful.

It should be observed that, if the peak load level to
which a composite is subjected to is sufficiently close to the
rising load failure level, the FR might not be expected to
increase with each succeeding load cycle. This is because
significant amounts of new damage would be done on each
load cycle with the result that the so-called "starting state" (at
zero applied load) would be considerably different for each
load cycle. The next load cycle produces significant new
levels of stress and consequent damage growth eventually
leading to failure on a subsequent load cycle.
The discussion in the above two paragraphs is actually
a simplification in that they point out general trends rather
than a cycle-by-cycle description. In reality fatigue damage is
expected to grow intermittently, resulting in decreases or
increases in the FR for subsequent cycles. However, the FR
averaged over a number of cycles is expected to reflect the
trends described above. The number of cycles necessary to
average the FR is a subject that had not been examined.
The above description brings out several key aspects
which must be part of any future research. First, it would be
ideal to investigate these effects with a high elastic elongation
fiber. Such a fiber would cause effects of the matrix material
on the stress state at the end of the first load cycle to be
maximized, thereby maximizing the increase in fiber stresses
at the subsequent cycle peak load. Unfortunately, glass, the
fiber with the highest elongation, has the property of
significant time dependent strength under load. This property
would complicate the interpretation of the experimental result
Thus, it may be better to use a high elongation graphite fiber
for these types of experiments and attempt to choose a matrix
material which will help to maximize the change in stress
state from that initially prevailing to that at the end of the first
load cycle. This selection would depend on the availability of
stress-strain data under fully reversed cycling for epoxies of
interest.

Since extensive work is required to develop such a
finite element code to examine all the variables of interest
(see Table I), it is necessary to use the second approach at
this point to gather data to distinguish second-order variables
from the first order variables which control the FR. Using
first order variables, it may be practical to begin studies using
appropriate finite element micromechanics analysis. Table I
lists some variables or types of tests that might be used to
perform a survey to find the first order variables. This list,
which is probably not exhaustive, is already quite long. Thus
it is probably fruitful to shorten this list to those items which,
based on past work or preliminary analysis, might be expected
to be the primary variables that control the physics of the FE.
Since the FR < 1 has been observed for graphite/epoxy
laminates (Awerbuch 1985), one way to shorten the list would
be to simply look at graphite fiber composites and eliminate
the effects of time dependent strength properties of fibers like
Kevlar and glass. This may not be a complete solution, since

Second, the above discussion raises the significant
issue. The FR will be different depending on which load
cycle is used to determine its value. In other words, for a
given stable flaw, the FR does not have a constant value.
This implies that some approach to the determination of the
FR must be developed to overcome this so that direct
correlations between FR and failure level can be made with
confidence. One approach is to require the FR to be
determined on a second cycle after a first cycle which has
been stressed to a high enough load level to cause growth of
damage. This could be defined as a proof overload to some
fixed multiple of the load level that the composite article has
been subjected to before. From the point of view of using
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In addition, to a potential experimental plan, two other
factors are important in any fundamental study of the FE. The
first of these concerns extraneous AE. Since the FR is
determined from the load at which AE first occurs on the next
load cycle. it is very important to eliminate extraneous AE.
On a rising load tensile test to failure for a composite. a
certain amount of extraneous AE can be tolerated because
there are large numbers of AE events which are not
extraneous. But for FE studies, no extraneous AE can be
tolerated. Thus, for FE experiments, special precautions are
necessary for tabs, adhesive, and test machine grips. Further
experiments must be done to conclusively demonstrate that
extraneous AEis not present

Table 1
Variables which are Expected to Affect the
Felicity Ratio
1. Loading and unloading rates.

2. Test and rest temperature.
3. Ratio of modulus of reinforcement (both axial and
transverse) to matrix modulus.
4. Creep of time dependent properties of reinforcement and
matrix.

Second, a fundamental study of the FE will be
considerably less difficult if the AE generated originates in
one region of the sample rather than in several regions. In
order to accomplish this, the sample can be cycled to a
relatively high load level several times. This cycling will
wring out the AE from various regions. After this cycling, a
flaw or damage can be introduced at a convenient location,
such that the test sample will now fail at a level considerably
below the level to which the sample was originally cycled.
This sample can then be expected to only generate AE from
the damaged region. This would eliminate the need for use of
source location techniques, except for a few tests to verify
that all the AE comes from the damaged region.

5. Debonding of reinforcement from matrix.
6. Flawed sample.
7. Friction of previously damaged regions or friction in
general. like unbonded fibers rubbing.
8. Fiber pull-out.
9. Rest and peak hold times.
10. Difference in coefficients of thermal expansion between
fiber and matrix.
11. Fully reversed stress-strain properties of the matrix.

7. Conclusions

12. Frictional properties.
13. The ratio of proof test level to ultimate strength.

•

The Felicity effect has been a valuable tool for
nondestructive inspection of certain composite structures.

14. The ratio of reduced load level to the previous maximum
proof level.

•

The basic physics of the Felicity effect has not yet been
clarified.

•

There will be a high payoff in at least four key areas
when the basic physics of the Felicity effect is understood.

at this point we can't assume the mechanism(s) which
generates the AE associated with the FE will be the same for
different fiber composite materials. A second way to shorten
the list may be to choose one particular graphite fiber with its
associated modulus. This would further shorten the list, but
would still probably allow key fundamental work to be done.
Since consideration of Bunsell's ideas (1977) implies that
matrix deformation properties are probably most important, a
further approach to shorten the list would be to choose three
particular matrix materials such as: 1) metal matrix, 2) low
viscoelasticity epoxy matrix and, 3) high viscoelasticity epoxy
matrix. Using these three matrix systems and similar (fiber
orientation, fiber volume, specimen geometry) laminate
coupon samples, an experimental plan could be set up to
examine the following variables (in addition to the matrix
variables):
I) time of hold at peak load (at fixed percentages of the
failure load);
2) temperature cycles between proof cycles (to allow residual
stresses to change their distribution more easily);
3) time and load level of unload cycle;
4) different loading and unloading rates.

- Nondestructive inspection of aerospace-type
fiber composites.
- Development of damage functions for complex
load histories of composites.
- Improvement of proof test schemes for
composites.
- Design of better composites for fatigue loaded
structures.
•

100

Basic experimental studies of graphite composites with
different matrix materials may prove useful to determine
first order variables that control the Felicity effect
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BOOK REVIEW

Chapter 3 is entitled "Signal Detection". This chapter
examines frequency ranges, extraneous noise sources, attenuation
of propagating AE signals, wave guides, transducers and their
coupling, and preamplifiers. To me, the mention of sensitivity
differences of up to 50 dB as possibly coming from coupling
differences seems to be out of place without some documentation.

Guidance Notes on the Use of ACOUSTIC
EMISSION TESTING in Process Plants,
published by the Institution of Chemical Engineers, 165-171
Railway Terrace, Rugby, Warwickshire CV21 3HQ, England,
1985 (approximately 86 pp., £750, ISBN 0 85295 1914).
The booklet is a highly useful publication for the novice in
the field of acoustic emission (AE). The main reason for its
usefulness is that it does not present just the positives of the
technology of AE, but it also points out the difficulties as well.
The booklet lacks detail with respect to the warnings that are
presented, but the average reader should see the need to consult
other sources. In this reviewer's opinion, the booklet has three
main faults. First. it can give a reader the impression that AE
technology, to be really useful, must fit the mold of other
nondestructive evaluation (NOE) techniques. That is, it must
provide the same information about flaws, anomalies, and defects
that most NDE technologists provide. In contrast to most NDE
techniques, AE is not an imaging technique; instead, it is a
means of locating certain types of defects and dynamically
following their growth with increasing time or load. Second, to
the uninitiated, the booklet gives the impression that the other
more mature NDE technologies do not have any problems or
difficulties, when in fact, they do. Third, the notes completely
ignore an essential tool for anyone using commercial equipment
to do AE work, namely an electronic device that provides (on
demand) repeatable simulated AE signals. No one should
consider doing AE work with modem AE systems without
characterizing and checking the performance of their equipment
with such a device.

Various characterization parameters of AE signals are
described in the next chapter. The impression created implies a
level of AE equipment far below that is generally available in
the United States for the last six years.
Chapter 5 is on the subject of source location. In this
chapter basic techniques are discussed without any reference to
the important subjects of waveforms shapes and multiple wave
packets.
A chapter is included on codes and practices for metals and
fiber reinforced plastics. The specific material here is somewhat
dated, but the information does cover most work in this area.
This chapter seems to include editorial statements which led to
some of my introductory comments.
Chapter 7 is really a "check list to help the vessel owner in
preparatio.n and analysis of an AE test." Topics covered
anc1ude: 10adlRg schedule, sensor attachment, sensor position,
extraneous AE, calibration and verification of AE equipment,
data and results, personnel qualification, interpretation of results,
and presentation of fmdings. In general, this is a very useful
guide for anyone doing NDE with AE.
~e

The next chapter summarizes totals of AE test (within the
scope of the booklet) in structures of metals and also fiber
reinforced plastics. It also provides a summary of a survey
dealing with AE field tests of metal vessels. To conclude this
chapter a number of summary statements are made based on the
survey results reported.

As the foreword says, "these guidance notes have been
prepared by a working party set up by the International Study
Group on Hydrocarbon Oxidation and summarize the collective
experience of a number of major companies in the applications
of acoustic emission testing for the inspection and testing of
vessel~ an~ pipelines in process plants." This working party
was pnmanly made up of European workers in the field of AE.
There are ten chapters in the booklet (each with references) and
three appendices as well as a bibliography of 133 additional
re~erences. In the remainder of this review, I will try to give a
bnef s~tement about the contents of each chapter, including
appropnate comments.

Chapter 9 discusses about cost benefits. Results and
discussion here seem to be contrary to earlier statements in this
booklet about the cost effectiveness of AE testing. The final
chapter deals with the conclusions of the group which put the
booklet together. Very fair and true summary statements are
~ade for metals and fiber reinforced plastics. Advantages and
disadvantages of AE testing are summarized, although it is not
clear what the comparison base is.

Chapter 1 deals very briefly with the scope of the
document. It points out the limitation to vessels and piping
systems, ~d that the notes do not provide detailed methodology.
It also POlRts out general capabilities and limitations of AE
techniques.

In conclusion, this booklet represents substantial efforts to
distill the increasingly large number of reports on AE testing of
vessels and pipelines. In my opinion, more committee efforts
like this are needed in the field of AE inspection. Such efforts
might identify priority areas in which cooperative efforts are
needed and proceed to fill the identified voids in AE technology.

The second chapter provides a good discussion of sources of
AE in pipes and vessels. The primary emphasis is on metals.
The discussion includes ductile and fatigue crack growth, as well
as stress corrosion crack growth. A short discussion of fiber
reinforced plastics is also included.

M. A. Hamslad
Denver, Colorado, USA
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CONFERENCES AND SYMPOSIA
The 29th Meeting of Acoustic Emission
Working Group, 23
26 June 1986,
Kingston, Ont., CANADA

XVth Meeting of The European Working
Group of Acoustic Emission (EWGAE),
October 7-10, 1986, ENKA, Istanbul,
TURKEY

The AEWG meeting was held in Canada for the second time
in its nineteen year history. It was organized by Dr. S. L.
McBride, Physics Department, Royal Military College,
Kingston, Ontario K7K 5LO Canada. The venue was the
spacious campus of the Royal MilitarY College and the meeting
was blessed with beautiful Jnue weather. About seventy
registrants, a half of whom Canadians, enjoyed technical and
social programs and twenty seven attended one day AE Primer
held before the main program. Instructors for the Primer were A.
G. Beattie, S. H. Carpenter, C. A. Tatro and Y. Hinton.
During the Awards Dinner, Dr. Timothy J. Fowler received
AEWG Gold Medal Award and Professor Steve H. Carpenter
received AEWG Achievement Award. Drs. David Prine and
Robert Koerner became Fellows of the AEWG.
The next AEWG meeting will be held at Norman,
Oklahoma in May, 1987, after which it will go to the West
coast Los Angeles, California, is selected for the meeting in
March, 1988.
Starting with the Kingston meeting, extended abstracts of
presentations are solicited and will be published in Journal of
Acoustic Emission (to appear in the next issue).

The XVth EWGAE Meeting will be hosted by ENKA in
Instanbul on October 8 - 10 at
ENKA (EWGAE 15, Dr. A. Sokolu)
Research and Development Center
Balmumcu, Besiktas,
Istanbul, TURKEY.
The code subgroup meeting will be held also at ENKA on
October 7, 1986.
The meeting will last 2-1/2 days during which it will be
possible to visit a research center of the National Council. The
attendance fee including meal, transport from hotels to ENKA
and secrelarial expense have been fIXed to £85 for delegates, £125
for exhibitors and £50 for students. Accommodation will be
provided by ENTAS, the travel agency of ENKA. The hotels are
close to ENKA and close to the Center of the city. For further
information about these tours, please contact Dr. Sokolu or J.
Roget at CETIM.

The 8th International AE Symposium, 21 - 24
October 1986, Nihon University, Tokyo,
Japan

The Second International Symposium on
Acoustic Emission from Reinforced
Composites, 21-25 July 1986, Montreal,
CANADA

About 90 papers will be presented in two parallel sessions.
For further details, contact the Chairman of the Organizing
Committee,

The second Symposium will be held in Montreal, Canada
from July 21 - 25, 1986. The meeting location is the Queen
Elizabeth Hotel. It will be preceeded by the Presymposium
Educational Seminar. Approximately 50 papers are to be
presented at the meeting.
Major session titles included the following: Material
Characterization, Material and Mechanism Characterization,
Material and Mechanisms Signatures, Design, Quality Control,
and Applications.
The meeting was organized by a committee headed by Prof.
M. A. Hamstad, local arrangements were handled by Dr. S. V.
Hoa and his committee and the Program committee, chaired by
Dr. T. J. Fowler, made program selection. The Presymposium
Educational Seminar is organized by Prof. M. Gorman. It was
sponsored by the Society of the Plastic Industry (SPI), USA and
Canada. The proceedings of the meeting will be available from
the SPI.

Professor K. Yamaguchi
Institute of Industrial Science
University of Tokyo
7-22-1 Roppongi
Minato, Tokyo 106 JAPAN.

The 30th Meeting of Acoustic Emission
Working Group, 11 - 14 May 1987, Norman,
Oklahoma
The next AEWG meeting is set for II - 14 May 1987 at
the University of Oklahoma, Norman, Oklahoma. Meeting
organizer is Dr. Davis M. Egle, 865 Asp Ave., Room 212,
University of Oklahoma, Norman, OK 73019; telephone no.
(405) 325-5011. The first day will be devoted to a short course,
Introduction to Acoustic Emission for Nondestructive Testing.
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Acousto-Ultrasonics: Theory and Application, 12 - 15 July 1987, Blacksburg, Virginia

Publisher's Note

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.
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Acquisition System in the WORLD.
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forces to bring you a quality product
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The Signal Acquisition Module*
(SAM) is the first computerized frontend system designed to be interfaceable to any host computer through a
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off-the-shelf system with unparalleled
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Notes for Contributors
1. General
The Journal will publish contributions from aU 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 to:
Dr. Roger Hill, Associate Editor - Europe
Robt Gordon's Inst. of Technology
St. Andrew St.
Aberdeen AB I 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 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 language of the Journal is English. All papers
should be written concisely and clearly.
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No page charge is levied. One hundred copies of off-prints
will be supplied to the authors.

3. Manuscript for Review
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be brief. Except for short communications, descriptive
heading should be used to divide the paper into its component parts. Use the International System of Units (51).

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-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.
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initials, appropriate volume and page numbers should be
included.
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submit glossy prints with the final manuscript. Lines and
letters should be legible after the illustrations are reduced to
77%.
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Review

All manuscripts will be judged by qualified reviewers.
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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.
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1.

Alms 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 publisb reviews. the abstracts of
papers presented at meetings. technical Dotes. 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
Appllc~tions: 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 experimental
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
will also be presented, together with meeting schedules.
F. Reviews, Tutorial Articles and Special Contributions: This class of articles will cover the subjects of
general interest.
Nontechnical Section: This part wiJI cover book reviews,
significant personal and technical accomplishments, current news
and new products.
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Acoustic Emission Working Group (AEWG). European
·Working Group on Acoustic Emission (EWGAE), Committee on
Acoustic Emission from Reinforced Composites (CARP). and
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publication of Journal of Acoustic Emission. This Journal
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AEWG.
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CONFERENCES AND SYMPOSIA

The 29th Meeting of Acoustic Emission
Working Group, 23 ~ 26 June 1986,
Kingston, Ont., CANADA

The 8th International AE Symposium, 21 24 October 1986, Nihon University,
Tokyo, Japan

The AEWG meeting was organized by Dr. S. L.
McBride. Physics Department. Royal Military College.
Kingston. Ontario K7K 5LO Canada. Program. abstracts of
presentations and extended abstracts submitted at the meeting
follow in this issue.

Program of this symposium is included in this issue.
About 90 papers will be presented in two parallel sessions.
For further details. contact the Chairman of the Organizing
Committee.
Professor K. Yamaguchi
Institute of Industrial Science
University of Tokyo
7-22-1 Roppongi
Minato. Tokyo 106 JAPAN.

XVth Meeting of The European Working
Group of Acoustic Emission (EWGAE),
October 7-10, 1986, ENKA, Istanbul,
TURKEY

The 30th Meeting of Acoustic Emission
Working Group,' 11 - 14 May 1987,
Norman, Oklahoma

The XVth EWGAE Meeting will be hosted by ENKA
in Instanbul on October 8 - 10 at
ENKA (EWGAE 15. Dr. A. Sokolu)
Research and Development Center
Balmumcu. Besiktas.
Istanbul. TURKEY.

The next AEWG meeting is set for 11 - 14 May 1987
at the University of Oklahoma. Norman. Oklahoma.
Meeting organizer is Dr. Davis M. Egle. 865 Asp Ave.•
Room 212. University of Oklahoma. Norman. OK 73019;
telephone no. (405) 325-5011. The first day will be devoted
to a short course. Introduction to Acoustic Emission for
Nondestructive Testing.

The code subgroup meeting will be held also at ENKA on
October 7. 1986.
The meeting will last 2-112 days during which it will be
possible to visit a research center of the National Council.
The attendance fee including meal. transport from hotels to
ENKA and secretarial expense have been fixed to £85 for
delegates. £125 for exhibitors and £SO for students. Charges
for payment after July 15 and payment at the meeting
amouDts to £100.
Accommodation will be provided by
ENTAS. the travel agency of ENKA. The hotels are close to
ENKA and close to the Center of the city. ENTAS also
proposes city tours and country tours. For further
information about these tours. please contact Dr. Sokolu or
J. Roget at CETIM.
Program and seven extended abstracts submitted by 15
July 1986 are included in this issue.

Acousto-Ultrasonics: Theory and Application, 12 - 15 July 1987, Blacksburg,
Virginia
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. il.
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.
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1:55PM

Acoustic Activity from Rock onder
Shear and CoDpressive IDading
D. zou and H.D.S. Miller
University of British CoIlDlbia

INS'l'RllMENrATION & APPLICATIOR:l
A. Beattie, Chaiman

A Model for AutoDatic Recognition of
Incipient Failure USing Continuous AE
MOnitoring

H.L. Dlmegan

Dunegan Corporation
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2:20PM

The Application of AE Technology in
the study of water cavitation Events
in the water Conducting System of

1l:3OAM

of Varying Microstructure by
Barkhausen and Magneto-acoustic
E)nission
D.J. Buttle, C.B. SCruby, G.A.D.
Briggs, J.P. Jabubovics
A.E.R.E. Ha~ll

Plants

M.T. Tyree
university of Verm:>nt
SESSION IV

pp. 12-15
3:15PM

LFAK KlNI'1URIlC
J. Baron, Chaiman

Cancelled

4:05PM

Simulated SOurces for Acoustic
Emission Leak Iblitoring
H.B. Patel and "l.S. Granovsky
Atanic Energy of Canada Ltd

4:30PM

wednesday.
SESSION V

pp. 16-18
9:00AM

9:25AM

WN:H cadet Dining Hall, Yeo Hall, Rl-1C

Fitness for service Evaluation of a
Large Nitrogen storage Tank
C.A. Tatro, Lawrence LiverJrore
National Laboratory
A. MacIntosh, Holmes and Narver, Inc. .

3:40PM

The Measurement of stress in steels

Characterization of Acoustic Emission
From a Model Economizer Header Inlet
M. Nabil Bassim, G. Gadzella, G.
stacey, M.R. Bayowni
University of Manitoba

SESSION VII

pp. 22-25

carpenter, Chaiman

Characterization of AE Signals
Generated in Graphite-Epoxy
CoDposites
A. Masloushi, C. Roy and M. TasIlon
universite de Sherbrooke

1:55PM

Application of Acoustic E)nission to
Hydride Cracking
S. sagat, J.F.R. Anbler and C.E.
Coleman
Chalk River Nuclear Laboratories

2:20PM

Acoustic F.Dission Testing of Fused
Silica, Plano/Convex Laser Lenses
C.A. Tatro and A.E. Brown
Lawrence LiveIlOOre National
Laboratory

2:45PM

A COnprehensive Q1ide to the
Literature on Acoustic Emisison From
Conposites - SUpplement I
T.F. Drouillard
Rockwell International

3:10PM

Coffee

AE IN AWMINJM AUJJ'iS
A. Green, Chaiman

Effect of TeJlperature and Heat
Treatment on Crack Growth Acoustic
Emission in 7075 Aluminum
S.L. McBride and J .L. Harvey
Royal Military College of canada

s.

1:30PM

June 25. 1986

Acoustic Emission Generated During
the Defomation of Aluminum can Stock
R.D. YoWlg, Alcoa Corp.
S.H. carpenter, university of Denver

ACOOSTIC OOSSION FroM Ml\TERIALS

3:30PM

BUSINESS MEE'l'IN;

7:00PM

AWARDS DINNER
senior staff Mess, RMC

Thursday. June 26. 1986
9:50AM

SESSION VI

pp. 19-21

Acoustic F.Dission Characterization of
Corrosion Processes in 7075-Jr651
Aluminum Alloy
Zu-Ming Zhu and S.H. carpenter
university of Denver

SESSION VIII

W. sachse, Chaiman

pp. 26-31

ACXlJSTIC DnSSION IN STEELS
D. Egle, Chairman

lO:4OAM

studies on the Use of Acoustic
Emission in pinch welding
A.G. Beattie and C.W. Pretzel
sandia National Laboratories

ll:05AM

Acoustic Emission Generated from
Different Fracture Modes in 304
Stainless steel
D.R. smith, Jr. and S.H. carpenter
university of Denver

SIMDLATm 9XlRCES
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8:30AM

session OVerview: Point SOUrce/Polnt
Receiver Materials Testing
w. sachse
Cornell University

8:55AM

Laser Sinulation of Buried AE SOUrces
K. Lungdren and D.A. Hutchins
()leen ' s university, Kingston

9:20AM

Frequency Dependence of Generalized
Ray Arrivals at Epicentre in a
Viscoelastic Plate
R.L. weaver
university of Illinois

lO:2OAM

What's in a Notch?
T.M. Proctor, Jr.
National Bureau of standards

lO:4SAM

X-Ray Generated Ultrasonic Signals:
Olaracteristics and Imaging
Applications

w. sachse,

Prel1JD1nary studies Will be reportlld on the use of acoustic
emiseion (AE) to locate artificial flaws in elumina ceramdcs during
four-point bend test1na. Both single and multiple flaws were introduced
et apecific locations in the gage section of the ceramic. Para=eters
studied to date include: i) accurecy of location. ii) A! systSQ delta T
clock speed, iii) accuracy va. AE peak amplitude, and iv) envelope vs.
counts threshold penetretion. By optiglzation of AE system parameters,
artificial flawa have been accurately located even witb AE events having
low peak amplitudes. The understanding of AE system operational
epproaches bas been found to be extremely important in acbieving
accurste location.

Kwang Yul Kim and W.F.

Pierce
COrnell University
Flaw Detection in COncrete and other
Heterogenous Materials Using

1l:10l\M

PLAT! GIBI!K'S PUllCTIOll - A CXIIPU1'1lR PROGIWI
AIlD
APPLICATION 1'0 ACOUSTIC OOSSIOll

ns

Transient stress waves

Helsoll H. Hau
National Bureau of Standards
Geitberaburgh, HD 10899

M. sansaIone, N.J. Carino and N.N.

Bsu
National Bureau of standards
1l:3OAM

The detectlld acoustic emi88iOll (AB). baa a complicated wave-foM
which is difficult to decipber even for simple sources of known time
wavo-fona. The Graed's function formulation offers the oll1y theoretical
cocputation wb1eh ClBkes the detail of the AB wave fOrD trackable. We
have developed • computer (FORTIWl) prOSrBl:l to cocpute the Green t s
function of an loftD1te plate. The COllIputlld wave-fOrD ClIll be used to
predict experimentsl results. to calibrste AE sy.tems and aanaors. and
to devalop new s1=ulatad sourcsa such as generated by a pulsed laaer.

Discussion

1l:45AM

Abstracts
A IIHlI!L

A SOmAli APPROAaI FOR Aa!UISmOH AMP AHALTSIS
OF LAIlGB IlIlHBl!ItS or AB SICRWl

rot AUl'OIfAnc UXlOGII1TIOIl or IJlCIPIIlHT

FAILlIRB USIllG QlRTIJl1IOUS AI tIlImlRIIlG

G. Godzella, G. Stacey. H. HabU BassllD
UD1versity of Henitoba
Winnipeg, Henitobe

D.L. Dunegan
Dunogan Corporation
Irvine. CA
92718

AeOWItic ~ion (AI) tecludqll8S are 111 Widu WIll throughout the
vorld for atudies uvo1Y1IIg properties of lII8tarla18, fallure mecluuli811S
in C1ater1ala. and crack arovth in IlIBtertela and structures due to
fatigue, bydrogen _brlttl_t crack1Dg. atru88 corrosion cracking,
ete. Iutl'la8ntatioa for these studies baa progresaively bec_ lIIOre
sophiaticated over the years. IDdeed the cCllllputation paver of pruaent
day iDatr1llllentation has the capability of pronding l:IIIch llIlIre
intelligence concerning the prlldictive capability of AB for the
prevention of structural fallure than is be1Dg used. The pr1alary reason
for tb18 lack of s lIIl1veraal failure lIIOdel that ClIll be progra=aed into
the cOlllJluter to sive it dac1sion caldog capability to act on the
acoustic 8lII1woo data to sctiVate 811 alana, stop a teat, alert tho
oporator, ute. Tb1s report euggesta sucb a llIOdel baaed on the ebility
of the computer to curve fit the AB data. talee 1st end 2nd der1vates,
and CClCpute the slope of the cUllluletive 8lIIplitude dlatributioa cuneo
Several eaaaplea of use of tbe model are given for bigh and low cycle
fatigue 111 alUlll1nIlll and steel alloys, hydroaen embrittl_t cracking 10
a bigb strength steel, stress corrosion cracking cocbined with fatigue
in 304 SS piplng, fstiaue of Wire rope specillena.

Develop:ent of AE syatems for continuous monitoring of lerge
structures such as the two-step approach proposed by the authors of thia
presentation requires butter approaches ln acqu1aition and analysis of
scoustic siSDals. The traditional approach of uslog a transient
recorder or digital oacilloBCope equipped with • standard storage
facility ia not rapld and large enough to acquire the number of sianals
which are produelld at a fast rate. In this study, a software package
which worka in conjunction With a Sperry PC COllIJluter and a transient
recorder to ecquira end store up to 100 slgnala per diskette and at
rates of up to 8 sigwa per 98CORd (With sutOlll8tic triuering of the
trensient recorder) was developed. Part of the program developed
includes signsl analyais end feature extraction. ExaQples of the
performance of tbe packsge in conjunction with real-time monitoring of a
lIIOdel ecOl101llizer header 10let are preaentlld.

J.C. Duke, Jr.
HeterWs lleaponae Croup
lnB1Deering Science and HecbaD1cs Depertal8Dt
Virg1D1a Polytechnic Iaatitute and State University
Blacksburg. VA 24061-4899

The beais of the BCOusto-u1.trasooic I118tboc1 10 straigbtfonmrd: the
detection of a aeCban1cal excitation at a position remote frna the
location of the source of the excitation. Consequently two aapecte of
the _thod are subjecta of consideratiOD, the source of ezc1tatiOll and
the excitatioll detector. Tho uitilllate Soal for developing the detector
l18y be slap1y atatlld: Develop a 8808illg procedure capable of _uring
in-plane and oat"Of-plene componenta of displacements as • function of
position and t1ce. The excitatinn source however is not as s1Jlplel

ACCllIACI' or AQlUSI'IC OOSSIOH UlCAnON OF
ARrIFICIAL PIAIIS IJI ALllKIIA

H.A. llautad
UD1versity of Denver
Department of lnainoer1ng
Denver, (X) 80208

Tb1a preaentatioo will briefly review the "state-of-the-art" of the
BCOusto-u1.trasoDic method, including recant developllOlits and
observations. 188ues rsgarding the future developmeot of the
acousto-u1trason1c excitation source for characterization of aeterlala
with and Without damage Will be ra1alld.

I.D. YOUDg
ALCOA Laboratories
Product Engineering Division
ALalA Center, PA lS069
P.H. 1boaapBOD
University of Denver
Deportal8nt of Physics
Deaver, (X) 80208

11'

Built around en I1lH PC, the syotec conitoro the count rate of
acoustic ecisaion and sives an a1ar= for the operator to stop cach1n1ng
end replace the tool wen the cUl:lUl.ative AB count excoods a preset
licit. Except for the 16-bit IIlH coClpatible counter vIIicb voa built
in-bouse. the rest of the inatrumentation used in this system are the
staDderd Ones svailable vith other vendors. This !Iystec can easily be
built for less than $12,000.

Renrique L.H. dos Reis, D. Hichael HcFarlond
Uniyersity of Illinois
Dopartment of General Engineering
117 Trensportation Building
104 S. Hatthevs
Urbana, Illinois 61801

The syatem ves "applied in steel turning with carbide inserts. The
number of samples reqUired for estimating the limiting value of
cumuletive AB count vitbin a preferable limit with greater confidence
has bean determined. An economic analysis of replacins cutting tools
using this system es compared to the present practice bosed on aversge
tool life date has resulted in considerable savings in coat.

Foilum of a viro rope can result in significant property damago
and/or peroonal injury. Because vire ropes can fail vith no
quontifiable change in yisusl appeoranca, the development of
nondestructive tosting evaluation (HOB) techniques is essential in
improving the safety and reliability of operations involving vire ropes.
Various nondeatructive evaluation (HOE) techniques practiced today
include visual iDDpectiOll, acoustic emission. radiograpbic emcinatioDO
and electro:lllgnetic cethods. All these procedures haye dravbacks due
either to ill4ccuracy llUCh os visual inspectiolUl or econocic eucb lIS in
radiograpbic eza=lll4tiona. Furthercore. vIIile tbase IIIBthoda can detect
broken vires thoy do not evaluate the residual strenatb or the recaining
useful life of a uaed rope.

llOC[

BUIST S1UDIIlS \ISING AlXlUSTIC l!KISSION AND TOfOCIW>HIC IKACIHG

R. Peul Young and Dayid A. Hutchins
Departczents of Geological Sciences end Phyoics,
Queen's University,
Kingston, Canada.

Acouato-ultresonic nondestructive evaluation has been conducted on
5/S in. (1.59 cal diacetor vire rope using tbo streos VQve factor (SWF)
ClBasurecent. The vire rope spec1lllens vere taken frOlll a aingle spool of
5/g in. (1.59 co) in diameter. regular lay, 6x25F IWRC Filler rope made
of improved plov steel. The nominal ultimate strengtb of tbo nev rope
is 35,800 Ibs. (159.238N). Eacb of the rope specicens ves 2 ft. (61 ca)
long vith ends oplsyod like a brush and fixed for a length of about 3
in. (7.3 cm) into spelter sockets vith a binder. The binder used in
this study vas resin.

Hining induced seismicity is associated vith instability within the
rock mass of a cine and is a result of COYOClent along pre-exiatins
fractures, or the creetion of nev fractures and bursting of highly
stressed rock in the vicinity of cine openings. Rock burste cnn produce
explosions of such magnitude that they register as small earthquakeo end
cen lead to deatha snd injuries. In addition, rock bursts can lead to
1088 of production, expensive cine restoration amounting to millions of
dollors and, in SOIIl8 instances, total closure of productive mines.
Little is known about the source mechanisms of these events and research
inyestigotion described a1lllB to prOVide fundamental knovledge about rock
burst phenomena. Tocographic icaSinS and acouatic ocission techniques
are being developed and utilised, both in the leboratory and in the
field, to highlight rock conditions vIIicb can potentielly lead to a rock
burot. Eyentually, these techniques viii be used in eines to identify
rock burst prone aroos shead of the mining operstion so they can be
dostressed by blasting and thus the potentially catastrophic
consequences of rock bursts avoided. The paper describes the
cethodoloSY, instrUlll8ntation and preliminary resulto of thio concurrent
tOClOgrophic imaging and acoustic em1saion approech, for both the
laboratory snd field investigations. In the laboratory, ncoustic
emission data are oource located and related to chonsing ultresonic
velocity end attenuation tomographic ieages of compressional end ahear
vavos, obtained at different stages during tbe deformation of rock
apeciCl8ns. Preliminary field seismic data frOQ a streseed hard rock
pillar, 2,500 foet below ground, are described and interpreted in a
sieilar manner. The paper outlines the benefits of carrying out
concurrent acti"e tomographic imaging and acoustic ecission monitoring
for the calibration. improved source locetion and interpretation of
acouatic eciaaion data. The preliminary rasulto are described in the
context of the future research prograc=e.

Each apecia:en vas oubjected to a different 8lIlOunt of damage by
submitting the set of ten specimens to a different nucber of fatigue
cycles. The cyclic fstigue looding vas done on a MrS fstigue testing
:>aehine at s rate of 6 Hz. The applied ainusoidal force had a mini"""
force of 2,000 lbo. (S,896 H) and a Q8X~ force of 10,000 Ibs.
(44.48ON).

It was observed that the stress vave factor doea depend upon the
nueber of cyclea (i.e., damage) in the rope sp8C1cens. Therefore, the
results are very encouraging vith respect to the implementation of the
scousto-ultrasonic stress VQve factor technique to charecterize wire
rope.

'I'IIllO-AanWIC l!KISSIOH - A IIBV TOOL FOR SURFACE alARAC'l'ERlZAITOH

Hing-Kai Tae
Assistant Professor of Hachanical Engineering
Laboratory for Hanufacturing and Productivity
Massachusetta Institute of Technology
Cacbridge, KA 02139

The project described is the subject of a ne1l 3 year NS£llC
strategic grant and io also financially supported by Canadian cining
companies.

Surface properties such as hardness, roughneas. and texture are
very icportaDt factors in determining the perfor=ance of many mechanical
Cocponents and products. Hence, characterizing ourfaceo quantitatively
end relating these characteriatics to their functionality nre critical
considerstions in product design, manufecturing quality and equipment
aaintenence. This paper discusses the applications of tribo-acoustic
em1saion sa an in-process sensing technique for materials
characterization and machine monitoring and diagnostico. Acoustic
emiosion eccempanying a tribological process is a vell-known phenomenon.
However, the concept of tribo-sensing and the undarlying physics havo
never been eXOlllined systematically. The mecbani_ of noise generation
in several asterial SJstems (including polymer-to-polymer and
cetol-to-metal) have been studied 8JId will be discusaed in detail. The
poteAtialD in e vido ranse of applications vill also be considered.

ACDISTIC ACrIVlTY PIlOt llOC[ UNDER SlIllAR
AND aJIPIllSSIVB WADING

D. Zou and B.D.S. Hillor
Univorsity of British Collllllbia
Vancouver, B.C.
Sudden rock failure in the form of rockbursting has Ions been a
problem in underground cines. The basic mecbsnisa of thia phenomenon is
still unresol"ed. Hoveyer, the acoustic activity baa been found to be a
procursiyo phenomenon.
This paper describes the laboratory resulta of part of the research
IIOrk COnducted st tho University of BriUeb Co1Ul1lbia to study the basic
CIIlcbanisa of violont rock failure. These experiments vere dosigned to
identify reliable precursive behaviour. Rock specimens vere tested
under ¥Brious conditions of shear and compressive loading. Tho acoustic
ecissioD VQB recorded using a PAC (Phyaical Acoustics Corporation)
davice durins teotin8 and vas analysed aftervardo. 1n all casea the
event rate vas found to drop folloving a sharp increaoe before feilure.
At the same t1lllB a specific enaray psraceter vas shown to increase
prograsaivaly as feilure VQB approached.

A. Sampath and S. Vajpayee
Induotriel Engineering Department
University of Windsor
Windsor, Ontario

The experimental results obteined are in agreement vith
made in-situ in a deep level South African mine.

The advances in manufacturins technology over tho last 10 Jeers
hava created a nood for development of a highly reliable tool vear
senoiag tecbniqua for monitoring progressive veor 80 veil as sudden
breakese. Raliability and speed of response are the critical
par8C8tara of such syotecs. Thia paper describeo the de"eloJ=ent of s
micro-basad AE oyotem for on-lino monitorins of sinalo point cuttina
tools.

measur~ts
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AalOSTIC L&\I IIlHl10lUJIG FOR ll&-USABLE

TIIK APPLICAnOlf OP All 11!CIIHOLClCY DI TIIK S1VDY OF VATER CAYlTAnOll
BYEH1'S DI TIIK VATER CXIIQlOCl'IllG STST1lH OF I'L&NTS

OlYOGllllIC LIQUID PUELED IlOCIEI' llIfCINllS
David. V. Prine

Kelvin T. Tyree
Department of Botany
University of Vermont
Burlington, VT 05405

CARD Division of Chamberlain Manufacturing Corporstion

U.S. Air Foree Contract No. F04611-85-C-0071

Current maintenance inspection on high performance re-uaable liquid
fueled rocket enginea is very labor intensive. Considerable di888seably
io required to apply conventionsl leak test methods (soap solutions.
mass apectroaeters, etc.). Prequently, the disturbing of a Joint by
diaa_bly causes leeks iA otherwise sound areas. NASA experience with
the Space Shuttle cain oogine (SSM!) baa ahovn leaks to be a cajor
CllIinteD8llce problea end the associated testing and repair is a mjor
cost item. Therefore, iaproved autoaated leak testing could provide
CllIjnr reduction in the coat to orbit.

Tho purpolle of thi8 talk is to introduce the application of AE
detection techniques in the study of the drought atress physiology of
plants. The resultlJ frCllD four years of work iA the plant sciencelJ vill
be re'fieved.

Water to the water conducting conduits of plants (xylem tissue). is
frequently to s aetastable state. i.e•• at pressures below vacuum. For
this reaoon pl8llt sdentista have ten=ed it the "YU1IIerable pipeline".
Typically the vater in the .ylem of plsnts functions at pressures
between -1.0 HPs and -3.0 HPa. with atmospheric preaaure being defined
88 0 Hpa end V8CUum st sbout -0.1 HPa.
The degree of negative pressure
that cen a.ist in a .yle~ conduit before the vater makes s violent
transition to the equilibrium vapor phase is limited. The explosive
tlbase chanae ia terllled cavitetion. end it occurs at even moderstely low
nesative preaaures 88sociated with mild plant vater stress. Im=ediately
sfter cavitoiton. the zylem conduit bagins to embolize. i.e., fill with
air aa Bassos come out of solution from surrounding tissue to fill the
void left by the cavitation event. The eabolized conduit cannot
tr8llsport vater, and the conducting capacity of the .yleo:a is reduced.
Cavitation in the xylea cakes the plant even more susceptible to veter
stres9 in the future unles9 embolized conduits can be refilled vith
vater. The xylem pressure, which induces significant cavitation and
loss of hydraulic conductivity in the xylem, can vary considerably
between spscielJ, and represents a fixed physical limit to the veter
deficita that can be easily survived by that species.

This paper discusses preliminary results of an on-going research
prosram sponsored by the AFRPL to spply advanced ecouatic leak
monitoring techniques to rocket engine maintenance. The rocket engine
environment iaposes severe requirements on AE sensors in ter~ of
temperature, shock, and vibration. Results of cryogenic temperature
testing on co=mercially svailable AE sensors viii be presented along
with preliminary acoustic signal end prop8sation path characterization
results.

SDlIJLATED SOURCI!S FOR AOOlISTIC OOSSIOlf LEAr: tIlHITORING

H.B. Patel and H.S. Granovsky.

Resctor Developlllent
Componenta and Inatrumentation Division
Cbe1k River Nuclear Laboratories
Chalk River, Onterio (OJ IJO

Clecent A. Tstro
University of California
Lawrence Livermore Netional Laboratory
Livermore, California 94550

&couatic emission (AE) leak conitorina requires reliable in-situ
calibration of uansducers and a880ciated inatruments. The S1J:nllati01l
of a real leak 80IIrce frOlll a hot pressurized pipe or veasel, requirea en
expensive hig~ ~perature-pre88ure vater loop. Such facilities are
generally not svailabla in the field. In the preseot work, leak sources
suulated by a heUWI 88a jot or a randOCl noise senerator are elt8al1ned.
Frequency spectrs of the All signa1a fr= these simulated leak sourcea
are compared with those frOD resl leaks through natural cracks in pipe
specimans tested ift a high tOlllperature-pressure vater loop. Resulte
ehov that siaulated leak sources GIiaa1c frequency characteristics of real
leaks e.tremely veil. Attenuation of s1=ulated leak 80urcea in (pipe)
I:Ietal is alao briefly discusaecl. The present work iAdicatea that
s1=ulated leak sources may be ouccesafully used for field calibration of
AE leak monitoring systecs.

and
Alessnder MacIntosh
Holmea end lIaner. Inc:
Mercury, lIevada 89023

Plens for constructing e Spill Test Fecility (STF) at Frenchman
Flets at the lIevada Test Site (HTS) included returning tva large tanka
to service. They had been purchased for a Nuclear Rocket Eogine
Development Program. After approximately three years of service 8S
hydrogen storsge, the tanks vere taken out of service and stored at
Jackaas Flats (NTS). They were virtuelly abendoned at tha Jackass Flats
site for approximately 15 years. The tanks vere 6-foot diameter,
9O-foot long cylinders vith hemiaphericel heads. Nominsl vall thickness
vas 3 inchea. They were consuucted of HY-80 steel. Their planned use
at the STF vas for nitrogen storage.

CIWIACl'IlRIZAnOll OF ACOUSTIC OOSSION FllOK A II>DBL
I!IXlIlCHIZIlR UBADI!R IIILBT

H. Nabll Baasia. G. GadltOlla, G. Stecey, H.R. Bayoumi
University of Haaitoba
ViJUlipeg. Hanitobe

This evaluation prograa was initiated folloving pressure testing of
these tsakD to requalify them for service. Ultrasonic inspection of the
two taJlks vas perfon:zed prior to tha pr0S3ure tests. Because volalnous
indications vere found by the ultrasonics inapectors, the pressure teslS
were iastrlllllOnted with an acouatic cm1saion (AE) flaw detection and
locatin. syotem. On the basis of tho AE indications during pressure
testing, one of the tanka vaa reJected, and the other passed the
pressure teot (3000 poi proof for 2000 psi HEOP). Concern rQQ8ined for
the tank that passed the proof test since there vas no a priori vay to
assess possible environmental degradation (hydrogen eabrittl8lllent, time
and weathering effects, corrosion, etc.)

The developceot of a two-step approach for contlnllOuo monitoring of
large structurelJ by the authoro of this pr088ntetion nec:easitetes the
parfol1ll8llC8 of labaratory. model and field teate. These teots will
establish failure criteria vh1ch are included in the surveillance unite
of the nov developed systm. The present study deals wi th the dealgn
and develop=8nt of II model inlst header, the characterization of
acoustic ellllaaion activity due to flow SAd the ettenuation lIlSasur_nts
in this particular otructure.

The report vill deacribe re=oval of a larse piece of material freg
the rejected tank, fer the purposo of evaluating the fltne88 for service
of the tank that pasaed the pressure testa. Ten nondestructive and
destructive evaluation ....thods vere une4. The _thods used and the
ratinnels "fer their selection vill be discussed. The tsnk that passed
the AE InstrlllllOnt proof test vas put into service.

In this study, s CIOde1 header vas desigaed ODd construe ted such
thet flow siJ:01litude with a real header vas iaplOlllODted. Attenuation
aessurecents sa a function of diatence aloDg the header were obtained.
Pluv noioe vas characterized 88 a function of presaure. flow rate and
locatioD slona the model header. Analysis in both the time and
frequency d_ins vere perfon=ed. Large numbers of 9ianels vere
analyzed ooing a pattern recognition approach and failure por4DCters for
this model vere obtained.

• WOrk perfon=ed under the ousplcoo of the U.S. Deportment of Energy by
the Lawrence Livormore National Laboratnry under Contrsct V-7405-Eng-48
and by Hol=os end Nerver, Inc., under Contract 10471.
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AQlUSTIC IMlSSIClI Cl!Kl!IlATED PRCIt DIFPEIlllKT PllACTURE

AalUSTIC 1Ml5SIClI CIlIlERATED OOUXG 1118
IlVOIlKATlClI OF ALIlKDlUH CAH S1'OC[

IIlDBS IN 304 STAIHLIlSS STBIlL
Daniel I. SaI1tb, Jr. end Steve H. Carpellter
Universitr of Denver
Denyor, CD

Robert D. YOUDS
Alcoa Corp.
Steve H. Carpenter
Uniyersity of Denyor

Preli~norJ data of the acouetic o=1ssion senerated durins vsrious
medee of crsck srowth, in 304 otoinlese eteel will be reported on. Four
creck medeo which have been inyestiasted include ~crovoid coalesence,
~croYoid coalesence elons a plane of inclusions, intersranular end
traD88rsoular cl88YS8e. The different fracture modes were obtained
ooias various thermal aDd env1rolllll8ntal conditione. The llle8Surod
acouaUc ea1asion will be described In terms of the operative
deformation mechani8G8.

A1UQina= beyerase cans compriso a major portion of the market for
elUMinUM producers today. Laat year oYer sixty billion aluminum cans
vers produced 10 the United States. Thesa facta require that ths
aechanical properties of tha allo,s used are well kDolm DAd controlled.
The usa of acoustic emiasion to help provido 8 better understandins ond
aere effective qualitr control i8 beinS inY8stisat8d. Some of the
alloys used have s neaatiye strain rata sensitivity and produce unusual
acouatic em88ion. Results to date 11111 be reported on.

11IB tIP.ASUIfJlJ!II OF STRBSS IN STEIlLS OF VAlYIJlC HlCROS1'llUCl1JRl
BY IlAIDlAUSI!Il AND HACIl!I'O-ACXIUSTIC 1Ml5SIOH

• Ilffect of Teaper8turO and Reat Treatlllellt on
Crack Crowth Acoaatic Pa18a1on 1a 1015 Alaaia..

D.J. Buttle, C.B. Scrub" G.A.D. Briags, J.P. Jabubovics
A.E.I.E. Harvell
Didcot, Oxfordahire
United Il:1ngdOl>

S.L. KcBride and J.L. Haryey
Royal Hilitary Colleae
tinaston, Ontario
Cenada, t7l 51.0

Hasneto-acoootic 9IIl1eaion (".A.E.) and Barkhsusen emission (B.E.)
srislDg from domain wall coye~nts in ferroaaanetic Qaterials are
sen8itive to both the Qicroatructure and stress. ".A.E. and B.E.
profile, all a function of applied Q9snetic field, have been measured
frem Qild steel samples which had received s number of different heat
treat=enta. The effects of applied teosile stress on the e=plitude and
ehspe of these ".A.E. end B.E. profile8 have beea inveatissted with a
ylew to be able to uee ".A.E. to Deaaure stresses without prior koowlege
of the Qicroatructure. The results are eupplemented by casnetic
coercivitr end mechanicel hardness measurements.

The ecouatic' ea1aeion activitr due to creek adv8ACe in 7075
alw:Dnla alloys has been foulld to vary with both temperataro and beat
uestl:lellt. All 1Ilcreaso :lIl tl!Qperature or oyenlPDS of catedal in the
-1'6 coodition each reduce the ecoustic emission activit, by decrees:llls

both the probabilitr of occurrence of acoustic siAion aveots and
10llUrios their aaplitude. Theao obseryationa sre pertiD8Qt to the
in-flisht conltorlns application of tho acoustic eD1ssioo technique
uoder operational cOllditiolls.

.umsnC IMlSSIOH aJARAC'I'IlIUZATlOK OF CDUOSIClI
PIIOCIlSSBS lH 7015-1'651 ALlJKlNUH AU.01'
Zu-Hins Zhu. 8nd Stove H. Carpellter
Univeraitr of Denyer
Denver, CD

The acouatic ea1aaion sellerated durios the expoaure of 7075-T651
81umJnUD alloy to corroa1va enviroGDBnts has beeD ioyestisated. SeYeral
differeat corrosioll related proce8S88 wore observed and identified uains
acoustic eaa188ion characteristics. These procesaes included hydrosen
88B evolution, pittina aDd exfoliation. Acoustic eai8sion IlUvefonD aDd
frequency characteristics have been related to sctive corrosion
proceaaea. Interaa1 frictioD Cle4llUr-.lta were alao carded out and
will be briefl, discussed.

The amplitude of the ".A.B. lIDd B.B. profiles st various fields and
the coerciyit, and hardnellll are all found to depend etronaly upon the
microstructure, showins difforeat trends as a function of tempering
tempersture or normalization t1lll8 or annesling time of the spec1lll8ns.
Cenersll, the ".A.B. decreases ss s fuaction of applied tenBils stres8
for all the Qicrostructure8 inveBtiaeted whilst the B.E. shows a more
complicated trend. The ratio of the ".A.B. sctivity at hiSh and low
fields vas found to be almost independent of small challses io the
microstructure such as the grain size or the fraction of each phase
present but DOnotonicallr dependent 011 stress. Therefore, in most
cases, if the basic Qicrostructure is known. it should be possible to
use this parameter to measure the stroBS. The fora of the B.E. profile
was characteristic of the phases present in the microstructure.
Therefore in a prscticel test, if the microstructure is completely
unkaovn, s measurement of B.E. should still ellsble s surface stress
measurement to be made using ".A.E.

atARACrElIZATlOH OF AI SIClfALS GI!IfEIlATED
lH ClW'llITB-I!I'mY lDG'OSITBS
STUDDS 011 1118 USB OF AQlUSTIC I'JIISSIOH lH PlHC8 IIBLDIIlC

A. HIlalousM, C. Roy aDd H. T8BDOn
UniYeraite de Sberbrooke

A.C. Beattie
Division 7552
Sandia National Laboratories
Albuquerque, N.".

Sherbrooke, P.Q.
Jll 211

A major drawback to tho full appreciation of the =echao1cal
perfonaaee of fibre COI:Ipoa1toa is the ault1plic1ty of fallure
GIII!Cbao1_ aDd the correapondins compleXity of clsmage prosreaaiOD.
Underataa4:lll8 the developaent aDd nature of this clsmage is essential to
the enllneer who uses composite materials for structural applications.

C.V. Pretzel

Diviaion 8473
Sandia National Laboratoriea
Livofl:lOre, CA

sre:

Tba aaio problems

fro~

an onelrticol end experimental poiot of view

a) Bow to distinauish between failure =4e such os fibre failure and
delaDill8t1on, I:llItdx alcrocraekin8, etc •• ?
b) Bow to evaluate the contributioa of iadiYidual and coabined
fatlure =dee to the overall dameso proce58 ODd ultimataly to the actual
residual strenlth of the composite •• ?

P1IIch weld8 were developed to fOfQ 88B tiaht seala on &m11
sta1a1oaa steal tubes. In tho weldin8 proceas, =derate forca ia
applied to two sidoa of the tuba by 8baped electrodes. Larae electrical
carreata are thaD _ t throup the taba. ResistaRee heatina softens tho
c:etal and tha COCIbill8tioa of hsDt and pressure fOn:18 a solid state bond
be~ the iDD8r surfaces of the tuba. The result1na 0881 will be ss
sUon8 aDd troublo free 88 the tube walla if made correctly.
UDfortaaataly, tba small aiza aDd curved seometry of the seal make it
very difficult to perfOnD NUB on it. OIle IlI8thod that has beea 8uuested
18 acoosUc lDOnitorial wtll1s the weld ia beiol fo~. Thia
preaeatstiOD deacribae a preliaiR8ry stud, lDtended to determine the
possibility of asinS such acoustic DOnitorins either os a ..thad of real
tiae NOE OD the IIOlds or in procese control durins weld ins. The results
of tba stud, are oncoura8ias but not conclusive.

The uae of acoustic emiaeioR8 ahOll8 promise 88 a nOIl-destructive
eYaluation method which facilitatea real-time analysis of failure
1Il8Chao1_ in 8raphite-apoxy cOllpoDites. This atady demonstretes
exper1centaly tho application of this technique to realistic defects
lDtr04uca4 into tho aaterlel. A wide roage of AE siaael characteristics
havs beea unraYelled uain8 maialy the Hilbort and PFT tranafor=9 to
sellerota the 118vefofQ envelope and apectral characteristiCs of the
deteetad AB aisaels. The rnsults have iadicsted that it ia pos8ible to
discrimiDate between eaa1saion phenomena such as matri. crocking,
fibre-matrlx interfacisl debondios and fibre rupture.
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APPLICAnOH OP AOlUSTIC OOSSIOIl TO BY1lRI1lE CRAClIHG

SIlSSIOH OVllRVD!ll:

S. Sagat, J.F.R. AIIbler and C.E. Coleman
AtOl:l1c Energy of Caooda Lillited
Hctallurgical Engineering Branch
Chalk River Nuclear Laboratories
Olslk Rivor, Ontario ((OJ lJO

POIIlT SOOIICIl/POIIlT III!CUYBIl KAT1lRIALS

~

Wolfgana Sachse
Department of Theoretical and Applied Mechanics
Cornell University
Ithica, H.Y. 14853

Acoustic eDlsaion has been used for over a decade to atudy delayed
hydrida cracking (DRC) in zirconiwa alloys.

The besis of quantitative acoustic emission measurements is a
measurement syst~ in which two of tho three c~ponents comprising it
(source, structure, sensor) have knovn ~poral and spatial
characteristics such that the features of the third component C8D be
recovered br appropriate sianal processina methods. The use of known
silllUlatod AE sources, _times with special characteristics, CaD fona
the basis of a powerful, nev materials and structure testing system.
This overview will surver the reqUirements and features of such a
testina aystem, sa=e of the verk vbicb has been done to date and tha
diroctions sucb measurements are takina.

At first acoustic emission vaa used primarily to detect the onset
of DUC. nus ws possibla because DUC vas acc01llpenied by very little
plaatic deformation of the material and furthermore the amplitudes of
the acoustic pulses produced during cracking of the brittle hydride
phase vera DUch larger than those froc dialocation motion sod twinning.
Acoustic ~ission waa alao used for messurins crack srowth when it
vas found that for a suitable amplituda threshold, the total number of
acouatic emission counts vas linearly related to the cracked area. Once
the proportionality constant was established, the acoustic counts could
be converted to the crack length.

LAS1!Il SDIllUnON OF BUlIED AE SOOIlCIlS

Nov the proportionality betveen the count rate and the crack growth
rate is used to provide feedback betveen the crack length and the
applied load, using computer technology. In such a 8yste~, the streas
at the crack tip can be maintained conatant during the test by adjusting
the applied load as the crack prosresses, or it can be changed in a
predetermined Danner, for exaaple, to measure the threshold stress for
crackins.

t. Luogdren snd D.A. Hutchins
PhysiCS Department, Quoeo's UDiverslty,
(tngston, Oatario t7L 3H6
A Q-svitchcd ruby laser, with a 300s pulse duration, has been uaed
to s1aulote AE sources vbich are buried within IlIBtallic plates. The
laBOr beam ves focused into a line, usinS a cylindrical lens, and
irrsdiated the base of a notch =iJcllined into an alUllinWII 88lDple. Tva
types of snurce were simulated. The first vas a dipole llOurce vitb s
step function time dopeodence, obtained uaina thermoelaatic expanaioo.
The second vas a pulsed normal force llOurce, wich reaulted frOlll
evaporation of a thin liquid coatina.

ACXlUS'l'IC PJfISSIOH Tl!STIKG OF PUSED SILICA,
PLAIlO/alIIYBI LASBa LBIlS~

C.A. Tstro 8lld A.E. BrOVll
University of California
Lawrence Livermore National Laboratory
Livermore, CA 94550

The displacement vsveforms io a plate that resultsd from those
Bourcoa vas detcted usina a MichelBon interferometer, vith a 40KHz
bandvidth and a noa:l.nal sensitiVity of 4.V/A. This vas ac:anned along
one surface of the plote, startina on epicentre, and displacements noted
at 0.5, 1.0 and 1.5 plata thicknesses. The principle features of the
waveforas will be described sod discussed within tho context of elastic
wave propagation and gode conversion.

81gb power laser syst_, such 88 the Novette, Nova and Nova II
laaer at Lawrance Liveraore National Laboratory and the French Phebus
laser use large plano-convex lenses (l~ di8Jll8ter). These fused silica
lenses operste st light energy levele near the gloss damage threshold,
81ld focus loser eaersy on a very &lIIS11 target. They sre further
employed as port of the vacuum vall of the laaer target eh8cIber.
MUltiple beams, each requiring one of the lenses, aimultaneously focus
laser eneru 011 a target to produce nuclear fusion.

nJlQUIlKCT DBPPJIDEHCIl OP GPJlBRALIZIlD RAY ARRIVALS AT
IlPICEN'l'I!I Itf A VISCOIIUSTIC PLA1'I

A number of the lenses described above vere tested under pressure
loadina, followina a design chanae which required that a arooved annular
rins nf 8IlIIIicircular cross sectioa be around into each lena. The rina
had a 0.16 •• diameter. This annular rios represented a Bubetantial
8trell8 concentration. The ring vas required to prohihit self-focussinS
of the laser eoergy vhich could reach levels thet 1I0111d destroy tho
lena.

Richard L. Weaver
Department of Theoretical 8IId Applied Mechanics
University of Illinois st Urbana-ehaapaiao
104 South Wrisht Street
Urbana, Illiooia 61801

The evolution of an AE monitored pressure test procedure to aBsure
fitnoss for aervice of these lenses viII be reported. Forty-four tests
vere porfonoed on 18 lenses. Of the lenses tested, only two were
recom=ended to be withheld froQ aS80Qbly for further testing. One had a
point of cIalIIago from a dropped tool. The other appeared to be IllIde of
soee substance other then fused silica.

The hiSh frequency bohaviour of generalized ray arrivala is
discussed vith a view tovsrds mterial charscterization by IIlOlUl8 of
experimental measurements of dispersion and attenustion in ultrasonic
poIses. The effect of ~ spreadina is treated exactly.

• Work perfonoed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under Contract W-7405-l!ng-48.

liBATtS IIf A HOTCR? I
ThOlllBs H. Proctor, Jr.,
Nstionsl Bureau of Standards
Gaithersburs, HD 20899

A aIIPRIlIII!IISIYB GlIIDB TO '1118
LITIlIA'l'UU ON AalUSTIC I!KISSION PIIOC CXIII'OSI'l'1lS

SUPPIStI!HT I
T.F. DROIlIWRD

Rockwell International
Rocky nate Plant
Golden, CO
80401

A compreheasive bibliography 00 the subject of acoustic emiaaion
from ccapoaitea vas co=piled for the First InternstiODBl Sympoaiu= on
Acouatic P.l:>iasion frea Reinforced C=posites held in San Fr8llCillCO,
California, July 19-21, 1983. The current bibliography is the first
suppler:ant to that bibliography. c=prised of 154 references, this
bibli08raphr provides a listins of nev IllIterial not included in tho
first bibliography. Tho material is prellODted in the _
format wich
includes a bibliographic section, author index, and subject index. Each
reference has been rated according to the extent it is devoted to
·ecoustic ea18810n. Also included is a list of organizations 81ld
authors, showina the shift of acoustic emission activites frOQ the first
report, and an updated ber-ehart shoving the distribution by year of
publication of the references cited in both lists.
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In 1979 Y.B. PaD et al. solved ths Green's function for the
off-uls cases in an infinite plate. Hia ray teclmiqus produces an
infinite set of displacement time wave forms for each position off the
epiceater ads. In 1980, va at NBS devoloped the point contact conical
transducer vbich possesses a hiah fidelity normal displacement responso.
With thia device va have confirmed Paots theoretical work by me8surins a
aumber of cbaractoriatic displacement VBveforms for saversl
8Oarce/reca1ver a_tries. This work vas reported by Breckenridae and
Proctor in 1983. Bara we are reporting on the aae of the point contact
trnnaclucer to examine the results that are obtained for tha case of an
iafiDite plete vh1ch baa a finite lenath notch cut in it. The llOurce io
thia case is a point step force function as s1aulated by breakina a
glaaa capillary. Ws examne ho" this notch interrupts the normal
Rayleiab wave and what the displacement 00 the other sido of the notch
le.

I-RAY G1lIfIlRATllD ULTRASOIIIC SIGHAUl:
aJARAC'l'BIIImCS ARB DIAGIIlG APPLICAUOHS

McBride, Harvey (RMC, Kingston, Canada)
Effects of temperature and heat treabnents on crack growth
AE in 7075 AI.

\/olfaana Sachse, Kwana Yul ICim and Wilbur F. Pierce
DepartlllOnt of Thooretical and Applied Kechanico
Cornell Univeroity
Ithica, N.Y. 14853

Edwards (University of Hull, UK)
Effects of stress and sample shape on the magnitude and
frequency of magnetomechanical AE

Thio paper deocribeo experimenta daaling with the characterization
of x-raJ sonerated ultrasonic oianslo in cateriala and their application
to the imaging of material inho=Daenaitiea. A linear relationohip is
eotabliahed between tho x-roy photon power and the aenerated ultrasonic
sianola. The directivity of the x-ray/acoustic oource was found to
resemble that of other tharcoelaotic aourcea. A new double-aodulation
aeasurement technique is deocribed in which the lIIBanitude and phsoe of
the lIIOduloted scoustic signsls sre IIIBBsured. Usa of the technique ia
BIplored II1th variouo I118terislo, incident beam oizeo and inclusiono.
The results of pre11lll1nory illlBaina exper1lllonta ere described which vere
carried out II1th direct and doublo-modulatad x-ray/scoustic signals.
The IIIBBsured 1IIIageo exhibit features dOlllinated by the effecta of the
transducer and elostic wave reaOl\llnces in the specimens. It 18 ahow
fram these results that uaina the 1aases generated at tvo codulation
frequenciea, identification of the spatial inhocoseneities in a spec1lllen
is possible.

FLAW D£m:TlOH IH 0lKCU1'B ARB anD!Il i1BiEIhA."1!KOUS K&TIlIUAUl

Waschkies (IfzP, Saarbrlicken, FRG)
Characterization of AE signals from crack growth and crack
friction in loaded steel components
Hanacek (lost. for Reactor Research, Switzerland)
Surveillance of a located crack by AE - First Results
Sala (CISE, Milan, Italy)
Characterization of AE sources induced by a mechanical
fatigue test of a PWR reduced scale vessel
Wonnster (COGEMA, France)
Study of the origin of the AE in alloys of aluminum
Tscheslisnig (TIN, Wien, Austria)
Leakage testing of flat bottom storage tanks

1ISI1lC 1'1WlSIl!Ni' STRBSS VAYES

Kery Sansalone. Nicholaa J. carino, Nelson N. Rsu
Nstionol Bureau of Standards
Gaitherabura. Haryland

Nerz (Sulzer, Switzerland)
Investigation on flow cavitation in a Francis-turbine by digital
analysis of AE

To develop a baoio for a nondeotructive test method for
heterogenous solido ouch 00 concrete, enalytical, nUClOrical and
laboratory atudieo of tronoient stress lIBve prop8sation in solid plates
and in plates containins flaws were carried out. The cethad involved
intraducins transient streos waveo into a test object by mechanical
point iIIIpsct and IIIOnitorins reflectiona of the waves frOlll internal
defecta end external bounderiee usina a conical displacement transducer
(point receiver). Resulto frOlll the followina etudiea 11111 be discuased;
experilllWltal vorl< 11111 be emphsoized.

October 9th
Rogers (AVT, UK)
The detection and monitoring ofcracks in structures

Exact Green's function solutiona for a point oource on an infinite
plate were used to etudy the reaponoe of e plate to elastic impact by a
aphere in both the t1llla and frequency dOlllOins. Dioplacement and otreoo
fieldo produced by a tronaient point load on tho top ourface of on
elaotic plate vera obtained uoina the finite element method. The finite
element I118thod wao sloo used to otudy tranoient wave p[ropagotion in
plateo containing a flat-bottolll hole or planar"diol<-shaped flaws.
Finite element solutiono were verified by cOlllparison to experilllBntal
waveforlllS and Green's function solutiono. The effects on surfaee
displaee=ont waveforlll8 eaused by chansing tho test confiauration and the
contact tillle of the impact were determined.

The developClOnt (instrumentation and signal proceasing) of an
experilllental impact-echo technique for findins flaws within plain and
oteel reinforced concrete will be described. Laboratory results will be
presented; it will be shown that the auccess achieved in the laboratory
suuest that the illlpact-ec:ho ClOthod has tho potential to beCOl:le a
reliable field technique for detectiDS flaws within heterogenous
l>8terials.

McBride, Willson (RMC, Kingston, Canada)
In-flight AE monitoring of a well documented crack
Bassim (University of Manitoba, Canada)
On-line surveillance with AE
Rogel, Sourquet (CETIM. France)
Use of AE for tool monitoring: Application in milling
Dewhurst (University of Hull. UK)
A co~parative study of wideband AE sensors using a laser
acoustic source
Reymond (CNRS, France)
Study ofquarries by AE
Fleischnmn,Zhang,Foug~

~SA,Lyon)

Intergranular crack growth monitored by AE during the cyclic
defonnationofAI-Cu

The XVtb E W G A E MEETING
7 • 10 October 1986, Istanbul, TURKEY

Cherfaqui, Lemascon, Roget (CETIM, France)
Detection and evaluation ofdefects in unidirectional fRP by
AE during bending test

Provisional Program
October 7tb

Van't Spijker (Akzo Research, Holland)
AnalySlS of Ae signals from nylon glassbead composites

Code Subgroup Meeting

Bozzetti (CISE, Milan, Italy)
AE testing on fiberglass reinforced waterpipe joints

October 8th
Registration

Business Session

Fleischman, Slimani, Fougeres (INSA, Lyon)
Dynamic behavior ofdislocations during the cyclic
deformation ofSN-AI polycrystals studied by means of AE

October 10th
Visit ofLaboratories of the National Research Council

Manosa (Barcelona, Spain)
Study of AE signals during a martensitic transformation in
Cu-AI-Zn shape memory alloys
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The Eighth International Acoustic Emission Symposium,
21 • 24 October 1986, Tokyo, Japan
Preliminary Program
TuesdQ. Octobar 21
lA OP£JIllllI SUSI.. (H.I1)
I. Y.-guehl

N. N. 8ossl0 (Conld.)
Fr.ctura Strength of Ion V.por Depo'itlon La~r of A11o, Stool $pocl_
Ootscted b)' Acousttc £Alllion Tech.lque
ZIuI Xiao QI ••• Xlao .lion Zhong and YIn XI "t.ng (ChIno)
lOA SESSI.. Fracturo Z (Hall) Chat ...... : I. lIdo
Detoctlon .nd Locallzatton of Crach b1 AcoustIc Erstsslon durIng. Tho.....l
Fattguo Tost
... Rogol. P. $auqu.t and ... L. Gel'DOln (Fr.nco)
Acoustic Ersl ..lo. StudIos on tho Dhcontt.uous Fotlguo Crack Growth In Pol,
(YII\)'I CI1rolldo)
No Takad•• T. HIg.sht .nd K. Tokahashl

fA SPfCIAL I.£C1IlIl£ 1 (Hall) Chal...... : T. KishI
Tho Char.etorlutlOll of Cr.ck Growth II)' AccIulUC ErslnlOll
C. 8. Send!, (U. K. )

51 SESSION IIow ~l1catlon 1 (Rooa 801) Chal ..... : f. TOI\011ol
Acousuc £atsslon Appllod to RaIl".11 I Invtted
B. R. A. llood (Au.troll.)
IlIYostlgation
Fractura Procoss.s of Pl...... Cootlng during Throo PoInts
BondIng b1 Acoustic £Atsslon
ZIIong IfongU.n. Zhou Xub. Ltao Po. Coo Shl.. lion Llsht ond Guo. lon
(China)
Acoustic Erstsslon duri.g Degrodatton of Coottng Fllas
T. TSUN. A. Sagsro and S. Ha'"11110

0.

3A SUSI.. AcoustIc GI.s-Ia 1 (H.ll) Chal ..... 1 Y. HIgo
Usn of AE I. a..lla-Ro_ Ltd. : Invltad
T• .I. Holro1d.... R. Vabator. P. t. COlt and R. 8. Prtco (U. 1:.)
"",,1110 CoNlIUon DI.gnosls S1'tezo UsIng AcoustIc £allSio. Tech.i'l"oS
I. Solo. T. Y....., ..... S. Sas.ki .nd T. Surukl

4A SESSION AcousUc DI..-is 2 (H.ll) Cholraa. I T• .I. Holro1Od
C1110Uc Vlbr.UOIIs .nd Acou.tlc Ersla.lon CoUIed II, • Cutttng Procon

51 SESSION Ilclw ~UcaUOIl 2 (Ilooco 801) Chat .....n : I. Gr.boc
Ev.lu.tton of Eloctrofonood Bond lntegrlUes b, AcOUltlc Ealaston : Invltod
.ltn Zhou llcng. Song Guo Gut and P.n XIong Huo (ChIno)
Enoru s,octru:o of Mlcro-F.ilurtls at 4.2 I Detonolnad b, ACQUstlc E.hlton
Technlquo
H. 'ujtte. H. Yoaajo. E. S. Wroy and Y. I.as.
AE Monltorl.g of Suporconducting Magnot
O. Tsuk_to. S. Slcso=oto o.d Y. Iw.u

I. Grallcc (Yugos1oYlo)
Usa of Acou.Uc Erslsslo. for In-Procon Mo.ltortng of Tool durl.g Tumlng and
Htl1ln9
.I. Roe.t. P. Souquot and N. Gatb (Franco)
Tho Rel.tion botweo. Vtbratio••nd AE Ch.r.ctorlnlcs In Do.tructio. of COlt
Irti.
.
I. !lonJoh. Y. Sudoh and .I. Masuda

SA SESSI.. I..m-atatton (H.ll) Ch.traa. : H. Htlts~
3rd Gonor.tlon AE I••t .......t.tlo. Techniquel for HIgh Fld.ltt, and Spoed of
Data Acqut.ltlon I I.yltad
S• .I. V.hoYloloa (U.S.A.)
Pr.ctlc.1 Modoll.g to Detarllll.o OptlCllll3 So••or POiltlo.l.g
R. D. Young .nd II. A. HalIst4d (U. S.A.)
Nultl"'u"""" Adoptablo AE Monltorl,,! S1'tea b)' Multl-OpUon Soft".ro
I:. Y...guchl. IL Ichtkaw. and IL ll)'olzu
On • Ra.I-TiIltl Collbr.Uon of AE Tronsf.r Fu.cUo. (Ac:plltUdo and Phuo)
M. Ono. Y. Htgo. S. Nu......r. .nd T. 1I0ton.bo
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ACOUSTIC EMISSION FROM ROCK UNDER
UNIAXIAL COMPRESSIVE TEST AND DIRECT SHEAR TEST

Daihua Zou
and
Hamish D. S. Miller, Associate Professor
Department of Mining and Mineral Process Engineering
The University of British Columbia
Vancouver, BC Canada V6T 1W5
INTRODUCTION
Acoustic emissions have been used to monitor the stability
of rock structures in both rock slopes and underground openings.
In underground mining, acoustic emission is often used to monitor
rockbursts and rockfalls.
Historically, it was found that
rockbursts and rockfalls were preceded by an abnormal increase of
acoustic emission.
Laboratory studies undertaken on the acoustic emission of
rock specimens shows a rapid increase of acoustic activity as
failure was approached.
However, the emphasis was on the
acoustic emission pattern before the rock specimens were loaded
to failure.
The effect of the test method on the acoustic
emission pattern has not been studied.
Furthermore, it was not
known whether the acoustic emission is the same for similar rock
types loaded under compression or in shear.
This paper presents the results of laboratory tests,
undertaken at the University of British Columbia, Department of
Mining and Mineral Process Engineering, which were designed to
examine the acoustic emission for these two kinds of failure
using the same rock type.
TEST PROGRAM

1.

Specimen Preparation

All test specimens were prepared from the same rock sample.
For the compressive tests, three 1.58 in. diameter specimens were
cut with a length:diameter ratio of 2:1.
The specimens were
prepared by cutting the core in the same direction. The sample
ends were then ground parallel to each other and perpendicular to
the core axis.
For the direct shear tests, four 3 in. diameter specimens
were prepared. The specimens were halved and each half cast in
cement. Three of the specimens had their shear surfaces created
by breaking the specimen with a chisel. The fourth specimen was
cut with a diamond saw. Care was taken during casting that the
specimens were in alignment and the shear planes horizontal.
Access was left in the cement cast for mounting the
accelerometer, which is recoverable after each test.
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The cement was completely dry when the specimens were
tested.
2.

Equipment

A servocontrolled MTS testing machine with a capacity of 200
kN was used for the compressive tests. It was therefore possible
to test the specimens under a constant displacement rate.
The
MTS testing machine is also able to record on disc and plot load
and displacement against time throughout the test.
Unfortunately, due to a lack of equipment, a manual-loading
device has to be used for the direct shear test.
Load and
displacement data were taken by hand.
For recording acoustic emissions, a PAC self-contained,
four-channel data recorder and processor was used.
The PAC can
record acoustic signals at very high speeds, and eliminate
background noises by changing the amplification and threshold
levels. Only frequencies above 1 kHz were processed.
3.

Test Procedure

Following preparation, an acoustic emission transducer was
attached to the specimen by tape, Figure 1. An acoustic coupler
was used to make a good contact between the transducer and the
specimen surface.
The PAC acoustic emission equipment was calibrated before
testing commenced, resulting in a 1-2 v threshold and 49-55 db in
gain. The dead time between events was set to 1 ms for the shear
tests and 3-6 ms for the compressive tests.
During the compressive tests, the MTS testing machine was
programmed to give a constant displacement rate of 0.0001 mm/s at
the beginning of the tests and 0.00001 mm/s when the load reached
approximately 40% of the U.C.S. During the direct shear, loading
was applied manually.
Normal pressure was set to 1000, 2000,
3000 and 4500 psi respectively for each specimen.
The acoustic emission signals recorded by the PAC system
were both displayed on the screen and stored on disc. These data
can be replayed and plotted in several formats.
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TEST RESULTS AND DISCUSSION
Results of the two types of test are presented below.
Due
to the limited number of specimens tested, no quantitative
information can be obtained.
However, they provide some good
information for qualitative analysis.
1.

Acoustic Emission from Uniaxial Compressive Tests

The acoustic emission information is presented here as event
rate, energy release rate and energy release ratio against
loading time and axial load.
They are plotted in Figures 2
through 5 for specimens #1 and #2 only.
Due to technical
problems during the test, data for specimen #3 is not complete
and therefore has not been analysed.
Figures 2 and 3 show that at the start of the test, there
was little or no acoustic activity.
As the loading continued,
acoustic emissions increased slowly.
However, activity was
minimal until the specimen was close to failure.
The acoustic
emission is most active during the period immediately preceding
specimen failure. The length of this high emission period should
vary with the mechanical properties of the rock specimen and with
the loading conditions.
During this active period, the event rate increases rapidly
initially, then dies down just before failure. At the same time,
energy release rate keeps going up. When failure is approached,
energy release rate shows a peak value.
The energy release
ratio, or the average energy released per event, behaves
similarly to the energy release rate.
During the quiet period, the acoustic emission corresponds
to the perfect elastic. phase up to fracture initiation.
As
fracturing propagates further, acoustic emission activity becomes
more intense.
When a fracture surface is finally formed, the
specimen fails and the acoustic emission dies out.
This may
suggest that there is a build-up of acoustic emission before
failure and that when failure is reached, the number of acoustic
events becomes less, but the magnitude of the event increases.
Graphs of acoustic emission versus axial load, Figures 4 and
5, give a further indication of the failure mechanism.
In both
tests, when the load is low, acoustic emissions are negligible.
As loading increased, acoustic emissions increased, the emission
increasing suddenly at 71% and 78% of the compressive strength
for samples 1 and 2 respectively.
At this point, event rate,
energy release rate and energy ratio all showed a sharp increase,
remaining high until failure.
It is interesting to notice that
there is a delay between the maximum value of the various
acoustic emission parameters.
The event number shows a sharp
increase before the energy release rate. This may correspond to
the fact that at the onset of fracturing, microcracks are formed
and as the fractures propagate, their intensity increases.
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During tests, some peaks of acoustic emission were observed
before failure. This may give the misleading impression of real
failure if the actual compressive strength is unknown.
In the
actual practice of microseismic monitoring, rock noise parameters
are usually plotted versus time. False warnings evidenced by a
build-up of rock noise may be due to these subincreases. If the
actual strength of a rock mass is known and if only those buildups of rock noises at high stress level with respect to the
strength are considered as warning signals of an impending
failure, the reliability of the monitoring system could be
greatly increased.
2.

Acoustic Emission from Direct Shear Tests

For the three breakage surfaces and the one sawcut surface
tested under direct shear, empirical formulae of shear strength
with respect to normal stress were obtained statistically.
For
both, there is a good relation between shear strength and normal
stress, with linear correlation coefficients above 0.96.
The
roughness of the shear surface is accounted for by the friction
angle. The sawcut surface was smoother than the breakage surface
and consequently had a lower friction angle, as illustrated in
Figure 6.
Information on acoustic emissions are presented as a
function of time and shear displacement in Figures 7 through 12.
Due to some problems during the test, information for specimen #6
is not complete and is not shown here.
Although it was not
possible to record the oscillation information, the phenomenon of
stick-slip was observed during the test of the sawcut
specimen #4.
The breakage surfaces were not ideally flat and had some
undulations, therefore the shear stress still went up slightly
after slip began and the appearance of slip is not very clear, as
indicated by the arrows in Figures 7 and 8.
At the beginning of the tests, there was little acoustic
emission. As the test continued, event rate began to increase.
When slip showed up, the event rate reached a maximum. Then it
remained almost constant as sliding continued.
However, the
energy release rate was very small until slip began and most
energy was released during slip as shown in Figures 7b) and 9b).
It is interesting to look at the shear displacement and energy
release rate.
When the rate of displacement (indicated by its
slope) increases, the energy release rate increases, especially
at the end of each test. This coincides well with the suggestion
that acoustic emission is displacement-rate dependent for shear
failure as compared with compressive failure where acoustic
emission appears to be more likely stress dependent.
Figures 10 to 12 show the acoustic emission and shear
pressure against shear displacement.
Slipping took place when
both event rate and energy release reached some critical values.
During slip where the shear pressure is almost constant, the
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event rate remains unchanged as for breakage surfaces, or remains
co~stant at a lower level after a drop as for a sawcut surface,
and the energy release remains almost constant for a period then
increases sharply. This abrupt change is thought to be a result
of the increase in the displacement rate. This may suggest that
if slip rate is constant, the acoustic emission activity will be
unchanged.
The acoustic emission from the sawcut surface is similar to
that from the breakage surface. The only difference is that the
magnitudes for the breakage surface are bigger than the sawcut
surface.
In these tests, it is also found that normal pressure seems
to have a significant effect on acoustic emission. As a typical
example, acoustic emission information for specimen #4 sawcut
surface under normal pressure ranging from 1000 psi to 4500 psi
is presented.
Figures 13 and 14 indicate that at low normal
pressure, little or no acoustic emission activity exists before
slip.
As the normal pressure increases, acoustic emission in
this period becomes more active.
The normal pressure does not
appear to change the pattern of the event rate after slip begins,
only the magnitude alters.
The normal pressure is also related directly to the method
of slip. A stable sliding at low normal pressure can become
stick-slip when normal pressure reaches critical value. Figures
14(d) and 15(a) show two significant drops of shear stress at
a normal pressure of 4500 psi.
These stress drops are
accompanied by sharp energy releases which are clearly seen in
Figures 14(d) and 15(c).
From the above results, there seems to be little or no
relationship between the acoustic emissions from compressive and
shear test specimens. However, further analysis of the test data
shows that the failure of intact rock under compression has two
stages. The first is a patch similar to conventional compressive
testing up to the point where the fracture surface is first
formed. At this point, the failure path is one similar to that
of the shear tests.
Unfortunately, this shear process in the
compressive tests occurs extremely rapidly and cannot be easily
observed. This is because the shear stress on the newly-formed
fracture surface is much higher than the shear strength of the
fracture surface itself. Here, shear failure occurs immediately
when the fracture surface is formed. At the same time, the shear
strength of the fracture surface drops because the normal
pressure acting on it is decreasing.
This means that if a large shear load is suddenly applied to
the shear specimen, the shear failure process will occur
extremely rapidly. This was proven in the test by releasing the
normal pressure quickly when slip began and bursting phenomena
were observed.
Figures 16 and 17 illustrate the acoustic
emission for the sudden loading.
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Therefore, a complete picture of acoustic emission for the
failure of intact rock is considered to be the combination of the
first part of acoustic emission in compressive test up to the
completion of fracture surface and the second part of acoustic
emission in shear test after the slip begins.

CONCLUSIONS
Test results of the limited number of specimens are
encouraging. A number of important points can be drawn.
For the uniaxial compressive test:
1.
2.

3.

4.

At the beginning of loading, acoustic emissions are very
low. This corresponds to the period of perfect elasticity.
As load reaches a value of some 71%-78% of the strength for
the rock tested, acoustic emission begins to build up, in
response to fracture initiation. Acoustic emission is most
active in the period immediately before failure, during
which fractures develop rapidly.
During this active period, if displacement rate is constant,
the event rate goes up initially, then dies down before
failure.
However, the energy release keeps increasing and
shows a peak value at failure. This may be due to the fact
that as failure approaches, events become bigger in
magnitude because the fracture structures are greater.
There is a short delay between build-up of event rate and
energy release, with event rate increasing first.
This may
be explained by the fact that small fracturing develops
first, which then join up to form larger fracture zones.

For direct shear tests:
5.
6.
7.

8.

9.

At low stress levels, there is little acoustic emission.
When slip begins, acoustic activity reaches some critical
level and then remains more or less constant.
Most energy is released during slip.
During slip, the event rate remains constant, but energy
release rate rises sharply towards failure.
This is
accounted for by the increase of shear displacement rate.
It may suggest that acoustic emission in the shear mode is
more displacement-rate dependent than stress-dependent.
Roughness of shear surface does not change the pattern of
acoustic emission.
However, the magnitude of acoustic
emission for the breakage surface is much higher than for
the sawcut surface.
For a smooth surface, stick-slip phenomenon may be observed
at high normal pressure.
In this case, each slip is
accompanied by a drop of shear stress and an increase of
energy release, then followed by a drop of acoustic
activity.

Effect of normal pressure on acoustic emission in shear test:

S6
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.

10 •

11 •

12.

At low normal pressure, little acoustic emission exists
before the onset of slip. At high normal pressure, acoustic
emission becomes more active in this period. It is probable
that a macrofailure is a combination of many local
fractures.
Each fracture initiates at some local point and
propagates out with the increase of load.
The higher the
normal pressure, the more local fractures initiate.
After slip begins, normal pressure does not seem to change
the pattern of acoustic emission except for increasing the
magnitude.
Normal pressure may change the method of slip.
A stable
sliding at low normal pressure may become stick-slip at
higher normal pressure.
This coincides with the hypothesis
that for a given material, corresponding to a shear stress
there is a critical normal pressure beyond which transition
from stable sliding to stick-slip occurs.

It is further postulated that the failure in shear test is a
continuation or an expansion of the failure in compressive test.
This process of shear failure is too short to be observed in the
conventional compressive test because the shear stress on the
fracture surface is so high that it causes immediate failure. In
addition, the shear strength is decreasing because of the drop of
normal pressure on the fracture surface.
It is because of this extra shear stress that bursting can
result in the direct shear test by either applying a sudden shear
force or releasing the normal pressure rapidly. This may help to
explain the occurrence of rock bursts along geological
weaknesses.
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MICRO-BASED AE SYSTEM FOR TOOL MONITORING
S.Vajpayee and A.Sampath
Department of Industrial Engineering
University of Windsor
Canada
Tool management is an essential function of a machining
system of which tool health monitoring as a subsystem (Fig 1) is a
major element. An unexpected interruption of the process for tool
replacement due to excessive wear/fracture could be detrimental to
the entire operation of the system - halting production and/or
affecting the quality of the machined surface. Thus cutting tool
could very well become the weakest link in the long and complicated
chain of a flexible manufacturing system. In current shop-floor
practice, tools are replaced at the end of predetermined machining
times which is not economical (Sampath and Vajpayee, 1986). Several
direct and indirect tool wear sensing methods and their relative
merits have been reported recently (Sampath and Vajpayee, 1986). The
present paper describes the deve~opment of a microcomputer-based AE
system for on-line monitoring of tool wear.
Characteristics of AE in Metal Cutting: AE generated in metal
cutting is largely continuous though there are transients
superimposed (Fig 2). So far not much work has been done to consider
the importance of transients on its own - most researchers treat
these alongwith the basic continuous trend. Since the tool must be
undergoing severe stressing just before breakage, predominant
transients can be expected during this period. Thus during the
pre-breakage stage it is the transients which might contain more
information about the tool health. The authors, therefore, feel that
in situations where transients are severe, these might become more
significant than the rest of the signal. We prefer to call an AE
signal which is predominantly continuous as "pseudo-continuous". A
discussion on the analysis of such a signal including its limitations
for relating its parameters to flank wear/fracture has been presented
elsewhere (Sampath and Vajpayee, 1986). Besides normal tool wear, the
tool can also break in the course of machining. Under such conditions
severe AE transients may be generated. An AE signal with predominant
transients superimposed on the continuous may be called
"pseudo-trans ient".
Development of a Microcomputer-based AE System: A simple method
which can be used for both types of signals is the analysis of AE
count rate (Moriwaki, 1985). The microcomputer-based system developed
at the University of Windsor is based on this approach. The objective
was to develop (Sampath and Vajpayee 1986) a low-cost AE system so
that it could be afforded by small and medium manufacturers as well.
The general set-up of the system, shown in Figure 3, consists of a
piezo-electric transducer to pick up the AE signal which is amplified
and filtered. A 16-bit pulse counter - built in-house as a part of
the development, is plugged into the microcomputer to measure the
number of pulses generated during a set interval of time. A BASIC
program reads the count rate, compares the cumulative count with the
limiting value for the given cutting conditions and gives a warning
signal, if required, to the operator to replace the tool. Since the
capabilities of a microcomputer are normally resident in the
812
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machining centres, these can be tapped, if required, for implementing
this system at the shop-floor.
Experimental Procedure: Experiments were conducted with this system
to study the growth in AE count with the duration of machining. A
centre lathe (Harrison M4QO) was used for turning AISI 1020 steel
with uncoated carbide inserts (SNMG 643) having -50 back rake
angle. For the tool-work pair used, average cutting parameters for
medium cuts were selected at 112 m/min cutting velocity, 0.23 mm/rev
feed rate and l.g mm depth of cut. The pulse counter was set at a
threshold voltage level of lOG mv based on trial and error so that
neither too many nor too few counts were measured. The wide-band
conditioning amplifier (B&K model 2638) was set at 20 dB overall
gain, 100 kHz high-pass and 2 MHz low-pass filtering. These settings
were necessary to maintain a high signal-to-noise ratio as well as to
eliminate unwanted signals.
As turning progresses, the system counts the number of
pulses for each one-second interval and stores in the computer
memory. At the end of each pass, the system is set to pause (until
the tool is ready for the next pass) and restarted by a prompt. The
data are next transferred to the secondary disk storage for analysis
later. The flank wear is measured at the end of each pass using a
100X microscope (Titan model 72A).

Results and Discussions: Three sets of readings - each with a new
cutting edge, were collected at the same cutting conditions. The
number of pulses counted during a one-second interval was analysed
for autocorrelation using the Box-Jenkins time series analysis
(Sampath and Vajpayee, 1986). It was found from this analysis that
the count rate is an independent random variable. ~ plot of the
cumulative count with time is presented in Figure 4 where the three
sets of points represent the same cutting conditions. In contrast to
the instantaneous values of the count rate being a random variable,
the cumulative count in Figure 4 seems to show a definite trend.
During the first several minutes of cutting (approximately half the
tool life) the cumulative count data are close to each other. The
significant variation in the latter half of the cutting t~me,
however, suggests that the number of tests required for investigating
the growth in cumulative count has to be large.
Since the data in Figure 4 shows a linear trend, one would
like to fit a curve to these. Once such a relationship has been
established, the cumulative value corresponding to the maximum
allowable flank wear of 389 pm could become a parameter for
determining the end of tool life. For a typical case (Sampath and
Va]payee lq86) the cumulative count value which signifies the demise
of the cutting edge is around 50000.
Since the ultimate objective of AE data analysis is to aid
in making tool replacement decisions, further analyses of data were
carried out. A summary of the results is shown in Table I. These
results illustrate the following two points:
a) The sample mean and the variance vary significantly (x between J.3
and 36 and S2 between 3796 and 7519) for the three samples, thus
demostrating the st.ochastic nature of the data.
b) The flank wear at. t.he end of the test and the corresponding
813
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cumulative AE count are also given in Table I. It can be noticed
that the flank wear for the first sample is lower than that for
the second sample even though the tool in sample #1 had been used
longer. A comparison between second and third samples also show
similar result. However, the cumulative AE count for the second
sample with higher wear is high and for the third sample with
lower wear is low. ThUS, cumulative count shows a better
correlation with flank wear than does the duration of cut.
This observation is quite interesting. It shows that in
cases where tools are replaced at the end of a certain fixed time
based on the average tool life data, a cost penality could result
from under/over-utilized tool. For the cutting conditions at which
experiments were carried out, the tool is expected to have an average
life of approximately 30 minutes. Extrapolating the wear-time data in
Table I, the flank wear of the sample #2 edge will exceed the
allowable limit of 38Q ~m by the time 3Q minutes of cutting was
completed. This means that the tool will cause damage to the machined
surface owing to wear. The flank wear of the sample #3 tool, on the
other hand, may not have reached the limit of 380 pm. Thus, according
to the replacement policy based on tool life, sample #2 represents an
over-utilized tool whereas #3 an under-utilized one. Had the AE
cumulative count been the criterion for replacing the cutting edges,
this situation would not occur. The sample
edge in this case will
be replaced just in time (before 30 minutes of cutting), thus
preventing any damage to the surface. In the case of sample #3, the
cutting would be allowed to continue until the cutting edge has been
fUlly used up. Hence, there will be a savings in time due to extended
tool life in the case of sample #3 and a prevention of damage to the
work material in sample #2.

'2

Conclusions: The development of a microcomputer-based AE system for
tool health monitoring and some results therefrom have been
presented. It has been found that the cumulative count of AE events
has a better correlation with progressive tool wear. The nature of
AE emission in metal cutting has been found to be stOChastic and each
observation of the count rate is an independent discrete random
variable. The present shop-floor practice of tool replacement based
on fixed tool life 'may not be the most economic since a tool can get
replaced prematurely or, in the other extreme, only after damage has
been done. There is obviously a need for on-line monitoring of
tool-condition. This has become more important within the context of
computer-integrated manufacturing.
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TABLE 1
Sample

Sample Sample Sample
Cumulative Duration
Terminal
size
mean
variance AE Count
of cut
flank wear
S2
Min
lJD1
n
X
------------------------------------~----------------- ------------------1
1552
26
5662
39885
25.87
321
36
7519
46224
21.52
333
2
1291
3
1419
13
3796
18903
23.65
242
#
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APPLICATION OF ACOUSTIC EMISSION TO HYDRIDE CRACKING

s.

1.

Sagat, J.F.R. Ambler and C.E. Coleman
Atomic Energy of Canada Limited
Metallurgical Engineering Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1JO

INTRODUCTION

The fuel channels in Canadian power reactors are made of Zr-2.5 Nb alloy.
Zirconium alloys dissolve hydrogen in large quantities but they form zirconium
hydrides if the solubility limit is exceeded. The hydride phase has very low
ductility and under some conditions can embrittle the components made of
zirconium alloys. Two types of embrittlement have been recognized. The first
is a reduction in ductility and fracture toughness below 520 K if sufficient
hydride phase is present while in the second, cracking progresses stably under
static load conditions; this latter is called "Delayed Hydride Cracking", (DHC).
It has been postulated that DHC occurs by repetition of the following processes
(1):

- stress-induced migration of hydrogen and precipitation of the hydride at a
flaw tip
- growth of the hydride phase, and
- fracture of the hydride after reaching a critical state.
Our objective is to understand DHC in zirconium alloys and to investigate
different methods that would reduce the susceptibility of these alloys to this
type of embrittlement.
2.

ACOUSTIC EMISSION FROM HYDRIDE CRACKING

Acoustic emission (AE) has been used successfully (2) to measure the following
parameters:
- time from the start of the test until the onset of cracking (incubation
time) ,
- relative crack growth rates, and
- the minimum load necessary for crack growth.
DHC is studied using notched single and double cantilever beam specimens
machined from Zr-2.5 Nb pressure tubes. Hydrogen is added gaseously to the
specimens up to a concentration of 1 at% (100 ppm). The specimens are tested in
test rigs shown schematically in Figure 1. The cantilever beam specimen is held
by two grips while the double cantilever beam specimen is attached to pull rods
using pins. The stress conditions at the specimen notch are described in terms
of elastic fracture mechanics as "stress intensity factor", KI (Appendix I).
The transducer is fastened to the grips or the pull rods. The signal from the
transducer is preamplified and fed into an analyzer providing additional gain,
filtering and counting.
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3.

MEASUREMENT OF CRACK GROWTH

Crack growth was estimated by measuring the number of acoustic emission events
produced by a unit area of cracking. A series of crack growth tests under
nominally identical conditions (temperature of 475 K and load of 1070 N) were
performed on a double cantilever beam specimen. After AE indicated a sufficient
amount of cracking, the specimen was broken open (Figure 2), and the cracked
areas were measured and the calibration constants determined (Table 1 and Figure
3). The calibration held reasonably constant for all tests but the last two, in
which the fracture was accompanied by an increased amount of plastic
deformation.
Tests performed at different temperatures showed that the calibration constant
was insensitive to temperature and KI (Table 2). The calibration constant,
however, was different in different tubes and in different alloys (Table 2).
The calibration may vary between different AE set-ups and hence, the calibration
constant must always be established for the particular apparatus.
In DHC of Zr-2.5 Nb alloys, the total AE count, N, is proportional to the
cracked area A

N = C.A

= C.W.L

where C is the calibration constant, W is the thickness of the specimen and L is
the crack depth.
Assuming a plane crack front, the crack depth, L, is given by
L

= N/(C.W)

AE emission generated from the fracture of metals is dependent on the fracture
mechanics parameters such as KI (3). The independence of AE on Kr in these
experiments is unique to DHC process in which the crack growth rate is
insensitive to Kr in the steady-state crack growth regime.
4.

FEEDBACK BETWEEN AE COUNTS AND THE APPLIED LOAD

The linear relationship between the total number of acoustic counts and the
cracked area, led to the use of a computer to provide a feedback between the
measured crack length and the applied load.
Figure 4 shows a schematic diagram of the experiment with computer control for
cantilever beam specimens. The load was applied via a slotted nut driven by a
stepping motor. The nut screwed onto a fine thread screw rising from the load
cell through a clearance hole in the arm. By rotating the nut clockwise, the
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arm was pushed down, applying a bending moment on the specimen while the load
cell measured the applied load. During the test, the current crack length was
calculated from the acoustic emission using an appropriate calibration constant.
The KI was calculated from the measured load, crack length, and the specimen
cross-sectional area. Since the computer kept track of all these variables, an
appropriate action such as changing the load or switching the furnace off could
be taken anytime during the test. This allowed tests to be performed at a
constant or reducing KI and the test could be terminated automatically.
As a crack grows in a cantilever beam specimen, KI increases unless the load
is reduced. (This load reduction is not necessary in the double cantilever beam
specimen which compensates for the increase in crack length by an increase in
cross-sectional area through its tapered shape.) Figure 5 (a) shows the results
from a crack growth test on a cantilever beam specimen in which KI was
maintained constant by computer control. The test temperature was 475 K and the
initial KI was 17.5 MFa;;. After an incubation time of 0.3 h, the crack started
to grow and continued to grow at a constant rate of 4.5 mm/day. The crack
length did not increase with time in a continuous manner but in a step-wise
fashion, indicating the intermittent nature of the cracking process. The
distribution of acoustic emission bursts converted into crack length increments
is shown in Figure 5 (b). It ranges from 0.15 ~m (about 100 counts) to 4 ~m
(about 2800 counts). A calibration constant of 2.46 x 1011 counts/m 2 was used
in this test. The actual calibration constant was obtained after the specimen
was broken open and the DRC fracture area measured. Dividing the total number
of counts by the fract~re area gave a value of 2.77 x lOll counts/m2 , which is
about 13% different from the calibration constant used in the test. This error
in the calibration constant meant that KI waS not maintained perfectly constant
during the test but changed from the initial value of 17.5 MFalm to 16.8 MPalm
(4% difference). Without the computer control, the final KI would have been
26 MPalm (49% difference).
To measure the minimum load for crack growth (or the threshold KI value denoted
as KIR ), a specimen was heated to 473 K and initially loaded to a KI of
17.5 MFalm and every time the crack grew 5 ~m, Kr was reduced by 2%. The crack
stopped growing at KI of 5.7 MPalm and no cracking was observed for the next
114 h (Figure 6).
5.

CONCLUSIONS

Acoustic emission has been successfully used not only to detect the onset of
hydride cracking but also to measured crack growth in Zr-2.5 Nb alloys.
Total AE count during DRC is proportional to the area of cracking.
The variability of the calibration constant in nominally identical tests is
about 16%.
The calibration constant has a weak dependence on temperature and KI'
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The calibration constant is different in each experimental set-up and also
varies from material to material.
Proportionality between the AE count and the cracked area allows use of a
computer to control KI during DHC tests.
6.
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APPENDIX
Expressions used for Calculating the Stress Intensity Factors Kr (MPa/JD)

Cantilever beam specimen:

where

M
B
D :;:
A
Bn
::2
::2

::2
::2

X

::2

net bending moment at the notch,
specimen breadth,
specimen depth,
depth of notch plus crack,
specimen breadth at side grooves,
1 - AID

Double Cantilever Beam Specimen:

KI= PJ2: (~)
where P :;:
E
B :;:
dC
dA
::2

load,
Young's modulus,
specimen breadth,
is obtained from calibration where compliance C is measured as a
function of crack length A.
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Table 1:

Variability in the Calibration Constant in Double Cantilever Beam
Specimen Tested at 475 K and Kr of 15 MPallD. Total gain on AE
apparatus was 75 db.
AX Counts

Band*

AX Counts
Cumulative

---

------------------------------268,710
215,870
303,890
243,800
284,700
289,900
187,800
130,100

1
2
3
4
5
6
7
8

--- ..

268,710
484,580
788,470
1,032,270
1,316,970
1,606,870
1,794,670
1,924,770

.

AE/Area
Counts/m2

----------------

-----

7.53
6.81
6.37
6.53
7.17
6.25
2.92
1.41

x
x
x
x
x
x
x
x

10 10
10 10
10 10
10 10
10 10
1010
10 10
10 10

---------

The mean calibration constant in bands 1 to 6 is 6.78 x 10 10 counts/m 2 with 95%
confidence limits of the mean +5.2 x 109 counts/m2 or +7.7% from the mean.
See Figure 2

*

Table 2:

The Effect of Temperature, KI' and Material on the Calibration
Constant. The Results were Obtained on Cantilever Beam Specimens.
Effect of KI

Effect of Temperature
--------------------------------------Gain ::: 95 db
Gain = 90 db

Temperature = 523 K
Material: Zr-2.5 Nb, single specimen

Kr .,. 17.5 MPaltii
Temperature = 423 K and 523 K
Single Zr-2.5 Nb Specimen.
Temperature

K

Calibration Constant
counts/m2

KI, MPaltii

4.626 x lOll
4.533 x lOll

423
523

12
15.5
20

Gain ::: 90 db
.,. 17.5 MPaliii
Temperature .,. 523 K
Material
Calibration Constant
counts/m2

Gain .,. 90 db
::: 17.5 MPaliii
Temperature .,. 523 K
Material: Zr-2.5 Nb

Kr

Kr

X

349

Calibration constant
counts 1m2

7.56 x lOll
7.85 x lOll
6.91 x lOll
Effect of Alloy

Effect of Tube

Tube

Calibration Constant
counts 1m 2

Zr-2.5 Nb
XL

(4.498 + 0.36) x lOll
(3.305 + 0.44) x lOll

S20

(3.852 + 0.42) x lOll
(6.184 + 1.60) x 10 10
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A FIRID BLEIIBII1' S'lUDY OF 'l'BB STRESS AIID DISPLACBMBR'r FULDS
paOOUCBD BY ponrr IMPACT

Mary Sansalone, Nicholas J. Carino, and Nelson N. Hsu
National Bureau of Standards
Gaithersburg, Maryland 20899
Introduction

The National Bureau of Standards is working to develop a nondestructive
test method for finding flaws within heterogenous materials, such as concrete
£lI. The method, which is referred to as the impact-echo method, involves
introducing transient stress waves into a test object by mechanical impact
(point source) and monitoring reflections of the waves from internal defects
and external boundaries using a displacement transducer (point receiver)
which is located close to the impact point.
The impact-echo test is a simple procedure; however, successful
interpretation of recorded surface displacement waveforms requires an
understanding of the interaction of transient stress waves with internal
defects.
To develop a basis for the method, Green's function solutions,
finite element solutions, and experimental studies of transient stress wave
propagation in solid plates and in plates containing flaws have been carried
out [I-51. This abstract will discuss some significant findings of the finite
element studies.

Finite Element Studies
The finite element program, DYNA2D, developed at Lawrence Livemore
National Laboratory, was used to study displacement and streu fields
generated by point impact on an elastic solid and the interaction of transient
waves with internal flaws. This code can solve axisymmetric and plane strain
problems.
Initi,l finite element studies were carried out using a solid plate
so that the solutions could be compared to exact Green's function solutions
for point impact on an infinite plate. An axisymmetric analysis was performed
for point impact on the surface of a O.S-m thick, 1.S-m diameter, unsupported
plate (Poissonts ratio of 0.2). The force-time history of the impact was
modeled a8 a half-eycle sine curve with a duration of 25 microseconds. Figure
I shows a contour plot of mimimum principal (compressive) stre88 125
microseconds after the start of impact. The letters A through E indicate
the relative magnitude of stresses.
The position of the compression (p)
and shear (S) waves are indicated on the figure. As can also be seen, there
is a region of stresses between the P- and the S-waves whose pattern resembles
a P-wave, and a region of stresses trailing the S-wave whose pattern resembles
an S"'ave. These are the P- and S...ave wakes. These wakes do not exist
in the far-field solution for a haTDlonic point source.
They were a
significant finding of the finite element analysis and helped to explain
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previously unexplained features of surface displacement waveforms.

A =-10

=

B -7.9
C = -5.9
0=-3.8
E

Figure 1.

=-1.7

Stress field within a solid plate subjected to point impact.

Figure 2 shows a comparison of a Green IS func tion solution (Fig. 2( a»
to a surface displacement waveform obtained from the finite element analysis
(Fig. 2(b». The test configuration and duration of the impact was the same
for both solutions; in each case. the displacement was calculated 0.05 m
away from the impact point. There is excellent agreement between the two
waveforms. The only discrepency appears at the end of the R-wave. where
the finite element waveform exhibits some spurious oscillations. This
comparison shows that the response predicted by the finite element analysis
is very similar to the exact Greenls function solution.
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Figure 2. Comparison of exact and numerical surface displacement waveforms
obtained from a solid plate: a) Greenls function solution; and b) finite
element solution.

825

The 29th Meeting of Acoustic Emission Working Group

Plates containing planar flaws were also analyzed. The main focus of
these studies was to determine the effects on the stress and displacement
fields in a plate and on surface displacement waveforms caused by diffraction
of waves at the edges of a flaw. Figure 3 shows a minimum principal stress
contour plot obtained 125 microseconds after the start of impact for a 0.5-m
thiek plate containing a planar disk-shaped flaw. Letters A through E show
the relative magnitude of stresses.
The diameter of the flaw, was 0.2 mj
the depth of the flaw was 0.25 m.
The P-wave is just arriving at the bottom
surface of the plate. This P-wave has diffrac ted around the edges of the
flaw and has reformed in the shadow zone below the flaw.
The S-wave is
diffracting around the edge of the flaw and the waves reflected from the
surface of the flaw (2P, PS, SP, and 28) can be seen propagating towards
the top surface of the plate.
Comparing this figure to Figure 1 reveals
how the presence of the flaw complicates the stress pattern.

=-10
B = -7.8
C =-5.5
A

D = -3.3
E =-1

Figure 3.
Stress field caused by point impact on a plate containing a
disk-shaped flaw.

Blperjmeptal Verificatiop

The capability of the finite element method to model diffraction at
the edges of a flaw w.,as established by comparing surface displacement
waveforms obtained from analyses of an aluminum plate containing a flat-bottom
hole to experimentally obtained waveforms (2). Excellent agreement was found
between the finite element and experimental waveforms.
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S'mmJ8tY

The numerical studies of solid
shown that the finite element method
wave propagation in bounded solids
condi tions, and containing flaws.
the analysis of a wide variety of
no other solutions.

plates and plates containing flaws have
is a poweTful tool for studying transient
subjected to arbitrary loads, boundary
These studies have opened the door to
problems for which there are presently
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Plate Green's Function - A Computer Program
and Its Application to Acoustic Emission
Nelson N. Hsu
National Bureau of Standards
Gaithersburg, MD 20899
The detected acoustic emission (AE) has a complicated waveform which is
difficult to decipher even for simple sources of known time waveform. The
Green's function formulation offers a systematic method of computation which
makes the details of the initial part of the AE waveform predictable. In
1918 the Green's function for an infinite plate was derived, computer
programs developed, and numerical results have been published (1,2).
Because the computation is rather involved, these computer programs are not
generally available and are difficult to use. Recently we have made our
program available for general use (3). By making our program available,
duplication of efforts may be avoided, errors in theory as well as in algorithms can be checked, and experimental results can be reproduced.
In the first part of the presentation, we will formulate the AE problem
as the detection of local displacement produced by transient equivalent
forces or force dipoles. For a simple geometry such as an infinite plate,
the fundamental solution of the transient elastic wave propagation problem
can be explicitly computed as Green's functions for the particular elastic
material and geometry. Our program requires only a few input parameters to
define the elastic properties, the geometry and the source and sensor locations, and computes the Green's functions rather efficiently.
In the second part of the presentation we show examples of how these
computed Green's functions are being applied to:
1.

Predict experimental results produced by a pulsed laser both on and
inside a plate simulating a force or a-dipole.

2.

Predict sensor response once the sensor is properly calibrated.

Finally we point out that the computed Green's function is based upon a
simple model which assumes an isotropic, linear, elastic solid in the shape
of a large plate. These simiplifications thus limit the range of strict
comparison between theory and experiment. However, these limitations actually offer an opportunity for development of new experimental techniques
to study the effects of anisotropy, attenuation, and geometric dispersion in
finite geometric shapes.
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LASER SIMULATION OF BURlED AE SOURCES
D.A. Hutchins, K. Lundgren and R.P. Young
Departments of Physics and Geological Sciences
Queen's University, Kingston, Ontario, Canada K7L 3N6
and
N.N. Hsu
National Bureau of Standards, Gaithersburg
Maryland 20899, U.S.A.
ABSTRACT
A pulsed laser has been used to simulate AE sources both buried within
metallic plates and at various solid surfaces. Waveforms detected by either
interferometric or piezoelectric sensors are then discussed in terms of AE
detection and source location. A comparison to wave propagation theory is
also presented for the buried sources, yielding good agreement.
INTRODUCTION
1
Pulsed lasers have been used by several previous authors ,2 as a possible
generation mechanism for the simulation of AE sources. This paper extends this
analysis to displacement waveforms from a buried source at positions offepicentre, and also describes the application of the technique to other materials
such as rocks.
The mechan~sws of acoustic generation by pulsed lasers are well-known, and
several reviews' are available which discuss the characteristics of the
acoustic sources that result. Two mechanisms are of particular interest here,
namely thermoelectric expansion and the evaporation of a liquid coating. In
the former case, the resulting source at an opaque solid surface is dominated
by horizontal force dipoles, with a step-like time dependence. This source is
a good simulation of a crack propagating in a direction normal to the surface.
Conversely, the evaporation source leads to a normal force with a pulse-like
time dependence.
In the first set of experiments, a simulation of a buried source is
described, using an interferometer to identify various acoustic arrivals in a
metallic plate. Further experiments are then described, using a source at a
solid surface to investigate anisotropy within the solid material.
APPARATUS AND EXPERIMENT
The ~pparatus used for the study of metallic plates has been described
elsewhere. The laser source provided 30 ns pulses of energy < 0.5 J, at a
wavelength of 694 nm in the red. It was directed to the sample using
dielectric mirrors, and a cylindrical lens used to direct the pulse into a
notch machined into the plate. Fig. 1 shows schematically the two types of
buried source simulated with this technique. At low laser energies,
Fig. 1(a), thermoelastic generation leads to
horizontal dipolar stresses
at the metal base of the slot.. Using higher energies, and a thin oil coating
(Fig. l(b», liquid evaporation leads to the normal force source described
above.
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Elastic waves from these sources 'were detected at various positions along
the bottom surface of the plate using a Michelson interferometer, with a
bandwidth of 40 MHz and a nominal sensitivity of ~ 4 mV/~. The result was a
set of normal displacement waveforms from each source, whose form was seen to
change significantly with position.
A second set of experiments was also undertaken in rocks. Here, however,
the reflectivity of the surface was sufficiently low that the interferometer
could not be used. In this case, piezoelectric detectors were positioned onepicentre at the far side of the sample.
RESULTS AND DISCUSSION
The experiments involving a buried source were undertaken in a 12 mm thick
aluminum plate (Fig. 1), using a 1 mm wide,S mm deep slot. The resulting displacement waveforms detected for both types of sources are presented in Figs.
2 and 3, for thermal generation and liquid evaporation respectively. In
each Figure, the waveforms correspond to detection by interferometer at positions
(a) on-epicentre, (b) displaced by one half plate thickness and (c) by one plate
thickness. Consider first thermoelastic generation, Fig. 2. It is interesting
to note that from such a dipole source, the normal displacement due to the shear
(S) arrival is larger than that of the longitudinal (p) wave at all three
locations. In particular, the shear arrival is very prominent at a distance
of z = 0.5h off-epicentre, as a pulse-like feature with an opposite polarity
to that of longitudinal mode. Note that the feature arriving just before the
shear mode is the so-called head wave (S-P), formed by shear to longitudinal
mode conversion at the detection boundary. Reference to Fig. 3, which shows
waveforms from the buried normal force source, indicates that similar features
are also present in this case, with P,S and S-P arrivals. Two other signals
are also present, arising from the strong longitudinal radiation characteristics
of the normal force source. These reach the detector after two (2.6 p) and three
(3.4 p) reflections respectively.
The waveforms of Figs. 2 and 3 illustrate that displacement waveforms from
the buried sources examined have a characteristic form, with a prominent shear
arrival and a head wave compongnt. These features have been predicted theoretically for crack sources of AE , and the waveforms presented here also sho~ good
agreement with predictions of theory for wave propagation in a solid plate •
A comparison of wave propagation theory to experiment for both the horizontal
dipole and vertical monopole sources is presented in Fig. 4. The geometry was
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Fig. 1:

Simulation of buried sources within a 12 mm thick alumin~ plate.
(a) Horizontal dipole using thermoelastic expansion; (b) Normal
force using liquid evaporation.
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Displacement waveforms in the
plate following thermoelastic
generation in the slot, with
detection by interferometer at
various distances off-epicentre.
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theoretical predictions of wave propagation theory. (a) Horizontal
dipole with step-like time dependence; (b) Normal force with pulselike time dependence.
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again as shown in Fig. 1, with the detector displaced by 0.5h horizontally.
There is good agreement between the major features of theory and experiment
in both cases. The only significant difference is the 1.4 P arrival in the
theoretical waveform, which is not reproduced experimentally. This is due to
a shadow zone around the experimental slot, reducing radiation at shallow angles
to the top surface.
The waveforms presented in Figs. 2, 3 and 4 have implications for AE source
location, in that with a pre-set trigger level a longitudinal sensor may trigger
on the S arrival, while the source location algorithm assumes a longitudinal
velocity. This phenomenon merits further investigation.
Fig. 2(a) shows the on-eipcentre thermoelastic waveform from the laser source,
and this mechanism has been used to study wave propagation in anisotropic media,
also of interest to AE. This work involved thermoelastic generation by a laser
line source, with detection by a 1 ~rnz polarized shear wave piezoelectric transducer.
The sample was in the form of a 28 rom thick anisotropic rock (mudstone), with the
piezoelectric transducer on-epicentre. Here, the aim was to investigate the form
of received signals from a surface dipole source, and to study the phenomenon of
shear-wave birefringence, i.e. the detection of two shear wave components, propagating at different velocities and with their polarizations mutually perpendicular.
The result of one such experiment is shown in Fig. 5, and the two shear arrivals
are clearly viyible. The estimated values of velocity EIom such wave-forms_yere
3,800 ± 50 ms
for the longitudinal, and 2,375 ± 50 ms
and 2,110 ± 50 ms
for
the fast and slow shear waves respectively. Thes measurements, which are more
S
difficult to achieve by more conventional methods , illustrate that AE waveforms
in anisotropic media may well contain more than one shear arrival, and this factor
may again be of importance in source location and the investigation of material
characteristics.
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Fig. 5:

Experimental epicentral waveform in mudstone, using a thermoelastic
line source and 1 MHz polarized shear transducer (PZT) bo~~ parallel
to the anisotropy. The observed birefringence was 265 ms
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ROCK BURST STUDIES USIHG GEOTOHOGRAPHIC IMAGIHG AND
ACOUSTIC/MICROSEISHIC EMISSION FOR IMPROVED SOURCE LOCATION

R. Paul Young and David A. Hutchins
Departments of Geological Sciences and Physics
Queen's University
Kingston, Canada

INTRODUCTION
Mining induced seismicity is associated with instability within the rock
mass of a mine and is a result of movemen t along pre-existing fractures, or
the creation of new fractures and bursting of highly stressed rock in the
vicinity of mine openings. Rock bursts can produce explosions of such
magnitude that they register as small earthquakes and can lead to deaths and
injuries. In addition, rock bursts can lead to loss of production, expensive
mine restora tion amounting to millions of dollars and, in some instances,
total closure of productive mines. This paper describes how seismic
tomographic imaging used in conjunction with traditional microseismic/acoustic
emission techniques, enhances the information which can be obtained from
monitoring mining induced seismicity.
MICROSEISMIC MONITORING IN MINES: CURRENT PRACTICE
Traditional approaches to the monitoring of mining induced seismicity use
a mul tichannel (normally 16 - 64 channel s) microseismicl acoustic emiss ion
network (l,2). The system is usually configured to trigger from arrivals of
seismic events over a pre-defined amplitude and calculate relative arrival
times between sensor locations. Typically, sensors are single component
transducers positioned in a 3D array in and around the mine site. The network
can be as large as several kilometers across and is used to determine source
locations for the seismic events. These events are then plotted on mine plans
to determine the pattern and concentration of activity.
Many types of rocks and structures are prone to mining induced
seismicity. However, major problems with rock bursting are associated with
deep hard rock mines where the rock has a high strength and high elastic
modulus. Typical mines include the deep gold mines in South Africa and the
nickel mines of the Sudbury basin, Canada. The average compressional wave
velocity in deep hard rock mines ranges between 4,500 - 6,500m/sec- 1 • The
frequency content of seismic events is usually contained in a spectrum with a
maximum frequency of 5KHz, although this is strongly dependent upon the
distance between the source and receiving transducer, and the type of rock.
LIMITATIONS OF CURRENT MICROSEISMIC SYSTEMS
Traditional acoustic emission/microseismic monitoring systems usually use
single component sensors, thus limiting the range of seismic techniques which
can be applied to the problem. Stress concentrations in rocks and the local
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geological structure are often the cause of acoustic emission/microseismic
activity and these stresses and structures are rarely isotropic. Analysis of 3
component records for the study of compressional and shear wave events yields
more information about the source mechanisms, as well as the nature of the
rock mass and anisotropy through which the waves have travelled. Digital
polarization filtering and particle motion analysis of 3 component data allow
enhanced separation of compressional and shear events. These data can then be
used with better event detection algorithms for the accurate measurement of
relative arrival times. These enhancements to current practice have not been
implemented to any significant extent in North America, but are being used in
South Africa (3), although only limited analysis of the data has been
described to date.
Many measurement systems currently operating in mines for rock burst
detection use amplitude threshold triggering to measure arrival times.
Amplitude threshold triggering can easily miss low amplitude first arrivals
and trigger on some other part of the waveform. These errors can be
significant in certain circumstances for the location of events. Event
detection algorithms which incorporate frequency as well as amplitude and rate
of change parameters are more reliable and accurate for the measurement of
event arrival times. These event detection algorithms can be used in
conjunction with digital filtering of 3 component data for the measurement of
compressional and shear wave arrival times. The accurate measurement of
compressional and shear wave arrivals would facilitate the use of more
accurate source location algorithms. In addition, isotropic velocity functions
are often used to compute source locations and often this can result in errors
in the location of seismic events. The use of active seismology with
controlled sources should be incorporated into microseismic studies to
determine velocity as a function of orientation in the region of the array.
These data could then be used in conjunction with modified algorithms to
improve the resolution of source locations.
The work described below is part of a research programme which is
implementing the above modifications to current practice. It is expected that
these modifications will improve the accurate measurement of relative arrival
times for wave types at the various sensors in a microseismic array. Once
these potential sources of error have been minimised, the benefits from using
a more complex velocity model for the mine can be assessed. The next section
describes how geotomographic imaging can be used to determine the velocity
structure of mine rocks and outlines how it can be used in conjunction with
source location studies.
GEOTOMOGRAPHY OF MINE ROCK VELOCITY

-----

Geotomography is a data processing technique which allows geophysical
data to be analysed so as to provide images of the rock between boreholes, or
inside structures (4). In principle, the approach is similar to medical CAT
scanning where absorption of multiple path x-rays is used to map density
variations and organs in the human body. In the case of geotomography,
seismic/acoustic waves are used to produce digital images which are based on
velocity or attenuation of seismic signals. These images can then be related
directly to the condition/quality of the rock mass through which the waves
travelled. The ultimate objective of this study is to use the geotomographic
image of the mine~s seismic velocity field to improve the accuracy of mine
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induced seismic source location. As a first step to achieving this goal, the
microseismic instrumentation limitations outlined in the section above are
being corrected. In addition to this step, a series of experiments have been
conducted in rocks both in the laboratory and in the mine. The objective of
these studies was to assess the degree of inhomogeneity in the velocity field
in typical mine rocks in order to determine whether this geotomography
approach would be a worthwhile improvement to current practice.
Many of the problems of applying geotomography to rocks stem from the
fact that if the rocks are inhomogeneous and have a velocity structure,
seismic waves unlike x-rays will not travel in straight lines (5). The
technique and results described below offer a solution for correcting for ray
bending to obtain a better estimate of the velocity structure. Three stages
are involved in the new analysis technique to produce the corrected high
resolution image. Firstly, a traditional convolution or filtered back
projection technique (similar to that used in x-ray tomography) is used to
produce a crude image based on straight ray theory. At the second stage, the
algebraic reconstruction technique (ART) which is iterative and also based on
a straight ray approximation, is applied to refine the image. The second stage
image is then used to compute theoretically the ray behaviour i f the rays had
propagated though this image, and the image is corrected for ray bending and
refraction in a third stage iteration of the ART algorithm. The detailed
documentation of this approach developed by the Rock Physics Group at Queen~s
University, cannot for brevity be covered here, but is the subject of a
further paper currently in preparation. In order to quantify the resolution of
this technique, models and rocks of known properties were imaged.
Geotomography of Laboratory Experimental Models: Figure la shows the typical
straight ray paths between six O.3MHz compressional wave source and receiver
ultrasonic transducers on each side of a 30cm cement cube. The cube was made

Figure 1: a) straight ray paths for geotomographic imaging in an homogeneous
cement cube and b) geotomographic image of cement cube with average
contours of 4,OOOm/sec- 1
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with a 10cm aluminum cube buried off-centre. Figure Ib shows a tomographic
image of the velocity structure obtained from imaging in a plane below the
aluminum cube. In this case, the velocity field is uniform with the contours
exhibiting a veloci ty of 4,000 ± 200ml sec-1, and correction for ray bending
will have little effect. In this particular case, the straight rays shown in
Figure la are correct. However, if an image is made in the plane of the
aluminum cube, the velocity structure is now not uniform and the rays shown in
Figure la will not be correct. The first arrival of a seismic wave travels a
minimum time path not a minimum distance path. This results, in the case of
rays passing through the cement and aluminum cube, with rays being refracted
through the aluminum. If a geotomograph1c construction is carried out using
traditional straight ray approximations, then the image produced will be of
the wrong velocity and its imaged position will be in error. Figure 2b shows
the experimental results of a tomographic reconstruction through a plane
including the aluminum cube. This image has been corrected for refraction
effects and the contours in the image increase rapidly from a background of
4,000 + 200m/sec- 1 to 6,000 + 300m/sec- 1 (velocity of aluminum). The image
shows both the corr~ct position of the object and a close approximation to the
veloci ties of the two media. Figure 2a shows the image produced by the new
technique for theoretically computed travel times through the cement:and
aluminum and to some degree, the difference in the images shows the
discrepancy between experiment and theory. However, when the data used to
produce Figures 2a and 2b were used to reconstruct an image, using purely the
convolution straight ray path medical type algorithm, the resultant image was
only an approximation to the true image.
Geotomography of Mine Rocks: The technique was also applied to a large volume
of mine rock which was surrounded by tunnels, approximately lKm below ground
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Figure 2: Geotomographic images corrected for ray bending of a 10cm off centre
aluminum cube within a 30cm cement cube with contours increasing
from a background of 4,000m/sec- 1 to 6,OOOm/sec-1 in the centre of
the aluminum; a) theoretical ~nput data and b) experimental input
data
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Figure 3: Geotomographic images of an underground rock mass with a mined out
area backfilled with cemented mine rock; a) convolution estimate
using a straight ray approximation shows the slowness anomaly in the
wrong position and with incorrect values and b) image corrected for
ray bending showing slowness area in correct position and values of
velocity close to expected values of 2,500m/sec-1 for the backfill
and 6,500m/sec- 1 for the crystalline mine rock

surface in the Sudbury mining area, Canada. An array of 36 accelerometers was
used to circumnavigate the mine rock of approximately 100m x 200m. The rock
chosen consisted primarily of crystalline rock which contained a volume of
backfill (compacted and cemented rock waste) where previous mining had taken
place. The seismic source used was a blasting detonation cap and booster
combination buried in shallow boreholes at each of the 36 accelerometer
locations and resulted in received waveforms with frequencies up to 2.5KHz.
Compressional wave arrival times were computed for each of the source receiver
paths and input into the geotomography programs outlined above.
The geometry of the mine rock imaged is not a square but has x,y corner
coordinates of (0,0), (0,20), (24,11) and (24,0) in Figures 3a and 3b. The
image given in Figure 3a shows a slowness anomaly (darker area enclosed in
lighter area) between x coordinates 2 and 12 and y coordinates 2 and 14. This
image was produced using a straight ray convolution approach and shows an
incorrect location and velocity structure for the backfill area. The actual
position of the backfill area is located between x coordinates 0 and 4 and y
coordinates 5 and 15. Figure 3b shows the image obtained using the three stage
technique described above, correcting for ray bending. The area of slowness
has an average velocity of 2,500 + 125m/sec- I , with the average velocity in
the rest of the rock being 6,500"+ 325m/sec-1, close to the average velocity
in the crystalline mine rocks. A proportion of the edge of the mine rock is
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characterised by a zone of slightly lower velocity of approximately 5,500 +
225m/sec- I . This is thought to be due to a destressed fractured zone around
the mine tunnels. Although the geotomographic technique described still
requires further refinement, the results outlined are encouraging considering
the complexities involved in imaging mine rocks underground.
CONCLUSIONS
An algorithm has been developed to correct for acoustic/seismic ray
bending effects inside heterogeneous rock materials. Known anomalies have been
imaged with reasonable accuracy for both location and velocity. It can
therefore be concluded that if source location studies were conducted within
the mine volume described in the above example using an average compressional
wave velocity and straight ray propagation, the true source of the acoustic
emission would not be detected. Further studies are now planned to integrate
active tomographic imaging and acoustic/microseismic emission so as to improve
the resolution of source location. In the final stages of this work, it is
hoped that a technique of acoustic/microseismic emission tomography can be
developed. If thi s were pos si bl e, the mul t i pIe sources of mine
acoustic/microseismic activity, sometimes several hundred per day, could be
used to update the velocity structure of the mine and map changing stress and
fracture patterns in the vicinity of mine workings.
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FREQUENCY DEPENDENCE OF GENERALIZED RAY ARRIVALS
AT EPICENTER IN A VISCOELASTIC PLATE
R. L. Weaver
Department of Theoretical and Applied Mechanics
University of Illinois at Urbana-Champaign
Many materials and specimen geometries do not permit the assessment of
ultrasonic dispersion and attenuation by standard plane wave techniques. This
is especially true at low frequencies below 2 MHz. Simulated AE point sources
and well calibrated point receivers could. though. be used instead. Waves
from point sources. however. suffer from a degree of geometric dispersion and
attenuation. These geometric effects1llUst be understood and corrected for i f
the material properties are to be assessed.
It is shown here that the spectrum of the normal material velocity
response in the P ray to a step normal point force at epicenter is. for
asymptotically large frequencies. w» ICL/HI.

....

2

u• .. (F/~pH~)e

iHw/~

[1 +

iA/(HW/~)

+••• ]

(1)

(F is the force magnitude. p is material density. H 1s plate thickness. cL is
the complex frequency dependent P wave speed and ct the complex frequency
dependent shear wave speed.)
The term in A 1s the first term 1n a series of geometric corrections to
the simple plane wave case (for which the response is proportional to
exp(iHw/cL).) For elastic or nearly elastic materials A
very nearly real
and frequency independent. as is the input impedance p~. Thus A may be
estimated using a nominal real Poisson ratio; and the phase slowness sph

fS

may be extracted from the phase of the response
(2)

In practice the complete P ray cannot be separated from the total
response and so a laboratory program for phase velocity extraction by means of
equation (2) must first exclude the lat,er arrivals from the received waveform
before Fourier transforming and fitting the phase to (2). An exclusion scheme
which applies a finite time window with a tapered edge will introduce
additional distortion in the frequency domain and in particular in the
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apparent phase of the P ray arrival. If the taper is kept gradual. however.
this distortion will be confined to the lower frequencies.
We thus have a prescription for longitudinal wave phase velocity
assessment: The received waveform is to have its later ray arrivals smoothly
gated out. the resulting truncated waveform is then Fourier transformed and
cph fit to the phase by means of (2). The resulting cph is probably to be
mistrusted at low frequencies.
W. Sachse has carried out this prescription on simulated data. He chose
.887cm!~ec. cT ~ .229 cm!~sec; he
an elastic plate of thickness 2.54cm. cL
calculated epicentral responses by standard techniques and then applied the
above prescription for the extraction of phase velocity. The resulting cph
with and without the geometric correction term A were compared to the exact
cL·
Q

For frequencies above 2HHz the two results were indistinguishable from
each other and from the exact result:
c h a .887.
In this regime the
correction term A!(Hw!cL) was negligible. 'elow 2 MHz the.~~h as calculated
without A falls below the exact result~ being 2% low at 500 kHZ and 25% low at
150 kHz. Below 2 MHz ~h as calculated.!ll!!. A rises above the exact result
but only extremely slowly. being 2% high at 150 kHz.
We conclude from this numerical experiment that the prescription appears
correct. at least for non dispersive materials. We also conclude that the
correction term jU-y often be negligible.
Mildly dispersive materials for
which A and pCL may be only slightly complex and frequency dependent
Further work should be carried out for
presumably work equally well.
dispersive materials. with both simulated and real data.
With carefully designed experiments it should be possible to apply (1) to
measurements of ultrasonic attenuation also. the geometric attenuation being
dominated by the lIB dependence of the spherical wavefront and thus eas11y
corrected for.
Off epicenter responses and rays other than the P ray could be studied
similarly. Non plate-like geometries may be treatable also. Inasmuch as the
method is confined to high frequencies. it may be that the generalized ray
picture from which (1) was derived was unnecessary. An asymptotic ray theory
(as opposed to an exact generalized ray theory) should still allow one to
calculate correction terms like A and yet be applicable to a wider range of
specimen geometries.
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Introducti<m:
The present work follows

the work already presented in the

~

(Angleterre-Harwell 1984 and France-Lyon 1985}.In this study we present A.E results
obtained in particular ocn:Utions.The tests allow a further urderstan:Ung of the
meeanitic sources of A.E.
Experimental aDlitioos

am results:

The test samples are made of highly purified polycristalline
aluminium. The cyclic deformation is carri.ed out at a constant plastic strain rate an::3

wi th a CXX'lStant strain arrpli tlXle. The A. E is received over a wide bande frequency.
In relatioo to the plastic strain aupli tooe, figure 1 shows the
evolution of A.E and stress at saturation, the period being constant an:i equal to 105.
We notice a regular growth of stress a S when the A.E sb:Jws two variatioo ranges.
Above an aupli tooe of about 10-3 we ootice that the square root law is oot followed

any nore: A.E increases nore quickly than .,lip.
With the intentioo to obtain information

00

the particular JIOvement of

dislocations in cyclic deformation, tests with interruptions inside saturated
cycles, with or witln.lt unloading at zero stress are carried out.'lhe results are given

an interruptioo gives an A.E with a level in
the background noise. A new loading gives rise to a restarting of the A.E,the level
reached, whatever the stq> p:>int on the cycle, is equal to the one that is reached if
the stop had been oot made. Figure 3 slois clearly that the A.E behavior after
unloading at zero stress is quite different fran the one of the figure 2.

by figures 2 and 3.Figure 2 S}X)WS that

Discussicm of the results
OUr

work slois that the A.E of FFC metals ex>ntains information al:x:Iut

microscopic parameters characteristic of dislocation novement.We have shown the
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relatioo whic1l exists between the A.E signals

am

the dislocation uovement.The rms

voltage of A.E signals is g.iven, in the low frequency hypothesis,by :

Vrms=k~'A

(1)

where k is a constant,A is the mean area S't't'ept by the elementary source

am

•

N is the

number of sources in each time unit.
The source of A.E considered in this study is a dislocation loop of

the FRANK

am

READ type,driven by a

strong instability. Figure 4-1 illustrates

shematically this instability. We ootice that the results presented in this study
have been obtained

00

the saturated state. In the saturated state the material is

formed by a cellular dislocation structures. 'n1e TEM observations have shown that the
mean size of the cell does oot seem to vary very much in relation with the plastic

strain auplittrle.We asswne that the cell walls are a source of dislocatioo loops of
the FRANK

am

sh:Jws that as

RFAD type, like that illustrated in the figure 4-II
SCXXl

(E). Figure 4-1

as stress is increased" the dislocation loop noves in a continuous

way. For a critical stress

a

C the dislocation loop takes a

configuration {dislocation (1) of figure 4-11 (E)

semi-circular

)which is an unstable

configuratioo.When the stress exceeds by an infinitesimal quantity, the stress a C, the
dislocatioo go into the instability donain. The dislocatioo swept at this time an
inportant area (or nove with high velcx::ity) and oome to fim again a new stable
equilibrium position (figure

4-II(E),shows in (a) the position of dislocation (l)

outlet of a cell wall). The lIDvement of these dislocation loops with high instability
contribute to the plastic strain. The relatioo between the plastic strain rate arxl N
is given by the following relation:
Ep'"

•
=a NAb/V

(2)

·~.A

with a. a geometric factor, A is the area swept, V is the plastified volume supposed a
constant

am

b is the bUrgers vector.

we know that a plastic deformatioo is due to the lIOVement of dislocatioos

am.

generaly speaking these lIDvements are governed by a successive instability.With

the intential to link the A. E to the nacrosc:x>pique plastic strain

deconposed the last ooe into t\1«) part. One,

£

E

p

, we 'have

mac
Po' is due to the lIDvement with weak

instability of dislocation loops (like dislocation (b),(c) of figure 4-II(E) )whic1l
contribute little to the A.E because the area S't't'ept is small.The second, EPE.A' is due
to the IIOvement of dislocation loops with strong instability,whic1l contribute
stratgly to the A.E. Therfore we have:
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tn...

.. J:i.A

=

E:p

mac

(1-

£t).. /

.. u

E: p

mac

(3)

)

the rms voltage is then:

Vrms=k'/l,p
~ / (1- £pD /
mac
In the range

£pmac )

< 10-3 the law Vrms:tx

(4)

IIpmac.is

confirmed (figure
•
I) .This result is interpreted from relation (4). Iooeed, if ~Po / E:pmac remains
iooependent of plastic strain, we can see that Vrms ex .,("Pmac • In this range it I S the
increase of the m,mi:)er of dislocation emitted which insure the plastic strain. In the
range E: p > 10-3 the law Vrms ex Il ~ is oot oonfirmed. 'ftrls aoomal.y of A.E behavior is
mac
due to an annihilation phenomena. iooeed,an annihilation of dislocations of figure
(b) or (c) type (see figure 4-II(F) ) leads to the decrease of e:PD aId therfore from
E:p

relation (4) leads to a faster A.E increase than expeted. '!be results of figures 2
am 3 are interpreted in the following way: the interruption of the cycle i..mmobilizes
the dislocatialS in one of the stable positions. '!bese remain l:x7tJed W'lder the action

of applied stress. '!be reloading provokes their rovement, the A.E continues at the
level it had before the interruption.This means that

£Po

terme of relation (4)

remains constant. On the contrary the strong level of A.E observed at the time of
reloading after unloading at zero stress is due to a decrease of the

£ Po

due to the

annihilatioo or re<:.'Ollbination between dislocation loops during unloading. It leads
•
necessarily to an increase of f PA •E since E: Pmac is exnstant, then according to the
relation (4) the rms voltage of the A.E signal is higher than the one which
correspoms to the a loading on the cycle.
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Figure 1: A.E(rms value) and stress change versus plastic
strain amplitude in a saturated state.
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STUDY OF A.E. SIGNN.S PURING 1\. Ml\RTENSITIC TRANSFORMATION
IN CU-Zn"'lU. SJUUlE MEMORY ALLOYS
Ll. Mafiosa*,C. Picornell, c. Segur, V. Torra
Departament de F!sica - Oniv. Illes Balears
E-07071 Palma de Mallorca (Spain)
1 • - INTRODUCTION

Recent studies on ,the ~.E. released dU~ing martensitic t~ansformations
seems to lead to contradictory results regarding its reproducibility and its
connection with transformed mass /1,2/. Recently, experimental systems allowing the observation of the transforming material with simultaneous detection
of A.E. and even of the calorimetric signal have been developed /3,4,5/.
This work deals with the detection of the A.E. released during the martensitic transformation of a single crystal Cu-14.9 Zn-16.6 Al at % alloy with
simultaneous observation by optical microscopy. The experiences have been
carried out in two levels: global transformation (typical dimension of 2 mm.)
and transversal thickening of a martensite plate (dimensions around 0.1 mm.).
2. - EXPERIMENTAL SET-UP

The experimental system /5/ allows direct observation of the transformation by means of an Optical Microscope Olimpus BH-2 and, eventually, recording
on video magnetic tape. Simultaneously A.E. detection is carried out by means
of a piezoelectric transducer PHILLIPS PXE5 (5 mm. diameter, 0.5 mm. thickness).
Acoustic signal, after amplification (preamplifier and amplifier Bruel & Kjaer)
is sent to a multichannel CANBERRA 35 and to a digital oscilloscope PROWLER NORLAND. The whole acoustic acquisition chain is computer controlled.
The heating/cooling is produced by Peltier effect acting over a copper
sink. The sample has thermal contact with the copper sink and is under tension by means of a spring in order to increase its Ms to values above room
temperature to avoid condensating water and to favour the appearance of a single martensite variant.
3.- RESULTS
Previous expe~~ents show that the appearance/disappearance of a martensite microplate and its corresponding A.E. are reproducibles with thermal
cycling with a thermal expand of 6.T "V 1 K /5/.
Furthermore our present results es~lish that also the global transformation/retransformation of a macroscopic zone ("'" 2mm.) shows reproducible A.J;:.
patterns when thermally cycling in a temperature range of 6. T #v 10 K. (fig. 1).
Figure 2 presents the reproducible A.E. pattern corresponding to a martensite dOmain ('" 0.1 mm.) which grows transversally in a thermal expand of
Ii T - 5 K. A.E. peaks observed in the multichannel register are clearly related with the discontinuous growth of the martensite plate. At the same time
the acoustic signals were feed in a'digital oscilloscope shOWing also reprodu-
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cible bursts. Figure 3 presents the bursts corresponding to two different
cycles which are marked in fig. 2.
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Figure 1: A.E. pattern
corresponding to a global
t ransformat ion.
Continuous line corresponds
to the accumulated number
of counts (normalized)
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Figure 2: A.E. pattern
corresponding to the transversal thickenning of a
martensite plate.
Continuous line corresponds
to the accumulated number
of counts. (normalized).
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Figure 3:

A.E. bursts released during discontinuous transversal
growing of a martensite plate, labeled in fig. 2.
Amplification 60 dB. 1 point of each 4 is plotted.
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4.- CONCLUSIONS
1.- As observed for the appearance/disappearance of a martensite microplate, also the A.E. released during the transversal growing of a given martensite plate and during the global transformation of a macroscopic zone presents
reproducible patterns. The A.E. peaks are related with sudden movements of the
plate. In these cases also reproducibility in the obseryed bursts is found.
2.- The longitudinal and transversal growth/shrinkage of martensite plates seems to present different A.E. features /5/.
3.- The A.E. is not locally connected with transformed mass but it is
related to the discontinuous changes in the dimensions or position of martensite plates.
4.- Small variations in the cycling temperatures leads to modifications
in the appearance and growing of martensite plates and consequently in the
recorded A.E. This instability could be associated to changes on sur~ace martensite and to its interaction with ~ phase and bulk martensite /6/.
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STUDY OF THE ORIGIN OF ACOUSTIC
EMISSION IN ALLOYS OF ALUMIlIIUM

C. CHAPELIER* : presented

by

G. WORMSER

SUMMARY.
Our laboratory is a part of the French company "COGEMA", responsible
for the fabrication of nuclear fuels and we are charged with the testing of
component parts of the fuel elements ~

It was with this in mind that we wanted to test thin tubes of AGS
once they had been manufactured; testing by acoustic emission under internally
pressurised conditions.
During the process of our experiments we faced many difficulties,
one of the primary factors being due to the metallurgical structure of this
tubing. We tried to explain the phenonomena observed and found that the appearance
or disappearance of various obstacles by the way of dislocations in the crystal
iattice may alter the acoustic emission from that of a quiet, continuous background noise to that of strong bursts of emission of acoustic energy.
This paper describes the influence of the metallurgical structures
: solid solution alloys and precipitation hardened alloys of various aluminium
alloys : AG3, AGS, AU4G, on acoustic emission occuring during tension tests.
To carry ou this investigation, we modified the metallurgical structure of
the samples by various heat treatments prior to performing tension tests.
The acoustic emission and the Portevin-Le Chatelier effect in AG3.
Tensile tests have been carried out using plate sections of AG3
of different thicknesses. Serrated yielding occured (Portevin-Le Chatelier
effect) during the plastic deformation. The load and the cumulative number
of events have been plotted as functions of time (fig. l). Bursts of emission
were observed during the load drops at each serration and reciprocally-almost
all the acoustic emission has been concentrated during these serrations (fig.
2) •

The first conclusion is that the dislocation motions which are
the origin of the acoustic emission, can be concentrated and regulated in time
by the serration load drops. This makes us think that a burst type emission
mechanism based upon the Portevin-Le Chatelier effect could be advanced. Cottrell
related the serrations to the accumulation of impurities in solid solution
around the dilocations (Cottrell atmospheres). As the stress is increased,
the impurities inhibit the dislocation motion until the load becomes sufficient
to break the Cottrell atmosphere: Then, some dislocations are suddenly free,
and the stress wave created by their move triggers the breakaway of other pinned
dislocations, amplifying the motion~ This avalanche corresponds to one serration.
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After the load has dropped, new Cottrell atmospheres, pin the dislocations once more. Another stress increase is required in order to observe
another avalanche. At each one of these avalanches, an acoustic wave is emitted
as a burst. The greater the avalanche, the more energetic the burst.
However, we noticed two things. The first is that sometimes, some
bursts appear between two serrations which are not controlled Qy the Cottrell
atmospheres and the second is that when the samples are cooled or heated during
the deformation, or when the strain rate is increased greatly, most of the
serrations disappear. The burst type emission still exists during the entire
plastic deformation. According to these two comments, it seems that a new physical
effect, differing from the Cottrell atmospheres, plays the role of a regulator
of acoustic emission and gives it the shape of bursts detectable b,y the system
used for measuring.
In the second part of this work, in order to test this hypothesis,
heat treatments have been investigated.
The acoustic emission and the influence of heat treatments in AGS and AU4G.
In the first part of this work, the acoustic emission has been
studied with samples in AG3. The impurities were in solid solution and the
Portevin Le Chatelier effect occured. In order to inhibit this effect, precipitation strengthened alloys are now used.
The AGS is a precipitation strengthened alloy, and so presents
a stress extension curve without any serrated yielding (no impurities in solid
solution) •
However, during tensile tests, burst-type emissions have been recorded, which can not be explained Qy Cottrell atmospheres. Heat treatments have
been performed, in order to understand which properties of AGS can play the
role of regulator similar to the Portevin-Le Chatelier effect in AG3.
First, samples of AGS have been dissolved and water quenched in
order to put the impurities into solid solution. The Portevin-Le Chatelier
effect appeared simultaneously with the acoustic emission related to it, as
in AG3. In the quenched condition, the. alloying elements remain in solid solution
and can provide Cottrell atmospheres pinning, which is the origin of the bursts.
But when the impurities have precipitated this mechanism can no longer work.
Therefore another mechanism must be the cause of the burst-type emission. To
investigate this several heat treatments, have been performed (see table 1).
After the first hours of aging (heat treatment nO 1), the PortevinLe
Chatelier effect disappears. However the burst-type emission still exists,
although the bursts are less numerous and weaker. For a longer aging period
(heat treatment nO 2), the bursts become stronger, and the number of events
greater. It seems therefore that this other burst-type depends on the precipitate
of Mg and 8i atoms. These are able to pin the dislocations, as discussed in
the first part of this work. The bigger the precipitates, the stronger the
avalanche and the bursts.
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If, the precipitates are then ordered (heat treatment nO 3), without
modifYing their size, the acoustic emission has no reason to change, and the
same emission is thus observed with the heat treatment nO 2 and nO 3. On the
other hand, if the precipitates are gathered into Mg2Si needles (heat treatment
nO 4) larger but less numerous, the bursts become stronger but the number of
events decrease.
When the needles are coarsened into Mg2~i rods (heat treatment
nO 5), they are too rigid for acoustic emission to occur. The dislocations
which pile up at the rods cannot shear them (see fig. 3).
In order to enlarge on the results, the same experiments have been
performed with AU4G (another precipitation-strengthened alloy).
All the heat treatments performed are described in table 2. As
in the case of AGS serrated yielding created with the quenching treatment together
with the associated acoustic emission, disappear after the first hours or aging.
But the GP(l) zones do a concentration of the acoustic emission into bursts
(heat treatment nO 1 and nO 2). Increasing the period of aging results in higher
levels of emission, and a greater number of events. The heat treatment nO 3
gathers the G P (1) zones into G P (2) zones, larger but less numerous. At
the same time, the level of the acoustic emission increases and the number
of events decreases.
With the heat treatment nO 4, the very large precipitates e cannot
be cut through by the dislocations during the tensile tests, therefore acoustic
emission decreases suddenly. The situation is similar with heat treatment nO
5 ; but here, the precipitates e are not coherent with the matrix, so the dislocations can easily by pass them by cross slipping around them. Therefore, the
breakaway avalanche model does not work, and the burst type emission decreases
slightly (fig. 4).
Discussion and conclusion.
It has been shown how impurities in Cottrell atmospheres, or in
precipitates, can concentrate the acoustic emission in bursts and regulate
it by a mechanism of avalanches. Firstly by changing the temperature or the
strain rate during the tensile tests, and secondly by means of heat treatments,
we have been able to modify these regulatory systems, demonstrating that the
bursts are only an artificial consequence of metallurgical variables.
Each burst, an avalanche of dislocations, creates an acoustic emission detectable by the system used for measuring results. But, with the aid
of heat treatments - the regulator system can be inhibited and then dislocations
made to move randonly. The acoustic endssion thel becomes continuous and weaker,
until it'become~ undetectable.
One conclusion is that the continuous emission, the burst-type
emission and even moments of silence are carried by the same physical effect
: the dislocation motions. The difference is the form and not the nature. It
is noted that for the same alloy, the acoustic emission is dependant upon the
deformation mechanisms and the metallugical variables. Finally, it is important
to note that there is still a problem when using acoustic emission for non
destructive testing.

*

Work performed in the laboratory of COGEMA, Centre d'Etudes Nucleaires de
Grenoble - 85 X - 38041 GRENOBLE CEDEX - FRANCE.
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INVESTIGATION ON FLOW CAVITATIO~ I~ A FRANCIS TURBINE
BY DIGITAL ACQUSTIC EMISS~ANALY~S_I~S
__
Dr. K.P. Nerz

(Sulzer, Research and Development)

In certain instances cavitation erosion can reduce the service
life of a Francis turbine (Fig. 1) drastically I 1 I. When a
Francis turbine is cavitating, the acoustic emission is usually
quite obvious; it would be very useful and convenient in practice,
if the acoustic emission could be used as a guide to the severity
of cavitation erosion I 2, 3 I.
1. Test rig and test performance
The cavitation investigations were carried out on the RPV5
test stand of the Hydraulics Laboratory (SULZER-ESCHER WYSS,
Zurich). With the help of a circulation pump, the operating
pressure PI before the Francis turbine is kept at an almost
constant level for each test series. The Thoma cavitation
coefficient a correlates the static pressure P2attheturbine
outflow side and the static pressure PI at the turbine inflow
side
as follows (Fig. 1):
a

= P2 I PI

At the beginning of every test series, relatively high~-values
are adjusted. a becomes progressively lower, when at constant
PI-value P2 is reduced, so that turbining states with
increasing propensity to cavitation are passed through.
The water flows through a volute casing into the Francis
turbine (Fig. 1), is deflected along the blade channels and
flows out again through a Plexiglas section allowing visual
inspection.
At the inflow side, the acoustic emission can be recorded in
any turbining state via a softly glued-in sound wave conductor
(silicone adhesive, sound wave conductor material: solution
annealed austenitic steel), brought to the water flow flush
with the wall and fixed to the casing with a Teflon crimp
connection. A grease-coupled piezoelectric acoustic transducer
A is pressed by 0 rings onto the face of the sound wave
conductor pointing away from the flow.
The analog signal transmission chain leads from the acoustic
transducer A via an amplifier V and a frequency band limit
filter F (frequency range 100 kHz to 1 MHz) to a transient
recorder for digital acoustic signal detection (sampling rate
2 MHz, resolution 12 bits). In electrical contact with the
test object is a transducer for electrical interference
signals S, which can activate for a ~ufficiently short time a
trigger blocking device (Fig. 1), excluding safely records of
spurious signals. The acoustic signal data are led to a mass
storage under processor control. After the test, an array
processor provides accelerated data processing usable for
digital Acoustic Emission Analysis (Fig. 2).
In conjunction with the cavitation investigations on the
Francis turbine, altogether three test series were performed,
allowing for two different forms of cavitation:
- blade channel cavitation far from the wall, involving less
risk of damage (test series 1)
- fillet cavitation close to the wall and more likely to
cause damage (Fig. 3, test series 2 and 3).
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Fig. 4: Acoustic Emission from the Francis turbine.
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2. ~~~ti£~mi~si~nalxsisfor cavitation surveillance
Indirect, material-dependent cavitation surveillance based on
determination of the loss of mass is unrealistic, in view of
the enormous amount of trouble entailed. As an alternative,
the feasibility of direct, computer-aided cavitation surveillance was to be examined, in direct conjunction with soundemitting surges caused by cavitation. The measured acoustic
signal rates (N) versus the Thoma cavitation coefficient a
(Fig. 4) agree within the relevant interval (0.8, 0.2) in
their a'-curve with the a -curve expected for the mass loss
rate. Therefore (~) may be used in the same manner as the mass
loss rate to describe the cavitation intensity. Moreover, the
acoustic signal rate rn> is more suitable than the mass loss
rate for cavitation surveillance. The location and slope of
the (N) (a)-edge within the a-interval (0.8, 0.4) allow statements on the intensity and nature of the cavitation. The blade
channel cavitation remote from the wall and presenting little
risk of damage (test series 1) yielded by far the lowest
acoustic signal rates (Fig. 4). Of the two test series with
the more damaging fillet cavitation close to the wall, the
highest cavitation intensities and hence the highest acoustic
signal rates occur at the highest turbining pressure (test
series 3:
PI = 30 m water gauge). The drop in the acoustic
signal rate (N) below a=0.2S·is explained by the damping influence of air precipitations.
3. Summing up and prospects
Different kinds of flow cavitation, as for example fillet
cavitation and blade channel cavitation, could be well defined
adjusted in a Francis turbine as a function of the cavitation
coefficient a and investigated by acoustic emission analysis.
The a. e. signals, received in the frequency interval [100 kHz,
1 MHz] , are computer-aided analysed. The a. e. signal rate,
received at the turbine inlet, shows a a-dependence, which
fits quantitatively the expected
a-dependence of the weight
loss rate fairly well; therefore the a. e. signal rate might
describe cavitation intensity as well as the weight loss rate.
In contrary to the weight loss rate the a. e. signal rate in
practice is easy to determine and allows therefore early
recognition of damaging cavitation processes and early
application of cavitation weakening measures. Our results
are justifiing efforts to realize cavitation surveillance of
water turbines by acoustic emission analysis.
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USE OF ACOUSTIC EMISSION FOR TOOL MONITORING :
APPLICAnON IN MILLING
N. GSIB - P. SOUQUET - J. ROGET - (CETIM SENLlS)

Last year, it was shown that Acoustic Emission can be very effective for detecting
the tool breakage in turning and can also give qualitative information on the evolution
of the tool wear.
These works allowed to develop an industrial detector of tool-breakage (SAMOURAI)
which is going to be installed on various tool machines.
At the same time, a similar study was dealing with the milling monitoring. The
objectives are the self-controlled tool Center and high-speed machining.
In the case of mi1ling, we successively studied :
• The effects of cutting conditions,
· The detection of tool breakage,
• The monitoring of the tool wear.
The main results are presented here after. Two A.E. systems were used :
- A classical computerized equipment which gives the evolution of Counts,
Events, Amplitudes, R.M.S. and Average Values.
- A digital system for the application of sophisticated analyses on digitized
signals particularly frequency analysis.
The monitored operation was surface milling. It was found that the increase of
the cutting conditions corresponds to an increase of the A.E. energy (without difficulty). The tool fracture gives rise to a characteristic signal, as in turning (see
figure 1). The increase of the number of tools induces a widening of the breakage
A.E. signal, but the detection is not disturbed and the A.E. system of CETlM SAMOURAI System - can also be used in milling for tool-breakage detection.
The second part of the study deals with the continuous in-process monitoring of
the tool wear during roughing down and finishing conditions. Two materials were
tested: a structural steel and a steel for heat treatment (32 NC D7 AFNOR).
For the two materials, two typical behaviours were pointed out :
- In roughing conditions : the tool life is divided in three phases : lapping,
normal cutting and damaging which are also pointed out by A.E. signal (see
figure 2)
- In finishing conditions, the tool wear is smoothly increasing, and the A.E.
signal has the same behaviour.
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For industrial applications, continuous A.E. monitoring seems very interesting particularly in roughing conditions. Indeed an automatic tool change controlled by A.E.
criteria can result in an optimized use of the tools in comparison with the usual
methods based on the service life diagrams.
The finishing operations are more complex and the change of the tool can be decided
according to various parameters: for example the surface quality or the geometrical
parameters (dimensions).
A criteria based on A.E. signal will have to be adjusted in each situation and tool
wear is not necessarily the best criteria.
Works are presently going on in two ways :
- Monitoring of other milling operations: sloting and shaping,
- Monitoring of machining center; particularly drilJing and taping.
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STUDY OF THE 'QUARRY
BY

BY 'ACOUSTIC EMISSION

M. C.

REYMOND,

C.N.R.S.

PARIS,

FRANCE

INTRODUCTION
The evolution of rocks in auarries can be established by acoustic emission (I). The main purpose of this method is to investigate the state
of the quarry underground when an increase in
rock pressure is resulting from an overloading,
with ambankments on the surface,
These experiments were carried out in a calcareous auarry with the co-operation du Laboratoire des Ponts et Chausspes (2). This oa~er
describe the instrumentation techniaues and
results current microseismic
INSTRUMENTATION TECHNIQUES
The system (St~ SOFRATEST' for monitoring ~nd
recording the acoustic emissions were described.AE signals were detected by accelerometer
attached to the one of the pillars of the Quarry. These were recorded on the recording instrument after suitable filtering and amolification. The distance of accelerometer from
the pilar is maint~ineed in the range of IOOu
The accelerometer used in the study had the
following specifications sensitivity 60 mV/g
and frequency response 2 H? to 16 kH? Most
AE events observed during the investigation
had acceleration levels of the order of QOI g
The relationship between the time and AE rate
was established during the increasing of the
overload and at a constant rate of overloading
Jacks and extensometers are fixed to the pillars of the quarry provided strain and deformation data.
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RESULTS
The AE pattern indicated two distinct ohases:
The first ohase of AE during the increasing in
rock pressure WAS c~r~cteri7ed by a high rate
of AE corresoounding to fracturation of roof
(Fig 1't
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The second phase during a constant rate of overloading was characteri7ed by a mean activity fora
long time increasing to oeak next a decrease in
the activity ~as observed corresponding to a visual observation of gradual failure orogresses
in the pilars (Fig 2'
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There is a good correlation between the stress
strain characteristics and the rate of AE during
the overloading history of the calcareous auarry
CONCLUSIONS
In conclusions as seen in this subject this
may prove that the various rock fracturing
~rocess can be detected by AE.
Tb~ vorld's·dev~lopment·
suggests that
the range of aoolication of this techniaue
will continue to increase during the next few
year

REFERENCES
I-REYMOND. M.C. (1983) "Comoortement des carrieres apres ti~s de mines" Bull. de 1 'Ass.
Intern de Geologie de l'Ingpnieur nO 26
27.

2",:, MORAT, P. ROCHET; L. THORIN, R. (1985' "Comoortement d'une carriere souterraine (abandonnee' de calcaire grossier soumise a
une surcharge Site de Villiers Adam ~
Journees de Versailles Inspection Generale
des carrieres.
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Detection and Evaluation of Defects in Unidirectional FRP by Acoustic Emission
during Bending Test.

MM. M. CHERFAOUI - A. LEMASCON - J. ROGET (CETIM France)
Composite materials are largely used for automotive parts : bumpers, body parts, ... The
use of composite materials for structural parts that need high and reliable mechanical properties, requires the development of specific Non Destructive Testing Techniques.
Acoustic Emission seems to be one of the most suitable methods for Non Destructive Testing
of composites. It allows a general control of the structure and detects the significant defects
alone. A quantification of the defect's nocivity could be performed.
On the other hand, the fracture with great energy of composite materials gives appreciable
advantage to the Acoustic Emission.
However, some specific problems have to be considered for its application: anisotropy, heterogeneity and the particular conditions of wave propagation in composites.
In this paper, we present some tests which were carried out on a unidirectional composite
(glass epoxy), in form of beams, that were submitted to Bending Tests.
The aim of these tests was to determine the Acoustic Emission parameters able to point
out the defects and their influence of the mechanical behaviour of the specimens.
In this aim, we have tested some specimens free from defects and with intentional defects:
porosity, delamination, use of aged and wet raw material.
We shall prove in this communication that the analysis of classical Acoustic Emission parameters such as counts, bursts and peak amplitude, allowed us to determine some specific
features of the test and of the material (Figure I).
Statistical analysis, including windowing on several parameters (load, displacement ...) aHows
us to develop several criterious which discriminate the different specimens according to the
nocivity of their internal defects (figure 2).
We also studied the wave propagation in these unidirectional composites in order to localize
the Acoustic Emission source.
Several results obtained by linear localization show how the emission is located at the ends
of embedding and in the defective part.
Visual observations and the scanning electron microscope allow us to pin-point in this article,
the existing correlation between the mechanism, the damage process and the emergence of
Acoustic Emission.
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Finally, the application of multivariate analysis to signal parameters corroborated the previous
analysis and determined the most discriminating parameters.
In conclusion, we will discuss some precautions to be taken when analysing the Acoustic
Emission Signals and the improvements that new data analysis techniques can induce.
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AE EVENTS OF INTEREST
AEWG Gold Medal Award
was presented to Professor
Morio ONOE by Professor W.
Sachse (photo at right) at the
Symposium Banquet during the
Eighth International Acoustic
Emission Symposium in Tokyo
on 22 October 1986. The AEWG
Award cited the significant contributions of Prof. Onoe to the
advancement of acoustic emission
through his research, his teaching
and his eminent leadership both
as the founder and chairman of
the Japanese Committee on Acoustic Emission and as the organizer
of the biennial Acoustic Emission
Symposia (1972 - 1984).

The Acceptance Speech by Professor Onoe
Professor Sachse, Professor Yamaguchi, Ladies and Gentlemen:
It is a great honor for me to receive The Acoustic Emission Working Group Gold Medal
Award. My joy is enhanced in two respects. Firstly, the award is broUght across the Pacific,
symbolizing our international cooperation and friendship. Secondly, the award is given at the
banquet of the 8th International Acoustic Emission Symposium in the presence of my old
friends. I am veil' gratefUl for the belp and the support of all ofyou, without which this honor
could never bave come. I see many faces with whom we worked togetber, sometimes in a cold
field. So I regard this award to be not only for me but to all of my COWOlkeIS in this field.
I wish to extend my deepest appreciation to the AEWG for this bonor. In addition,
American people in the AEWG have been very helpfUl for establishing acoustic emission work
in Japan, especially in the eady stages. Japanese Committee on Acoustic Emission was fanned
in 1969. At the time, there wlL'llittle indigenous acoustic emission research except for a pioneering walk on rocks by ProCessor Mogi at the Eartbquake Research Institute, Ulliversiry of
Tokyo: Hence we sent two study missions to the U.S. in 1911 and 1973. We learned many
Cacets of.acoustic emission through the courtesy ofAmerican colleagues and were convinced of
its future. Cooperative activities oC interested people followed. Committee meetings were
regularly held, tutorials were given at vaDom occasions, textbooks were published, and burst
tests of pressure vessels and pipes were conducted. These were busy but pleasant days.

At the Eighth International Acoustic Emission Symposium, Dr.
Chris Scruby (photo above)
presented one of two Special
Lectures on the Characterization
of Crack Growth by Acoustic
Emission. The other lecture by
Dr. R. Davies on AE in Nuclear
Power Plant and Petrochemical
Industry was delivered by Dr.
Tim Fowler. Over 160 from 14
countries attended this year's
Symposium.

From the very beginning, we noted the importance of intemational cooperation in acoustic
emission. The first acoustic emission symposiwn was held in 1972 in Tokyo. Since then we
have enjoyed seeing our friends from all over the world evelY other year. It is gralifying to see
steady increlL'lCS in attendance and papers presented, reOected in the thickness ofthe proceedings.

The early criticism often heard was that acoustic emission was interesting but hard to
interpret and quantitY. Thus I am pleased to find precise analyses ofsource mechallisms in this
year's proceedings. It is also a pleasant swprise to find that acoustic emission Codes have been
written and in use and that the applications of acoustic emission have been greatly expanded
from the early yem. It is useful even in medical field and subsmface exploration of geothermal
energy. I hope that acoustic emission becomes even more usefUl tedulology in the fUtwe.
I have been fortunate to be in the growing field of study and to be a part ofthe international community of acoustic emission. I thank you for your cooperation and wish you
further growth oCthis field ofacoustic emission.

Acoustic Emission of a Kouros
Kanji Ono
A Kouros is an archaic Greek statue representing a young male. It started to appear ca. 672
B.C. and about 200 are mown to be preserved. However, only about a dozen of them are in good
condition. One such Kouros has recently been put on public view at the 1. Paul Getty Museum,
Malibu, California. It dates from ca. 630 B.C., is a life-size nude youth, carved in dolomitic
marble, 206 cm in height.
The sculpture had been broken into seven pieces, but almost no fragments were lost and could
be reassembled into a virtually complete form. The Museum's Conservator of Antiquities, Jerry

Podany, wanted to conserve it with slightest imposition on the parts and no outward alteration to it
It was also necessary in seismically active California that the reassembled Kouros be protected from

seismic shock. The crucial joins were those above both mees and at ankles. These have to support
the entire weight of the Kouros, but also had a few cracks nearby. The reassembly was
accomplished by drilling 6 mm holes through the length of the sculpture from base to just above
both knees. A stainless steel anchor was adhered into the upper end of each hole in the thigh. A
high-strength wire rope was attached to the anchor and passed through the hole, terminating at a
spring-loaded mechanism below the base. Each of the two cables was pulled to a tension of 160 kg
or 350 lbs. The tension allows movements in the joins in case of seismic shock and is constantly
monitored by a strain gage load cell. The base is mounted on a special slide mechanism, allowing to
absorb 98% of any shock or stress. In the event of seismic shock, the floor under the sculpture
would move freely without affecting it
Acoustic emission was deemed an appropriate tool to monitor any possible damage that might
occur on parts of the sculpture during the application of the tensile force. It was essential that the
extant cracks not grow while reassembling takes place. The need to monitor the cracks was most
acute. For this purpose, a single channel instrument (AET Mode1204A) was used with a conventional
sensor (AET AC17SL). AE counts were recorded and waveforms on an oscilloscope were continually
monitored visually. The sensor was attached to the sculpture by fIrst making a cast of the surface
using a fast curing PMMA resin. This resin had been determined not to disturb delicate surfaces of
the sculpture (after over 2600 years of exposure, magnesium carbonate is leached out of the
surface, leaving higher levels of calcium carbonate). The sensor was coupled to the PMMA casting
using a water soluble couplant (no soluvent could be used to clean the surface). The AE sensor was
placed near each of visual cracks. Since anchor was pre-loaded and terminating mechanism was at a
distance, the highest gain of 108 dB was possible. While monitoring AE activity, reassembly
operation proceeded and the cables were loaded. Loading was made in steps with holding periods.
Results of this AE monitoring exhibited no AE activity even in most of rising load periods.
Since marbles are mown to generate significant AE in the event of crack growth, this observation
has been interpreted as no crack growth in the sculpture. From the angle of AE monitoring, this
application was non-eventful. However, this method gives an added assurance to the conservator
that undue damage to the precious object of art is absent
The Museum supplied photograph on the cover shows the process of AE sensor attachment to
an ankle of the Getty Museum Kouros. For more information on the Kouros, contact Head of
Public Infonnation, the J. Paul Getty Museum, PO Box 2112, Santa Monica, California 90406.
The author is affiliated with Department of Materials Science and Engineering, School of
Engineering and Applied Science, University of California, Los Angeles, CA 90024.
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The Generalized Theory and Source Representations of Acoustic
Emission
Masayasu Ohtsu and Kanji Ono
Abstract

waves and a seismological fault (dislocation). The integral
representation in seismology is known as the representation
theorem (Mal, 1972), and was employed to compute synthetic
seismograms (Haskell, 1964). By employing the fault models,
seismic waves were originally computed in an infinite space.
The solution were obtained in a half space (semi-infinite
space) to synthesize seismic waves (Mal, 1974; Levy and
Mal, 1976), and have been extended to fully multilayered
problems (Mal et aJ., 1984). The use of a half space is
significant because the seismic waves are detected only at a
stress-free surface.

Source characteristics of acoustic emission (AE) are
investigated on the basis of the generalized theory previously
proposed. The modeling of a crack in the generalized theory
is correlated to the moment tensor representation, indicating
that the principal vectors of a moment tensor represent the
crack orientation and the principal values represent the principal axes of the radiation pattern emanating from the crack.
Since source representations in the generalized theory are
directly based on the discontinuity of displacement components, an explicit displacement distribution due to a crack
can be incorporated. We studied penny-shaped cracks and rectangular moving cracks as AE sources. AE waveforms due to
tensile cracks and shear cracks are also synthesized using Fortran programs for Green's functions of the second kind in a
half space.

The basic element of the integral fonnulation is
Green's function, which is also known as a fundamental
singular solution in the boundary element method. It provides
a displacement at an observation point due to a unit force
applied at a source point. In order to compute elastic waves
due to dynamic motions of a defect by applying the integral
representations, Green's functions are required. We have
developed Fortran programs for computing Green's functions
in a half space, and summarized theoretical treatment of AE
in the integral formulations as the generalized theory (Ohtsu
and 000, 1984a). Programs for solving dynamic problems in
a multilayered solids have been given by Kundu and Mal
(1985).
•

Formulae to synthesize AE waveforms due to both the
point and the moving dislocations and their results are
presented. Effects of inclined angles of the crack orientation
on the calculated wavefonns and on the inverse problem are
studied. It is shown that crack orientation has considerable
effects on the results of the deconvolution analysis. The moving source is found to broaden peaks of AE waveforms.
These results confirm the utility and applicability of the generalized theory in elucidating fundamental mechanisms of AE.

The present paper discusses relations between AE
source representations and AE waveforms synthesized by
using the generalized theory. Source characteristics are also
studied by means of the moment tensor rePJ:CSentation (Aki
and Richards, 1980; Kim and Sachse, 1984). The relationship
between the source representation and the momenl tensor is
presented and physical meaning of the moment tensor is
clarified. The AE source characteristics have been studied
often by deconvolution analyses. Our previous study, however, has shown that the deconvolution analyses (the inverse
problem) may lead to an erroneous conclusion (Ohtsu and
000, 1984b). It points up the need for more extensive
analysis of the forward problem (waveform synthesis) in order
to elucidate fundamental mechanisms of AE from observed
waveforms. In this report, synthesized AE waveforms due to
tensile and shear cracks in a half space are investigated based
on the generalized theory. Effects of crack orientation and
crack propagation on AE waveforms are evaluated and the
implications on the inverse problems are discussed.

l. Introduction

Source characteristics of acoustic emission (AE) have
been investigated on the basis of the theory of elastodynarnics. It is known that wave scattering complicates the elastic
wave propagation phenomena, through reflection, refraction,
diffraction and diffusion (Egle, 1979). However, scattered
waves lose infonnation of original mechanisms. Thus, direct
AE waves must be studied in order to investigate the source
characteristics of AE. Because the scale of the source responsible for generating AE is quite small compared to that of a
domain and the wavelength of AE, we can consider a propagating domain as infinite and apply the integral formulation
in order to study the direct AE waves. For identical reasons,
the integral fonnulation for the elastodynamics has been utilized in the fields of seismology. The integral representation
explicitly provides the relation between the observed elastic

2. Generalized Theory and AE Sources

Received 8 May 1986; In final form, 2S July 1986. The authors are
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According to the generalized theory (Ohtsu and 000,
1984a), AE wave motion II,(X, t) due to displacement discontinuity b(y, t) or its component bA<y, t) on dislocation surface F
is represented as (Aki and Richards, 1980, Ch. 3, eqn. 17)
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",(x. 1) =

I

p

Tit(x. y; t)·bt(Y. l)<!S(y),

From equation (3), in the case of isotropic materials,
moment tensor mpq becomes:

(I)

where * denotes a convolution integral with respect to time
and Til is Green's function of the second kind in a half space.

M=[IIIpq)

Equation (1) is based on the integral representation of
the governing equation in elastodynamics. It is derived from
the reciprocal theorem of Betti (Maruyama, 1963, Burridge
and Knopoff. 1964). An equivalent form in the frequency
domain has been utilized extensively by Mal and coworkers
since early 1970's. In the same manner as the fault model of
seismology (Aid and Richards, 1980), the displacement
discontinuity (Burgers vector) b is referred to as an AE
source. Following Eshelby (1982), b represents a dislocation
motion. a transformation or a crack, as an explicit mathematical representation of the displacement discontinuity.

=

>. Giil'. + ~ Ga.I'i + ~ Gil"""

JIblIlI

+ Jlblll]

JlbJn2

+ JIb2/1)

(4)

Abl1l. + ~)II)

The diagonal components of M constitute the dipole
forces corresponding to tensile cracks. To see this result
clearly. we set the Burgers vector of a tensile (crack) dislocation, b '" (b, 0, 0) and the unit normal n '" (1, 0, 0). The
corresponding dislocation model is shown in Fig. Is, where
the dislocation surface F is on the Xr-X, plane. In a tensile
dislocation, b is parallel to n, corresponding to a small
prismatic dislocation loop. From equation (4), one obtains
(Aki and Richards, 1980, Vol. I, p. 52)

Note that Til in equation (1) is not the well-known
Green's function, Glp> but is a Green's function of the second
kind. Ta consists of elastic constants, C,..,. spatial derivatives
of Green's function, GIp", and unit normal n to dislocation surface F. In the case of isotropic materials, CPF is reduced to
Lame constants, >. and~, and we obtain
Til =C,.,Gip"tIr =:

[

Abl1li + 2l1b11l1 JlbI"1 + Jlb2"1 Jlbl/l) + JIb)/I1 ]
~I + Jlbl1l2 1.bl1li + 2l1b2112 ~ + ~] .

M=[mpq )=

00]

0.+ ~}b
0
i.b
[

o

0 .

(5)

0 i.b

mil represents one component of a dipole force in the +XI
direction. opposed by others in the -.:cl direction acting on a
plane normal to the XI-axis. All components in equation (5)
are shown in Fig. 1b. Two forces of equal magnitude and
opposite directions are caUed a dipole force or a force couple
without moment. As seen in the figure, this tensile dislocation model corresponds to three dipole forces, expressed as

(2)

where II. is a component of the unit normal vector n to F, and
a comma in the indices indicates differentiation with respect
to y.
Although equivalent force models of dislocations lead
to another representation as will be discussed later (Burridge
and Knopoff, 1964), the spatial derivatives of Green's functions are necessary. Therefore. Green's functions alone are
inadequate for the synthesis of AE waveform, except for
transducer calibration (Breckenridge et al., 1975; Ohtsu and
Ono, 1984c). Equations (1) and (2) imply that Green's functions experimentally obtained by the fracture of a thin glass
tube or a pencil-lead break are not useful in the waveform
synthesis, because spatial derivatives of Green's functions
could not be computed from them.

a)

n

Another expression of the integrand in equation (I)
provides the moment tensor, M, which appears in the
equivalent force model derived by Burridge and Knopoff
(1964). The moment tensor is related to the Burgers vector of
a dislocation, b, as follow:
Tit -bi = Cpq""Gip",nr-b. =Gip"-(C,...vII,bll =Gip" -nIpq

(3)

where nIpq represents a component of M (Aki and Richards,
1980, eqn. 3.22). Note that ¥. constitutes a tensor product,
CR. is a component of the fourth rank elastic constant tensor
and m,. is a component of the second rank tensor, M.
Mura (1982) summarized the concept of eigen-strain in
micromechanics in conjunction with equivalent dislocation
models. Displacement components due to eigen-strain £_ in
the static case is expressed in the following form:
II~X) =:

LGlp,q(x. x')C,q,.,.£"",dx'.
Fig. I

Comparing this with equation (3), it is observed that the
moment tensor is identical to eigen-strain multiplied by elastic
constants. It implies that the moment tensor represents selfequilibrating stresses generated by a dislocation.
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a) A tensile dislocation model for a tensile crack on
dislocation surface F, which is located on the XrX,
plane. b) The corresponding force components of
the moment tensor (dipole forces).

the diagonal components of M. In other words, an opening of
a crack tensile on the X2-x, plane corresponds to hydrostatic
pressure plus a dipole force in the xI-axis. Hydrostatic pressure due to the tensile crack opening originates from the
effect of Poisson's ratio. Hence, a volumetric change accompanies the crack opening.

3. The Moment Tensor Representation
Some researchers employed the moment tensor
representations in order to describe the source characteristics
(Kim and Sachse, 1984; ahira and Pao, 1985). In seismology. only couple forces corresponding to fault motions are
taken into consideration, where the moment tensor is of very
simple form. Under realistic conditions for AE, we have to
take into account tensile cracks, shear cracks and their combinations. Therefore, the physical meaning of moment tensor
needs to be explored for their use in AE analysis.

The off-diagonal components of equation (4) constitute
force couples with moment, corresponding to shear cracks.
For a glide dislocation loop (a shear dislocation), the Burgers
vector of the dislocation lies on the dislocation surface, F.
We obtain a shear crack model by setting the Burgers vector
b as (0, b, 0) and n as (1,0, 0). The model is shown in Fig.
2a. From equation (4), we obtain

M",[OIpq 1=

0 j.tb 0]
[ j.tbo 00 o.
0

In general, principal components of a moment tensor
are not coincident with the coordinates axes. Following stress
analysis in elasticity, we can employ the principal value
analysis of the moment tensor in order to identify the physical
meaning of the moment tensor. In the following, we consider
cases of a tensile crack and a shear crack.

(6)

Component ml2 corresponds to one component of a couple
force in the +x\ direction and the other in the -XI direction on
a plane normal to the X1 axis. The equivalent force model is
shown in Fig. 2. In contrast to a tensile dislocation, a shear
dislocation corresponds to two force couples rotated by 90°.
In seismology, this is known as the double couple model.
The radiation pattern due to double force couples is also
known as the pull-push model (see Aki and Richards, 1980,
Sec. 3).

3.1 Tensile Crack
Consider an inclined tensile crack as shown in Fig. 3a.
The unit normal n to dislocation surface F is (cos 9, 0, sin 9).
The Burgers vector of an equivalent dislocation is b =
(b cos 9, 0, b sin 9). Matrix (4) becomes:

A+ 2Jt core 0 2j.l sin 0cos OJ
M=[mpqJ",b

a)

[2Jl sin 0e cos e 0A

0
•
A + 211 sin2e

(7)

a)

F

b)
b)

.....--- Xl

-----~i(C'--

Fig. 2

a) A shear dislocation model for a shear crack on
dislocation surface F. b) The corresponding force
components of the moment tensor (force couples).

Fig. 3
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a) A dislocation model for an inclined tensile rack.
b) The principal directions and values of the
moment tensor corresponding the model in Fig. 3a.

For an inclined tensile crack, the moment tensor has bOlh
diagonal and off-diagonal components.

3.2 Shear Crack
As shown in Fig. 4a, we consider next an inclined
shear crack. This is represented by a shear dislocation on surface F. Note that this dislocation also represents a glide (or
slip) on F. Unit normal n is (cos 8,0, sin 9). Setting the
Burgers vector of the shear dislocation b = (b sin 8 , 0, -b cos
9 ), we obtain M from equation (4),

The characleristic equations of equation (7) are
obtained, considering I as principal values:
I r Ii,.. -1IIpq I = 0,

(8)

where liP'l is Kronecker's delta. This equation leads 10 three
principal values of (X + ~)b, ), b, llnd),h, which are identical
to the diagonal components in equation (5). From equation
(7) and equation (8), we can also determine principal vectors.
One corresponding to the maximum principal value (), + ~)b
coincides with b = (cos 8, 0, sin 8). Figure 3b shows two
principal values in the directions of principal vectors on the
A:l-X3 plane.
Since Green's functions of the second kind in
equation (I) must satisfy the boundary conditions, the coordinate axes located in a half space are not transformable. II
implies that the principal axes of a moment tensor can be
determined only when all elements of the moment tensor are
obtained.

M=[lllpql=b

[

J! sin 29, 0 J! COS 29]
0
0
O.
J! cos 29 0 -J! sin 29

(9)

By solving the characteristic equations of equation (9), we
oblain principal values lib. - Jib, and O. Note that the two
principal values of a shear crack are of equal magnitude and
opposite sign. Principal vectors corresponding to those two
principal values are (cos ( 8 - 45° ), 0, sin (8 - 45°» and (cos(
8 + 45°), 0, sine 8 + 45°», respectively. These resulls are
schematically shown in Fig. 4b. In this case, the principal
vectors of the moment tensor point midway between the unit
normal n and the direction of the Burgers vector b. The
remaining principal veclor is (0, I, 0); that is, Ihe axis of rotalion. Since shear motion produces no volumetric change, the
sum of the principal components vanishes.

The results obtained here imply that an assumption of
vanishing off-diagonal elements of a moment tensor (see Kim
and Sachse, 1984) is inappropriate, unless b and n of a dislocation agree exactly with the coordinate axes. Furthermore, b
and n must be either normal or parallel to the stress-free surface in a half space.

The P-wave radialion patterns corresponding to Figs.
3a and 4a are well known (Mal, 1970; Ohtsu, 1982). In Fig.

a)

n

_____

e

-..:~--L---_

Xl

b)

------E:,---'---Xl
o

Fig. 4

Fig. 5

a) A dislocation model for an inclined shear crack.
b) The principal directions and values of the
moment tensor corresponding to the model in Fig.
4a.
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a) The radiation pattern due to a tensile dislocation
in Fig. 3 and the principal directions and values of
the moment tensor. b) The radiation pattern due to
a shear dislocation in Fig. 4 and the principal directions and values of the moment tensor.

5, results are compared wilh the principal values and veclors
obtained. In the case of a tensile crack, the principal values
coincide with the principal axes of the radiation pattern. The
P-wave radiation pattern of a shear crack shows the four quadrant pattern. The maximum amplitude of the positive pattern
corresponds to the maximum principal value, and the
minimum amplitude of the negative pattern is coincident with
the minimum principal value. These results imply that the
orientation of AE sources can be determined from the principal value analyses of a moment tensor, provided that all elements of the moment tensor have been determined.
Ohira and Pao (1985) proposed a method to separate
the types of cracks using moment tensor analyses. However,
such a classification is not necessary, as a moment tensor discloses its nature through principal value analysis. In the case
of a tensile crack, we have three principal components of the
moment tensor, consisting of one large value and two equal
values. The principal vector corresponding to the maximum
principal value indicates the direction of tensile motion. The
other two principal vectors define a crack surface. In the case
of a shear crack, two principal values of equal magnitude and
of opposite sign are obtained. Principal vectors point midway
between the direction of shear motion and a unit normal to a
crack surface. The principal vector for zero principal value is
perpendicular to the plane where shear motion occurs.

As shown in the figure, observation point T1 is located
away from the epicenter (T:z). Responses at the epicenter in a
half space can be computed by employing Green's functions
in an infinite space and by the image force method (Shibata,
1984). This technique, however, is invalid for general cases
in a half space. The programs developed are applicable to
any combinations between sources and any observation point
in a half space (Program listing available from the authors
upon request).
When incident angle III from the AE source to point T1
is greater than critical angle ~<r of this material (~tr = 32.3°),
SP wave motions can be observed in addition to P and S
waves. SP wave is P wave convened from vertical S wave
(SV wave) due to reflection at a stress-free surface and propagates parallel to the surface. Critical angle ~<r is given by
sin ~<T =V/Vpo

where

(10)

v, and vp are S wave and P wave velocity, respectively.

4.1 Point Dislocation
Let us first consider a small tensile crack. It may
correspond to a transgranular cleavage crack, an intergranular
fracture or the fracture of an inclusion at a notch tip. The
area of the crack or the corresponding dislocation surface F is
generally small in comparison to the distance from a source to
an observation point. Slowly varying factors can be taken
outside the surface integral in equation (I), which becomes

4. Synthesized AE Waveforms and Discussion

u3(X, I) = T 3t (x. y; I)·

Using equation (I), synthesized AE waveforms due to
cracks can be synthesized numerically. Fortran programs for
calculating Green's functions in a half space were already
developed (see the appendix in Ohtsu and 000, I 984a).
These programs have been improved to determine spatial
derivatives of Green's functions and Green's functions of the
second kind in a half space.

I F!la:(Y, t)dS(y) = T 31·B 1 + T n ·B
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a) A penny-shaped tensile crack
As an example, the formation of a penny-shaped crack
by the Eshelby process (Mora, 1982) is adopted as b.

Xl
Fig. 6

IF bi." t)dS(y).

In the configuration of Fig. 6, a unit normal n is in the ~1
direction, or n = (1, 0, 0). From equation (4), we find the
coefficients of G3" " in equation (11) correspond to elements
'"'" in equation (4). This shows that no difference exists
between equation (I) based on the generalized theory and the
moment tensor representation in the case of a point
dislocation model with uniform b over a crack surface. One
such dislocation is a simple disk-shaped crack, based on the
moment tensor representation (Wadley and Scruby, 1981).
Since equations (11) and (12) are represented directly by
dislocation components over a crack, any shape of crack formation can be considered; that is, equation (11) based on the
generalized theory can be used for more general cases than
the moment tensor representation.

/ - - - - - - - - - - :-I
0

+ T 33·B 3

and

The configuration of the model chosen is shown in
Fig. 6. AE sources are tensile and shear cracks. A specimen
considered is aluminum alloy of which P wave velocity,
Poisson's ratio, and the mass density are 6400 mis, 0.30, and
2.69, respectively.

/

1

b.(y,t) =INt-(r/a)Zs(t}

Sketch of a dislocation maPel and a specimen.
Dislocation surface F is located at a notch tip and
observation points T1 and T1 are on the .%1-.%1 surface
of stress-free.

and
b2 = b,
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A synthesized AE waveform observed at point TI
due to a penny-shaped tensile crack at a notch tip.
Dislocation surface F is vertical to the XI-Xl plane.

Fig. 8
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sec)

A simulated AE waveform observed at point TI due
to an inclined penny-shaped tensile crack at the

notch tip.

where li is the crack opening at the crack center Yc and a is
the radius of the penny-shaped crack. s(t) is the source time
function employed in our previous calculations (Ohtsu, 1982).

When the inclination angle is not large, the waveforms
due to inclined cracks resemble that of a vertical crack.
Ratios of amplitudes of P-, SP· and S-waves vary systematically with the crack orientation and distance of wave propagation. Such variations provide the basis for the determination
of AE source characteristics from the waveform observations
on the free surface.

After determining BtC.') from equations (12) and (13),
AE waveform observed at point TI was computed by equation
(II). An example of synthesized AE displacement waveforms
is shown in Fig. 7. We assumed that li is 0.005 nun, 2a is
0.05 mm, and the rise time of source function s(t) is 1 IJS.
Crack orientation is normal to the surface or = 0°. Here, xlz
indicates the ratio of the XI coordinate of an observation point
to the source depth. Positive amplitude means a displacement
component pointing upward in Fig. 6. In the figure, SP wave
motion is observed and has almost the same amplitude as that
of P wave. In the radiation pattern analysis, SP wave is not
taken into account and the pattern of S wave is completely
different from that of Fig. 7. This difference arises because
the theory of radiation pattern relies on far-field approximation in an infinite space.

It is apparent that deconvolution analysis must be performed with explicit knowledge of the crack orientation.
Deconvolution analysis in AE source characterization generally refers to the procedure, by which the time·dependent
function set) in b,.(X.I) is determined from equation (11) by
substituting an AE waveform observed into "J(x, l). Actually,
"J(x, I) must be obtained by another deconvolution procedure
if a sensor detects the velocity or acceleration of surface
motion. Equation (11) then becomes a linear integral equation of the Volterra type of the first kind solving for unknown
function s(t). In most deconvolution analyses. a theoretical
wavefonn was obtained from a single geometry. In some
cases, an empirical, incorrect function was substituted for T)tThe present results indicate that Tu for a correct crack orientation must be employed for a valid deconvolution analysis.
Figure 9 shows source functions obtained from the three AE
waveforms in Fig. 7 and for the cases with inclination angles
of 9 = ± 20°. Tj! for the case 9 = 0° was employed in the
deconvolution analysis. 1Jle result for 9 = 0° in Fig. 9 agrees
with the input s(t) function. However, results for 9 = ± 20°
correspond to incorrect deconvolution analyses performed
without considering the crack inclination angle. Although the
rise times of the source-time functions are determined
correctly, the later portions of s(t) for 9 = ± 20° are different
from the correct solution. For 9 = 20°, the amplitude is about
a half of correct s(t).

a

b) An inclined penny-shaped tensile crnck
Since the crack surface is not necessarily normal to the
free surface. the synthesis of AE wavefonn due to an inclined
crack is considered next. Unit normal n is given by (cos a
• 0, sin 9). The penny-shaped tensile crack in equation (13) is
considered and b becomes (b,cos O. O. blsin 9). Replacing b in
equation (7) with bl provides the moment tensor of an
inclined tensile crack. Note that the moment tensor consists
of off-diagonal components as well as diagonal components
even though the fracture is a tensile (Mode I) crack.
A synthesized AE waveform due to the inclined
penny-shaped crack is shown in Fig. 8. The crack was
rotated by -20° about the ~-axis. The waveform is also
observed at point TI • Comparing with the AE waveform in
Fig. 7, the general features are similar. However, the amplitude of P wave increases by 27%, while that of S wave is
reduced to 73%. Again a strong SP wave is observed.

c) A shear crack
The moment tensor representation for a shear crack is
expressed in matrix (9). In this case, equation (I) becomes,
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Fig. 7 and T2 for Fig. 10), the directions relative to the crack
plane are the same (45°). Such a difference in the waveforms
can easily be employed in distinguishing a shear crack from a
tensile crack. The frequency spectrum is also dictated by the
polarities of two major components and provides a means of
separating a tensile crack from a shear crack (or dislocation
glide).

o

4.2 Moving Dislocations
The dynamic nature of the opening of a tensile crack
or the shearing of a shear crack is incorporated in the timedependent function s(t) of the dislocation b [equation (12)].
However, effects of crack propagation appear through a shift
in the position of a point dislocation. Such effects can be
treated by superposition of wavefonns from a sequence of
point dislocations at successive positions. Here, moving
dislocations of unidirectional propagation are studied. In
reference to the geometry of Fig. 6, rectangular dislocation
surface F of width 0.9 mm an length 0.6 mm is considered.
The crack front moves upward from point Yo at velocity v..
The crack is normal to the free surface.

o
o

0.0

1.0 -6

Time (xl0

Fig. 9

2.0
sec)

The effect of crack orientations on results of the
deconvolution analysis.

+ )1(sill2& - cos2e)GJI,3 + )1(.sin2& - cos2&)Gn.I)·bldS

(14)

a) A tensile crack

Figure 10 shows AE wavefonns observed at the epicenter
(point T2) and at a point 6 mm from the epicenter (between
T, and T2 in Fig. 6). The inclination angle 9 of the shear crack
is 45°, the source depth is 2.4 em, and the rise time of source
function s(t) is I J1 s. Since the magnitude of surface motion
depends on the area of shear, the amplitude is given in a relative scale. A slight shift of the observation point (by 6 mm)
from the epicenter (or by 14°) reduces the amplitude of P
wave by 20%, while it magnifies the amplitude of the S-wave
by 25%. The S-wave component also becomes distinct after
the shifL

We consider a tensile crack as in Sec. 4.1a. Here,
only b l component exists on dislocation surface F. Surface F
was divided into N areas along the xJ-axis to evaluate the
effect of unidirectional propagation. From equation (l), we
obtain the following form
N

"3(X,

j"l

5

Time (xiO

Fig. 10

-6

bl(y,t - (y - yo)IVr)dSj(Y). (15)

'1

We assumed the
magnitude of dislocation b. as 0.01 mm, V. = 500 mis, and
employed N = 4 to 40. Because of the use of a smooth continuous function as s(t), N values of more than 4 make no
obvious distinction in synthesized waveforms. Results
obtained from equation (15) with N :::: 4 are shown in Fig. 11.
Figure lla shows an AE waveform at point Tz and Fig. Ib an
AE waveform at point TI • At the epicenter (Tv, no SP wave
is observed. However, an SP wave of large amplitude is seen
at T. (Fig. Ib). Comparing Fig. Ib with Fig. 7, we find that
the moving effect broadens the P and S wave motions. In
this calculation, angular shifts are small, as the crack moves
0.45 mm over 0.9 JU. Therefore, it may be possible to synthesize the AE waveform due to a moving source by employing a point dislocation source with a longer rise time. Figure
12 shows a result of the deconvolution analysis of the
waveform in Fig. lb. It is compared with the source function
s(t) for a simple point dislocation model with the rise time of
2 JU. These two source functions are slightly different, but
essential features are intact

~r
o

1.

TJI is the same as that in equation (11).

The waveform due to a shear crack has the P- and Swave components in the same polarity. This is in contrast to
a tensile crack, where the two components have different
signs. While these are calculated at different positions (T. for

~\t

t) = L TJ1(x, Yj; t)·

B .. 45°

10

b) A vertical shear crack

sec)

By taking ~ as the only non-zero component of the
Burgers vector, we compute AE waveforms due to a shear
dislocation. This dislocation lies on the XrX3 plane and moves
in the -z, direction at v,., and corresponds to a moving edge
dislocation. Equation (1) becomes

Simulated AE waveforms due to an inclined shear
crack located at a point z, = 2.4 cm. A solid curve
is a waveform observed at point T2 and a dotted
curve shows a waveform at a point XI = 0.6 em.
130

...

- 4 t - - - - -_ _"T'"

.....

..:

/I

-,

o

Q\Ieo0 ...---.. . .

a)

a)

o
.....
>l
......

0
0

\/1

:£

~

0.0

x/z

II

x/z .. 0.167

O.

.....
....

-~::------.....JI-~=_=~--------..
10. 0
12.75 -6
25.5
Time (xiO sec)

25.5

12.75 -6
Tillie (xl 0 sec)

0J-

o

M

a."ii
1
0
_0

>l

...... 0

-,

o

V

N

..-

Q\e
,

b)

b)

o

>l
......

r

QI

'g

..........
t

x/z .. 1.
x/z .. 1.

-.
M

W

II'l

Q\

IL-

M

'0.0

12.75

-6

Time (xiO

Fig. 11

0r----_._---=__---_----

Fig. 13

""'l

N

J=l

Gl

"......
...
::t

Co

S

oC

Fig. ]2

......
2
Time

-'3
(xl0-6

......
ij

I.PI b,(y. t -

(y - Y.)JV,)dSj(y). (16)

is given in equation (11). Other conditions are identical to
those for the moving tensile crack discussed above. Examples
of synthesized AE waveforms are shown in Fig. 13. Since no
response is observed at the epicenter in this configuration, AE
wavefonn at a point near the epicenter (x\ =S nun, between
1'\ and 1'z) is shown in Fig. 13a. Figure I3b gives a wavefonn
at point 1'1' It is observed that the S wave has a positive
amplitude near the epicenter (Fig. 13a), while the amplitude
of the S wave is negative due to the effect of the SP wave at
45° from the crack plane (Fig. 13b). In contrast to Fig. 11, P
waves are of negative motions in both Figs. 13a and b. It is
noled that amplitudes are generally smaller than those in Fig.
11. even though (b.1 for the latter is identical to Ib:tl. It implies
that the dislocation source with the volumetric change produces AE wavefonns of larger amplitudes than those with no
volumetric change.
1"JJ

mOVing source

°0

25.5

a) A synthesized AE wavefonn due to a moving
shear crack observed at a point %\ = 0.5 em. b) A
synthesized AE waveform observed at point ' •.

",(x. t) = 1: Tn(x. YJ; W

point

~

12.75 -6
time (dO sec)

0.0

25.S
gec)

a) A synthesized AE wavefonn due to a moving
tensile crack observed at point 1'z• b) A synthesized
AE wavefonn observed at point 1'\.

0L-...e:.:....-_......
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--I

5

seo)

Results of the deconvolution analysis in tensile
cracks. A solid curve shows a source time function
obtained from the wavefonn in Fig. I b. A dotted
curve is a source function due to a point dislocation.
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More Recent Improvements on the NBS Conical Transducer

Thomas M. Proctor, Jr.
A theoretical description of the transient response of
the conical transducer has been completed by M. Greenspan
and should appear in the literature soon. This theory closely
matches the experimental results. Ohtsu and Dno (1983) have
used finite element analysis to examine the resonant character
of the conical element.

Abstract
In 1980 we developed a point contact high fidelity
transducer as an acoustic emission receiver. Early details of
the construction and its response were given in this Journal
(Proctor, 1982). Improvements to the original design have
been made to the frequency and time responses. A reduction
in physical size has also been achieved and the electrode
durability has been improved. A new electrode system, and
an improved system for attaching the active element to the
back are described. The use of compound backings is also
discussed.

2. ImproVed Backing to Provide Better Frequency
Response
Transducers for use as transfer standards should have
the flattest frequency response possible. In an attempt to
improve the design of the original NBS conical transducer
several backings of extreme asymmetry have been tested. In
each case reducing the symmetry from the cylindrical backing
has made significant improvements in the frequency response.
Figure 2 is a photograph of a version that was one of the best
produced. Its brass backing has a larger volume than the original cylindrical ones and is in the form of a multisided
polygon in which the faces arc at odd angles and have
differing areas. The active element is mounted at an asymmetric location. The notion here is that the symmetry of the
earlier cylindrical backing produces strong interference
reflections back to the sensing element at certain frequencies
that correspond to characteristic dimensions such as the backing diameter and length. The asymmetric backing designs try
to further reduce such resonances by breaking up this reinforcing geometry. These modified geometries tend to destroy
the degeneracy of modes that support strong resonant conditions. This creates a much larger set of resonances which are
more uniformly distributed over frequency and are much
weaker in strength. Thus the back reflections that are seen by
the active element are smeared out in time. which reduces the
coherence and produces a flatter response for the transducer as
a whole.

1. Introduction
Six years ago we developed and began refining a
dynamic displacement transducer (Proctor, 1980, 1982, 1982;
Proctor and Breckenridge. 1983) for use as a secondary standard for acoustic emission transducer calibration. The result
of these first efforts is the original design as reponed on and
shown in Fig. 1. Considerable interest has been generated by
this high fidelity device. A number of improvements relating
to size, durability, and reproducible response have been made.
Some potential construction problems have been identified.
The high quality perfonnance of these transducers still
depends upon (1) the small aperture, (2) an extended backing
that is well matched and coupled to the active element, and
(3) special selected geometries for the backing and the active
element that reduce the strength of any resonances in the
working frequency range. The improvements discussed in
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Decreasing the symmelry of the backing by the four
different means that we investigated has produced a marked
improvement in both time and frequency response. A comparison between the frequency response of the original transducer with a cylindrical backing and a transducer with an
asymmetrical polygon backing (shown in Fig. 2) is given in
this paper either improve on these dependent features or simplify construction. The improvements discussed are compared
through the use of the National Bureau of Standards (NBS)
Acoustic Emission (AE) Transducer Calibration Facility. All
tests are done using the breaking glass capillary technique on
the large steel block that is a part of this facility and is
described by Breckenridge (1982).

I

1
Fig. I

A schematic of the normal cylindrical-backed conical transducer.
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Photograph of two conical transducers with an improved brass polyhedron backing.
Also shown is the matching preamplifier used with these transduceB.
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Fig. 3(a) A comparison of the time responses of the normal cylindrical-backed transducer
(solid line) and that for the improved polyhedron backing as shown in Fig. 2.
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parts. The outside shaped case is manufactured of brass as in
the original so as to provide a good acoustical match to the
PZT active element. The inner cylindrical cavity is filled with
a mixture of fine copper shot powder (nominally O.l-mm
spherical) and tungsten power (nominally 10 Ilm) in an epoxy
binder. The cavity is cut to deflect the back-reflected energy
along the shell, spreading out towards the thinned edges of
the shell. The reflected energy undergoes several reflections at
the brass-filler interface. At each reflection some of the back
reflections are transmitted to the absorptive filler. The desired
arrangement of the filler in the cavity would be to have the
spheres of copper form a close packed geometry (each
touches six others) with the interspaces being filled with a
high density of absorptive tungsten powder. This can be
roughly achieved by mixing the proper volumes of the two
powders with epoxy and filling the cavity by means of high
pressure. The backing can be constructed by machining an
oversize case into which the shaped cavity is cut. This cavity
is arranged to take a tight fitting brass piston. The cavity is
then filled with the absorptive mix, the piston installed gnd
the assembly squeezed in a press with a force of 4.5 x 10~.
During this process the excess epoxy squeezes out. The pressure assures contact between copper powder spheres, filler,
and the brass shell. The assembly (oversize backing, filler,
and embedded piston) is then heat-cured in an oven at 100°C
until the epoxy has hardened. Afterwards, the assembly is
turned down to its final outside dimensions. This operation
results in the removal of the piston and generates a flat front
surface for the attachment of the active element. Figure 6
shows the frequency response of this kind of compound backing as compared to the original design. The final product
seems to have as flat a response as the original design, and
what is more important, is smaller by almost a factor of four
in volume. This smaller version is also used with a plastic
protective collar to prevent roll-over.

Fig. 3. For this case the time (Fig. 3a) and frequency (Fig.
3b) responses show improvement. (In all figures in this paper
comparative data has been offset to facilitate comparison.)
The time response is cleaner, with less ringing on the trace
after the main signal has passed. This fact transforms into a
frequency response with less fine structure. It appears also
that a slight gain in bandwidth has been achieved. (The upper
frequency roll off-point has been increased by 300 kHz.
Compare the 5 dB points.)
Another asymmetric backing version was produced by
altering the original design with thin slots cut into the cylindrical backing. These slots were cut at slight angles to the axis
of the backing and in such a fashion that none of the planes
produced by these cuts were parallel with any other cut. Figure 4 shows the comparison of a cylindrical transducer before
and after the four slots were cut half way down into the backing. Again significant improvement in the bandwidth and a
reduction in the fine structure of the frequency response are
recorded.
Another version was constructed where the active element was mounted off-axis on a cylindrical backing. The rear
surface of this backing was cut at a slight angle to the front
face on which the element is mounted. The improvements
obtained are quite similar to the previous two cases described.
Other asymmetric backing shapes have produced similar
improvements.

3. Significant Size Reduction Using a Modified Backing
The original design of the NBS conical transducer is
rather bulky when compared to most commercially available
AE transducers. Also, because of this bulk, there is a higher
tendency for the transducer to topple over and thereby damage
the element. The 1.5-inch diameter and 1.0-inch height of the
earlier backing was designed to keep the magnitude of the
back reflections to a minimum. A number of requests for a
transducer of smaller overall size caused us to look for a way
to accommodate this improvement. A backing of smaller size
has been developed which provides about the same amount of
back-reflection suppression as the original. This backing
employs both geometry to distribute the back reflections in the
time domain and absorption of the back waves. This new
combination backing is shown in Fig. 5. The backing has two
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Recently, a different compound backing has been used
very successfully. This backing is also a shell structure of
brass with a shaped cavity which is filled with pure tin metal.
The tin is cast in place and wets the brass container making
very good acoustic coupling. The acoustic impedance of tin is
some what lower than brass but even so the amount of acoustic energy reflected at a brass-tin interface is less than 5 percent. The advantage of the tin is that it has higher absorption
and attenuates the back wave that is transmitted to it in a very
efficient way. A transducer constructed in this manner can
produce as much back wave suppression as the complicated
multisided polygon type whose frequency response is shown
in Fig. 3. This backing is simpler and easier to manufacture
and also results in a reduction in transducer volume.

I
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4.

Electrode Problems and Improvements

4.1 Front Electrode

hm

After the first 30 transducers were made it became
necessary to obtain a new supply of active elements. A
second batch of active elements was tested and showed problems originating from a lack of good bonding between the
PZT element and the silver electrode on the conical tip. Electrodes flaked off, and appropriate sensitivities were not real-

Schematic of a small-back model of the conical
transducer.
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ized. both before and after electrode flaking. At best. the use-

4.2 BontJjng of Elemelll-backing and Rear Electrode
Considerations

ful transducer lifetimes with these elements were significantly
shortened. The assembled transducer also had very low output A loosely attached electrode negatively affects transducer perfonnance in three ways: it reduces sensitivity both
electrically and acoustically and allows unwanted resonances
to develop in the frequency spectra. Some of these lowsensitivity transducers were brought up to nonnal sensitivity
by removal of the poorly-adhered front-electrode layer and
subsequently depositing a new electrode with evaporated
nickel. It was determined that the poor elements could be
predicted in advance of assembly by measuring their de
electrical capacitance. The poor ones had low capacitance,
while the good ones had values that were consistent and near
the calculated value based on the known dielectric constant
A simple calculation of capacitance for a suspected gap
between the tip electrode and the piezoelectric material
demonstrates that if a gap of 0.1 I.l.J11 exists it will impose 50
pF in series with the capacitance of the active element. This
reduces the output sensitivity of the active element to about
one-half the value that would exist if no gap was present. As
a result, it is important for the electrodes to be tightly coupled
to the piezoceramic element

In order that the back reflections be transmitted out of
the active element into the backing, considerable care should
be given to the bonding joint between the back of the active
element and the backing. Ideally this bond should be zero
thickness and the active element and backing should be in
intimate contact over all their contacting area. In actual fact,
however, this bond must contain at least both an electrode and
some bonding agent The best situation that we could hope
for is to have the electrode fiat and thin and tightly bonded to
the PZT of the active element As stated in the previous
paragraph, the electrodes need to be tightly coupled on an
atomic level. Most fired or chemically deposited electrodes
are neither thin nor necessarily very tightly bonded. A bond
gap between the PZT and the rear electrode should be less
than 0.04 I.l.J11 in thickness. This keeps the electrical attenuation down to less than one percent on the basis of series capacitance calculations done in a manner similar to that mentioned in the previous paragraph. Acoustically the requirements for this joint are almost as severe. Foster and Hunt
(1979) have shown that it is desirable to keep the silver elec-
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area have been investigated. When thin layers are added to to
the tip, additional assembly and bonding problems are created.
Thin shims of different metals have been tried as wear protection. Two systems of wear protection have been tested. The
first is of the hard kind, which is attached directly to the tip
of the element. We have tried steel and brass shim stock of
0.18 mm. Serious problems arise when a small diameter (1.0
mm) disc of this shim stock is attached to the tip of the truncated conical element. Shim stock is not perfectly flat and is
also highly flexible. It is difficult to center this disk on the
tip area and it is also a problem to apply sufficient force to
squeeze the epoxy adhesive down thin. This pressure has to
be maintained during the cure cycle and run-out from the joint
can cause adherence to the pressure appling surface. Because
the contact is so small (1 mm in diameter) the amount of
shear force that this bond can stand is also small. Thus, the
steel shim will protect the transducer from some abrasion but
if significant vertical and side forces are applied to the transducer at the same time the bond that holds the steel shim protector can be tom. Thus, this type of protection is quite limited. The acoustical performance of the transducer with the
steel shim has been found to be almost as good as without.
(See Fig. 7.) In general these thin layers do cause more ringing in the voltage output and do develop some fine structure
in the frequency response.

trode thickness to less than 10 J.lm when it separates two
mediums of near equal acoustic impedance. Under that condition the transmittance of ultrasound through such a layer is
reduced by less than one percent. The requirements for bond
thickness if the bond is epoxy is much more critical. The calculations of Foster and Hunt show that a 10 J.lm layer of
epoxy between two P'l.T elements causes a transmission loss
of 40 percent at 5 MHz. Of course if there is a void such as
a bubble, between electrode and element, this will very seriously affect the acoustical transmittance.
Experimentally, the theoretically predicted displacement response can not be realized in a consistent reproducible
manner unless great care is taken to insure a tight acoustical
connection between backing and element Early models were
made with ordinary lathe machined surfaces and with the surfaces of the electrodes as supplied. Our machined surfaces
were flat and planar to within O.025-mm and the plated electrodes were good to within 10 or 15 Ilm. In later models both
the backing and the electrode of the element were lapped
using optical techniques and measurements. All mating surfaces are ground and polished to a spectral finish and the
areas of contact usually have less than one fringe of visible
light variation from flat The epoxy resin used to make the
bond has been degassed before use to assure freedom from
bubbles in the joint Pressure is used during the heat cure to
guarantee intimate contact Most recent models of the transducer are made with a completely different bonding technique.

The other kind of protective layer is a one-shot soft
shim of lead sheet. We have used 0.18 mm thick lead shims
quite successfully. It provides a cushion for impact when the
transducer is seated, and a shearing protector if the tip is
moved laterally. As we have used it, no attachment is
attempted to the conical tip element. Instead a small square
of lead shim is laid down on the working surface. Petroleum
jelly is used both between the lead and the working surface
and between the lead and the PZT tip of the element. This
adheres the small pad in place, and provides a lubricant to
reduce any wear. The transducer is then set down on the lead
pad. Under the pressure of the backing weight the lead
conforms very well to both the working surface and the
active-element front-face. This provides good acoustic coupling. Response using this protective technique are quite
comparable to the steel shim protector results. (See Fig. 8.)
Some decrease in sensitivity and some increase in ringing is
experienced.

4.3 Beuer Bonding System
Because of ductile wear problems experienced with
fired silver electrodes, a searcb for a better electrode system
has resulted in the adoption of nickel electrodes. Nickel is
tough, strong and adheres very well. As a result, chemically
deposited electrodes of nickel have a wear life time of at least
100 times that of silver under the high mechanical stresses
experienced between the transducer tip and the working surface.
The nickel electrodes also lend themselves better to a
metal bonding technique that bas replaced the epoxy adhesive
for the backing-element joint This technique uses an indium
alloy solder, which melts below 160°C and is therefore compatible with the permanent polarization of the PZT element.
(The Curie point of PZT-5 is around 300°C.) This technique
lends itself to a simpler construction. The epoxy joints
require maximum cleanliness and degassing of the epoxy mix
is essential. With the solder joint, ftuxing and pretinning the
two surfaces provide a superior wetting condition. During the
soldering, the element is rung on the backing to be sure that
any trapped dirt has been rolled out of the joint The molten
metal fills the joint completely because the solder wets both
surfaces. Many such transducers have been made and they
are characterized by a higher consistency. As a result we
now use the tin-indium method almost exclusively.

More extensive and conventional wear plates have
been considered and rejected. Experience has caused us to
concentrate on very thin protective elements. Any added
layer to the system of working surface-active element-backing
will introduce another delay line. Only if this delay line is
shon with respect to the wavelength of interest is it possible
to maintain the relatively flat character of the response of the
system. In a similar vane, wear protection that extends the
lateral dimension will produce responses that are dominated
by the aperture effect, which the small contact tip of our
design avoids. Also transducers with extended lateral contact
dimensions can have problems of definition and reproducibility which are associated with the lack of ftatness of the contact

5. Wear Plates and Other Protective Features
In an effort to protect the delicate conical tip of the
NBS conical transducer design, protective additions to this tip
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Comparison of frequency response of a normal cylindrical-backed transducer. with
and without an attached front-face steel shim. 10 dB has been added to the dashed
curve for display purposes.
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6. Enclosed Cable Driver Modification

difference stems from two factors: we do not know (l) what
the character of the signal is or (2) the location of the event
relative to the receiving transducer. As a result. the best
receiver is one with a broad band of reception and one which
has a response that is independent of the direction to the epicenter of the event (i.e.• point receiver). The typical ultrasonic transducers tend to be resonant dominated and often
have a strong directional sensitivity. As a result these kinds
of transducer often perform poorly for AE work. The large
aperture of tbese transducers contributes greatly to their directional sensitivity. Wave fronts arriving from off axis are seriously effected by interference effects due to the extended area
of the transducer front face. As an eJtperimental measure of
the importance of the aperture size on the frequency response
of these transducers. three different aperture cases have been
measured. The transducer was originally rnaufactured with a
larger than normal aperature. In successive experiments. this
transducer had its response measured, and then the aperture
was reduced by grinding down the element to a new smaller
dimension. In all, three aperture sizes and corresponding frequency responses were measured for apertures of 2.26, 1.26,
and 0.95 mm diameter. Figure 9 shows the comparison of the

The output impedance of the transducer is very high
being primarily equivalent to about 30 pF capacitance. Any
external shunt capacitance loading can diminish the signal
output considerably. For that reason, stray capacitance of
ground shields and signal leads must be properly handled.
We bave used two different unity-gain, cable-driving
preamplifiers to relieve this cable loading effecL In some
instances a ground shield around the transducer has been
desirable for noise isolation. One transducer was constructed
whicb featured a self contained preamplifier chip located
within the ground shield. The preamplifier was arranged to
drive an output cable of many meters length and also to drive
a second internal guard shield that reduced the capacitance
loading effect of the grounded case.

7. Aperture Considerations
Acoustic emission requirements for a transducer are
different from those of the typical ultrasonic case. This
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frequency responses for these three different apenures. As
the aperture was reduced, the first minimum associated with
the first order of aperture interference increases in frequency.
An approximate theory predicts that this first minimum will
occur at the first zero of 2J (ka)/ka. IT one uses 2960 m/s for
the effective phase velocity, the first minimum for the 2.26
mm apenure should occur at 1.6 MHz while the first zero for
the 1.26 mm apenure should occur at 2.86 MHz, the upper
end of the frequency data. The first zero for the 0.95 mm
apenure occurs well above 2.8 MHz and is computed to be
3.8 MHz. Measured data of Fig. 9 supports these calculations. It is cenainly obvious that the smaller the aperture the
wider the bandwidth of the transducer.

8. Conclusion
By careful attention to details which concern primarily
the absorption and scattering of any backwave, the response
of the NBS conical transducer has been improved
significantly.
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Nondestructive Evaluation of Adhesive Bond Strength Using the
Stress Wave Factor Technique
Henrique L. M. dos Reis and Harold E. Kautz
of copper cladding bonded to glasslpolyimide used in printed
circuit board production as reported by Rodgers (1983). A
good review of analytical ultrasonics in materials research and
testing is given in Vary, ed. (1984).

Abstract

Acousto-ultrasonic nondesttuctive evaluation has been
conducted to evaluate the adhesive bond strength between
rubber and steel plates using the stress wave factor (SWF)
measurement technique. Specimens with different bond
strength were manufactured and tested using the SWF technique. Two approaches were used to define the SWF. One
approach defines the SWF as the signal energy and the other
approach defines the SWF as the square root of the zero
moment of the frequency spectrum of the received signal.
The strength of the rubber-steel adhesive joint was then
evaluated using the desttuctive peel strength test method. It
was observed that in both approaches higher values of the
SWF measurements correspond to higher values of the peel
strength test data. Therefore, these results show that the stress
wave factor technique has the potential of being used in quality assurance of the adhesive bond strength between rubber
and steel substrates.

Traditionally, the SWF readings depend upon several
instrumentation and experimental parameters such as the
threshold level. To eliminate this dependence, the signal
energy has been used to define the SWF. Kautz (1985), where
the signal energy is defined as the square of the amplified
transducer output voltage integrated over the time of the
sweep. An alternate method for quantifying the SWF has
been proposed by Govada et al (1985). This method consists
in using a Fast Fourier Transform (FFT) to perform the spectral analysis of the output signal. It is based on the observation by TaJreja (1973) that three classes of parameters are
needed to describe distribution functions (power spectrum in
particular), namely location, scale, and shape parameters. Talreja (1973) suggested that a convenient set of parameters to
represent the frequency spectrum can be defined as follows:
the location parameter can be taken to be the location of the
centroid of the specttum; the area of the spectrum forms a
suitable scale parameter; and the shape parameters can be
described in terms of the various moments of the power specttum about a convenient axis. Talreja (1973), therefore, proposed that a set of shape parameters be defined as:

1. Introduction
Adhesion, or strength of the bond between rubber and
other material (metal, plastic, or other rubber), is a critical
requirement for the functioning of a great variety of products
which are vulcanized composites of two or more materials.
Usually, adhesion is measured using the desttuctive stripping
or peeling method, ASTM 0429-81 (ASTM, 1985). The need
for a nondestructive testing method to evaluate the strength of
the adhesive bond between rubber and other materials has
long been established.

M,

S,~=--t

M.... f.

J: = 1,2,3...; r = 2,3,4...; r t! k.

Here,

Acousto-ultrasonic is a NOE technique which measures the relative efficiency of energy ttansmission in the
specimen. An ultrasonic pulse is injected with a transmitting
transducer mounted on the swface of the specimen. A larger
amount of damage in the specimen produces a higher signal
attenuation, resulting in lower SWF readings. Traditionally,
the SWF is evaluated as the number of oscillations higher
than a chosen threshold in the ringdown oscillations in the
output signal from the receiving ttansducer. The SWF has
already been correlated with the mechanical strength of composite materials by Vary and Lark. (1978), Williams and Lampert (1980), Kautz (1985), and Govada, et al. (1985). SWF
measurements have also been correlated with the peel strength

where S(f) is the power spectral density, f is the frequency,
and Ic is the location of the centroid found by the following
expression:
(2)
Several of the moments and moment ratios can be given physical interpretations. For example, M. is the mean square
value of the power spectral density. Also,
/. = {M-IM.>'1t

(3)

is the frequency of mean value crossings with positive slopes
and

1(1 <: {MJM~""
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(I)

(4)

is the frequency of maxima in the time domain (Rice, 1944).
Following Govada et aI. (1985), the root mean square of the
power spectral density, {MJ...., is used as an alternate method
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quantify the SWF. Therefore, the purpose of this study is
to investigate the applicability of the alternate acoustoultrasonic (or stress wave factor) techniques to the nondestructive evaluation of the adhesive bond strength between rubber
sheets and steel plates.

A schematic diagram of the Stress Wave Factor measurement system is sbown in Fig. 1. The broad-band transmitting transducer was the AET Model FC-500 having approximately a flat sensitivity of -85 dB (relative to IV/J.I. bar) from
0.1 to 3 MHz. The resonant receiving transducer was the
ART Model AC-375L having a.n approximate sensitivity of
-65 dB (relative to 1VIJ.I. bar) at the resonant frequency of
375 kHz. Both the transmitting and the receiving transducers
were mounted in waveguides as shown in Fig. 1. The area of

to

2. Experimental Procedures
Thirty-two specimens for peel strength testing were
prepared, per ASTM D429-81 (ASTM, 1985). Each specimen
consisted of a rubber sheet with a thickness of 6 mm (114 in.)
and dimensions of 25 x 127 mm (l x 5 in.) which was
bonded in vulcanization to one side of a steel plate with a
thickness of 1.6 mm (1116 in.) and dimensions of 25 x 60 mm
(I x 2 3/8 in.) as shown in Fig. 1 (Lindley, 1966). In this process, the metal parts were sand-blasted and painted with
cement. The coated metal parts were bonded to the rubber
during vulcanization process, when they were placed in the
mold under higb pressure and temperature. The test specimens were prepared such that the bonded area of 25 x 25 mm
(l x 1 in.) was located approximately in the middle of the
metal member. Using a Shore A-2 durometer testing
machine, the rubber had an average hardness of 51. The steel
plate surface was grit blasted. The thirty-two specimens were
divided into eight groups of four equal specimens each. To
assure specimens with different quality of bond peel strength
between the rubber and the steel plate, each group of four
equal specimens was prepared with a different amount of
adhesive (i.e., primer cement and cover cement) and with controlled defects in the bonded surface areas as described in
Table 1. Three of the controlled defects were obtained by
masking a portion of the bonded area prior to the application
of the adhesive system. Four other defects were obtained by
deleting either the primer cement or the cover cement in conjunction with contamination of the bond surface with a centrally located thumb print.
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Fig. 1

Schematic diagram for the acousto-ultrasonic stresswave-factor measurement system.

Table 1 Rubber-Steel Specimens with Controlled Adhesion
Controlled Defects
Adhesive
Specimen Numbero(
Type
Specimens

Three
Four
Masked
Longitudinal Masked
Shipes
Squares

One
Masked
Bond
Longitudinal Contamination
Shipes

Primer
Cement

Cover
Cement

4

Yes

Yes

2

4

Yes

Yes

3

4

Yes

Yes

4

4

Yes

Yes

5

4

Yes

Yes

Yes

6

4

Yes

No

Yes

7

4

Yes

No

8

4

No

Yes

Yes
Yes
Yes
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contact between each waveguide and the specimen was a circle with a diameter of 6.4 mm (1/4 in.). The center-to-center
spacing between the waveguides was 38 mm (1.5 in.), and the
contact pressure between the waveguides and the specimen
was such that the saturation pressure was exceeded.
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The transmitting transducer was excited by an ultrasonic pulser (parametric, Model 5052 PRX) which was set at
the pulsing rate of 200 pulses/s. The output signal from the
receiving transducer was amplified by 20 dB in a preamplifier
(DuneganlEndevco, Model 301). The acousto-ultrasonic signal waveform was then digitized in a digitizing oscilloscope
(Tektronix, Model 7854) using 1024 points. The calculations
for the signal energy and for the power spectrum analysis
were then carried out by a Tektronix computer (Model 4052)
equipped with a signal processing ROM.
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For the peel strength tests, the load was applied at an
angle of 45° using a Scott tensile testing machine with a constant crosshead speed of 0.8 mm1s (2.0 in/min).
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Fig. 3

Normalized stress wave factor, ElEo, vs. peel
strengvth for rubber sheet bonded to steel.

3. Experimental Results and Concluding Remarks

o Figure 2 shows a full frequency range acoustoultrasonic signal in the time domain together with the
corresponding frequency spectrum for a typical specimen.
The FFT algorithm [see anon. (1980» produced a 0 to I MHz
spectrum from a 500 J.lS time record of the acousto-ultrasonic
signal.
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Fig. 4

Normalized stress wave factor, (MJM'/,)'II, vs. peel
strength for rubber sheet bonded to steel.

2.0
Magni'ude of the
Fourier spectrum

~o

"
...

u·

Figure 3 shows a normalized stress wave factor vesus
the peel strength. In Fig. 3 the stress wave factor is based
upon the signal energy which is defined as the square of the
amplified transducer output voltage integrated over the time of
the sweep. The SWF value represents the average of twentyeight measurements for each group of four equal specimens
(seven measurement per specimen) and the corresponding peel
strength value represents the average of four measurements
for each group of four equal specimens (one measurement per
specimen). The straight line was obtained using the least
squares method. The corresponding correlation coefficient, r,
is 0.83.

1.0

Ql
I

;e
0.0
0.0

0.5

1.0

Frequency, MHz

Fig. 2

60

(267)

Acousto-ultmsonic signal and the magnitude of its
Fourier spectrum for a typical specimen.
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Figure 4 also shows a nonnalized stress wave factor
versus the peel strength. FoUowing Govada et al. (1985), the
stress wave factor is defined in Fig. 4 as the root mean square
of the power spectral density. Again, as in Fig. 3 each stress
wave factor represents the average of twenty-eight measurements for each group of four equal specimens and the
corresponding peel strength value represents an average of
four measurements for each group of four equal specimens.
The straight line was also obtained using the least squares
method and the corresponding correlation coefficient is 0.75.
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A Note on the Prediction of Fatigue Life of Metal Structures by Use of
the Felicity Effect
J. W. Whittaker
Abstract

and a bandpass of 90-170 kHz. Summation of AE counts
versus load was recorded for each proof cycle.

Data reported from early research on acoustic emission
(AE) studies of metal fatigue were analyzed using the Felicity
Effect concept. For the aluminum alloys and geometries
involved, results indicate that an apparent linear relationship
between normalized fatigue life and Felicity Ratio (FR)
greater than 0.7 determined from periodic overloads during
fatigue cycling. The relationship indicates new potential for
prediction of a metal structure's expected fatigue life from AE
tests on laboratory specimens and estimation of its remaining
fatigue life when in service.

Harris and Dunegan (1970) performed their work on a
pressure vessel made of 6061-T6 aluminum (cylindrical section length, 152.4 mm; inside diameter, 101.6 mm; wall thickness, 6.35 mm, and welded end caps). Following two initial
pressurization cycles, the vessel was cycled to 8.96 MPa and
proof-loaded to 13.78 MPa every 3000 cycles until the vessel
ruptured. No defects were known to exist prior to cycling. A
differential transducer (frequency not reported) was used for
the test with 85 dB of gain and a bandpass of 70 - 170 kHz.
Plots were made of summation of AE counts versus pressure
for each cycle.

1. Introduction
The Felicity Effect, a concept most often encountered
in AE work on composite materials, generally refers to the
fact that AE activity reinitiates, upon repeated loading, at
some given proportion of the previously attained load. Hamstad defines the Felicity Ratio as the numerical value which
results when the load Qt which significant AE begins on a
subsequent cycle is divided by the maximum load during the
previous cycle (Hamstad, 1983). In practical use significant
AE has many definitions, depending on the application and
experience of the practitioner. The classic Kaiser effect is
said to hold when the ratio is <!: 1.0. For composites, the FR
is typically S 1.0.

3. Analysis
For all cases in this analysis, the load for AE reinitiation was that for which the curve representing the summation
of AE counts first deviated from zero. It was measured
directly from the plots of summation of counts versus load or
pressure. Due to the overlapping of individual counts versus
pressure plots of the pressure vessel data, best estimates were
required for the pressure at AE reinitiation. It was not possible to estimate reinitiation pressures for some of the proof
cycles. The data are presented in Table 1 and plotted in Fig.
1.

Two classic papers on AE from fatigue tests of metals
(Harris et al., 1969; Harris and Dunegan, 1970) that were
published prior to development of the FR concept contained
data that were subsequently analyzed from a Felicity Effect
viewpoint to determine if such analysis might be worthwhile
for metal-fatigue studies. Potentially significant results were
found.

The most striking feature of the data is the apparent
linear relationship between FR and normalized fatigue life for
the data above 0.7. To the author's knowledge, nothing of
this sort has previously been reported. It is all the more
impressive when considering that the data represents two
different aluminum alloys and two different test geometries
(WOL specimens and a pressure vessel). The results indicate
two potential benefits:

2. Experimental Considerations
The work by Harris et al. (1969) focussed on the
application of AE monitoring to the detection of fatigue crack
initiation and growth.
Standard wedge-opening-loading
(WOL) specimens of 7075-T6 aluminum were fatigueprecracked and then fatigue-cycled between 0.22 and 3.56 N
with an intermediate proof cycle to 5.34 N every 3000 fatigue
cycles until failure occurred. A differential, 145 kHz resonant
transducer was used for AE monitoring with 80 dB of gain
Received 20 August 1986. The author is affiliated with Instrumentation
and Characrerization Department, Y-12 Development Division, Martin
Mariena Energy Systems, Inc., P.O. Box Y, Oak Ridge, TN 37831.
Journal of AcoUlllc Emission
Volume S, Number 4

1.

If the FR-Normalized Fatigue Life relationship is valid
for both specimens and structures of a given alloy,
then it should be possible to predict a structure's
fatigue life from laboratory experiments on standard
specimens.

2.

Prior knowledge of the FR-Normalized Fatigue Life
relationship for an alloy would make it possible to
estimate a structure's remaining fatigue life if periodic
overload cycles are performed with AE monitoring.

The WOL specimens had existing cracks and the pressure vessel eventually failed from growth of a fatigue-induced
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crack, which indicates the probable dependence of the FR on
the existence of a crack. The AE produced during the proof
cycle, then, is most probably a product of crack growth and/or
crack-face rubbing.

References

M.A. Hamstad (1983), Quality Comrol and Nondutructive
Evaluation Techniques for Composites-.Part VI: Acowtic
Emission··A State-of-the-Art Review, AVRADCOM Report
TR g3-F-T, University of Denver, Denver, CO.

The data points below a Normalized Fatigue Life of
0.3 do not fit the pattern established by those above 0.7. It is
not known if the fatigue crack existed at this early stage of
the vessel's life and it is entirely possible that other AE
mechanisms were active at those points. The results
presented here are very limited but do suggest a potentially
beneficial avenue of research and application.

D.O. Hanis and H.L Dunegan (1970), Verification of Structural Integrity of Pressure Vessels by Acowtic Emission and
Periodic Proof Testing, UCRL-72783, Lawrence Radiation
Laboratory, Livermore, CA.
D.O. Harris, HL Dunegan, and A.S. Tetelman (1969), Prediction of Fatigue Lifetime by Combined Fracture Mechanics
and Acowtic Emission Techniques, UCRL-71760, Lawrence
Radiation Laboratory. Livermore. CA.

4. Conclusions
1.

For the aluminum alloys and geometries discussed,
there is an apparent linear relationship between the FR
determined from periodic overloads of a cyclically
loaded object and its Normalized Fatigue Life.

2.

The relationship is potentially beneficial since it may
enable prediction of a structure's expected fatigue life
from tests performed on laboratory specimens and of
its remaining fatigue life when in service.
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Table 1 Load and Pressure Data with Calculated Felicity Ratios

Maximum
Previous Load
or Pressure

Load/Pressure
at AE
Reinitiation

Felicity
Ratio

0.818
0.909
1.000

S.34N
S.34N

4.49N
3.83 N
4.52 N

0.847
0.717
0.659

33,000
36,000
39,000
42,000
45,000

0.733
0.800
0.867
0.933
1.000

5.34N
5.34N

5.34N

4.49N
4.23 N
4.09N
3.78 N
3.58 N

0.841
0.792
0.766
0.708
0.670

2
3,000
12,000
42,000
48,000
51,000

0.0039
0.069
0.235
0.824
0.941
1.000

13.8 kPa
13.8 kPa
13.8 kPa
13.8 kPa
13.8 kPa
13.8 kPa

10.9 kPa
9.0 kPa
105 kPa
10.4 kPa
8.9 kPa
8.9 kPa

0.789
0.649
0.761
0.754
0.649
0.649

Specimen
Type

Fatigue
Cycle (N)

NIN total

WOL
(Spec. 6
Harris
et aI.)

27,000
30,000
33,000

WOL
(Spec. 7
Harris
et aI.)

Pressure
Vessel
(Harris
and
Dunegan)

5.34N

S.34N
S.34N
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Vibro-Acoustic Emission in. Plastic Bars

A. E. Lord, Jr.
Abstract
This note gives results of initial study on vibroacoustic emission; i.e., acoustic emission activated with vibratory stress. Excitation of 100 Hz to 20 kHz generated frequency dependent acoustic emission activity that changed with
sample size and defects of different dimensions.

BAR

S"AKERF=~==t

TABLE

Acoustic emission (AE) in the laboratory is usually
actuated by some external means that can be independently
controlled; it could be stress, strain, magnetic field, temperature change or other means. There have been a few reports of
activating AE with vibratory stress, but few details have been
reported. A recent report (Webster and Holroyd, 1985) called
the acoustic emission caused by vibratory stress vibro-acousric
emission and that tenn will be used here.
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Schematic diagram of the experimental setup to
detennine the vibro-acoustic emission spectra
(VAES) of plastic bar samples.

In this study, plastic bars were subjected to audio frequency flexure and conventional equipment was used to determine the AE. Figure I is a schematic diagram of the experimental setup. Figure 2a is a photograph of the entire setup
and Fig. 2b shows the shaker table and plastic bar with the
transducer. A signal generator and audio amplifier drive the
small shaker table. A simple mechanical device was built to
allow for automatic sweeping of the frequency. The output of
the amplifier was monitored with an oscilloscope. A 175 kHz
transducer with appropriate filter feeds the AE mainframe
unit. A gain of 100 dB was used and the transducer was
dry-mounted to the plastic bar with a clamp. The output of
the AE mainframe was fed into a digital counter. AE (ring
down) counts were used For permanent recording of the
"vibro-acoustic emission spectrum" (VAES), the output of the
counter was placed into a strip chart-recorder.

a)

Figure 3a shows the VAES of high impact polystyrene
(sample size, 127 x 32 x 3.5 nun or 5" x 1.25" x 0.138")
from 70 to 300 Hz. The voltage applied to the shaker table
was not carefully monitored here, as these were some of the
earliest experiments. However, the shaker table drive voltage
was kept constant during VAES runs. Four small razor blade
cuts were made at 45° to the plane of the bar. Figure 3b
shows the results. Now, a great number of counts are present
between 70 and 300 Hz, with a very strong peak centered at
about 220 Hz.

b)

Fig. 2
Received September 9, 1986. The author is llflUiIlled with Depanment of
Physics III1d Atmospheric Scieuces, Drexel University, Philadelphia. PA
19104.
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Photograph of the experimental setup to determine the VAES of plastic bar samples. (8)
Overall setup; (b) Plastic bar, transducer and
shaker table.
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100

The VAES of a high impact polystyrene strip
(5" x 1.25" x 0.138") at an AE frequency of
175 kHz. Audio vibration drive from 70 to
300 Hz. (a) No intentional defects; (b) Four
razor blade cuts at 45° to plane of bar.

Fig. 4

The VAES of a high density polyethylene bar
(4" x I" x 0.080") at an AE frequency of 175
kHz. Audio vibration drive from 100 to 300
Hz. (a) No intentional defects; (b) Two razor
blade cuts at 45° to plane of bar.

Some comments about the work are in order. The
razor blade and saw cuts may offer frictional surfaces where
"rubbing" can take place during the oscillations and cause AE.
Thus, in a real structure, vibro-acoustic emission might be
used to detect cracks.

Figure 4a shows the VAES of high density
polyethylene (sample size, 100 x 25 x 2 mm or 4" x 1" x
0.080") from 100 to 300 Hz. Figure 4b shows the spectrum
for the same sample with two small razor cuts at 45° to the
plane of the bar. The voltage applied to the shaker table was

SV p-p.
Simple vibration theory can be used to calculate the
resonant frequencies (in flexure) of the bar to see if the
vibro-acoustic emission preferentially occur at these values.
Simple flexural vibrations will occur when the wavelength of
the elastic waves are much larger than the width or thickness.
This limits the calculation to the lower frequency ranges used
in these studies. Using standard theory (Wilson and Lord,
1973) with the dimensions of the bar and the material parameters for plexiglas, the first few flexural resonances are found
to be at 35 Hz, 96 Hz, 190 Hz, 315 Hz and 470 Hz. It dOes
not appear (referring to Table I), at least from this simple
analysis, that the AE peaks are occurring at flexural resonances of the bars.

In order to determine some of the characteristics of
VAES, measurements were made on plexiglas bars of various
lengths, at various shaker table drive voltages and over a
broad audio frequency range from 100 Hz to 20,000 Hz. The
results are summarized in Table 1. Some features to be noted
in Table 1 are:
• There is a threshold voltage for vibro-acoustic
emission for each frequency range and sample length
• The threshold voltage can be lowered by placing
intentional defects in the bar (saw cuts or
razor blade cuts)
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Table 1 Vibro-Acoustic Emission Results for Plexiglas Samples (Width = 47 mm; Thickness = 6.5 mm)
Length
Frequency
Range (Hz)
1()()..300 Hz
4 Voltst
6 Volts
8 Volts
10 Volts
12 Volts

56cm

28cm

14cm

None§
None
None
220 Hz (m)
150 Hz (s); 220 Hz (I)

None
None
150Hz
150-200 Hz (broad uprising)

120Hz (s)*
120 Hz (s)
100 Hz (b); 160 Hz (m)
100 Hz (b); 180 Hz (I)

None
None
700 Hz (I)

40Hz (I)

With 4 saw cuts
8 Volts - 220 Hz (s)
3()()..3000 Hz
8 Volts
9 Volts
10 Volts
11 Volts
12 Volts
15 Volts

None
None
None
None
300 Hz (b); 700 Hz (1)

300 Hz (b); 1500 Hz (I)
300 Hz (b); 1500 Hz (I)

700Hz (I)
With 4 saw cuts
10 Volts - 400 Hz (s)
11 Volts-4OOHz(s)
12 Volts - 1200Hz (m)

3000-20,000 Hz
6 Volts
8 Volts
10 Volts
12 Volts

None
None
None
None

None
12 kHz (s); 16 kHz (s)
12 kHz (s); 16 kHz (I)
12 kHz (I); 16 kHz (I)

None
14 kHz (I)
14 kHz (I)
5 kHz (I); 7 kHz (I);

With 4 saw cuts
12 Volts-None

*t

Drive voltage is 4 V peak-to-peak. § No vibro-acoustic emission resistered.
(s), (m), (I), and (b) indicate small, medium, large and broad peak. respectively.

This paper is meant to be only a preliminary report of
a promising, but obviously complex phenomena. All results
presented here have been reproduced, but ultimate statistical
reproducibility has yet to be proven. Studies also should be
undertaken on larger, more complex structures. Smaller
"defects" should also be used to ascertain the limiting "crack"
size that can be detected. However, this does seem to be the
first experimental work that attempted to study the effect in
some detail.
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Symposium on Acoustic Emission; in the study, testing and control of
materials and plant installations.
This meeting will be held March 19-20,1987, in Bad Nauheim, FRG (W. Germany). The organizers are Deutsche
Gesellschaft fUr Metallkunde and Deutsche Gesellschaft fUr zerstOrungsfreie Priifung. For information, contact the
Deutsche Gesellschaft fUr Metallkunde e.V., Adenauerallee 21, D-6370 Oberursel 1, FRG (West Germany).
Telephone number is 0 6171/4081.

The 30th Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 11 - 14 May 1987 at Sheraton Norman Hotel, Norman, Oklahoma. Meeting
organizers are Profs. Davis M. Egle and Ron Kline, AMNE, Room 212, University of Oklahoma, 865 Asp Ave.,
Norman, OK 73019; telephone no. (405) 325-5011. The first day will be devoted to a shon course, Introduction to
Acoustic Emission for Nondestructive Testing.

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. Golaski, Vice President, Technical
University of Kielce, Institute of Applied Mechanics, 25-314 Kielce, AI. l000-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, IT, 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 tentatively scheduled to be held in London between 14 - 18 September 1987 in
conjunction with the Fourth European Conference on Nondestructive Testing. Details to appear later.

The 9th International AE Symposium
The 9th IAES 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. ToIcyo Ill. JAPAN. Look for further announcements.

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

The 3rd InternaUonal Symposium on AE from Reinforced Composites.
The Third International Symposium on Acoustic Emission from Reinforced Plastics is planned tentatively in Paris, France in July of
1989. Look for further announcements.

A Conference Planned In India
An international conference on acoustic emission is being organized in India by the AEWG of India in 1987. Look for future
announcement
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Acoustic Emission Testing of Glass Fiber Reinforced Plastic
Components
R.Teti
Abstract
The scope of this work is to verify the possibility of
identifying, during the fabrication process of composite
material components and by means of mechanical testing and
acoustic emission analysis, anomalies or non-conformities to
production specifications, purposely introduced in the fabrication cycle and determining significant variations in the
material structure of the semi-finished product. The experimental results indicate that structural alterations induced in the
material by pressure variations during fabrication cycles may
be identified through acoustic emission analysis. Mechanical
parameters seem incapable of producing significant and reliable information. The acoustic emission testing technique
seems very promising for batch quality control of semifinished glass reinforced plastic components.

1. Introduction
One of the primary barriers to the growth of composite
materials technology is represented by the scarce availability,
or even the absence, of well-established methods for material
evaluation and quality assurance. The considerable prospects
connected with the exploitation of the full potential of composite materials for industrial applications, on the other hand,
fully justify the efforts in the investigation and optimization of
new methods and techniques for material characterization and
evaluation.
Acoustic emission (AE) is critically dependent, as is
well known (Francis and Lindholm, 1973), on the particular
failure mechanisms developing in the material during loading.
AE detection and analysis represent, as is generally recognized (Williams and Samson, 1978), a real-time very sensitive
and relatively simple testing technique capable of providing
information on the different fracture mechanisms operating in
composite materials and, at least in some cases, to allow for
their discrimination. It seems therefore natural to resort to
AE testing in order to identify material structure alterations
due to variations in the fabrication cycle of a composite component, as they inevitably influence the material fracture
behavior.

Fig. I

RP helmet under examination.

Fig. 2

Robotic water-jet cutting system.

duction specifications, purposely introduced in the fabrication
cycle of glass-fiber reinforced plastic components.

The scope of the present paper is to verify the possibility of identifying, by means of mechanical testing and AE
detection and analysis, anomalies or non-conformities to pro-

2. Material and Experimental Procedures

Received 22 July 1986. The author is affiliated with Department of
Materials and Production Engineering, University of Naples. PJe Teechio
80. 80125 Napoli. Italy.

The components under examination were glass-fiber
reinforced plastic motorcycle helmets (Fig. I), manufactured
by Nolan SpA, Mozzo (BO), Italy. The matrix was a polyester resin and the reinforcement an E-glass cloth (450 gltri'-).
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Fabrication was carried out by hand lay-up: 5 cloth layers
were placed in a female mold, impregnated with resin and
subjected to pressure through a heat resistant rubber bladder.
Curing was carried out in an oven at 700C for 30 min.
The helmets under examination were fabricated using
the same temperature cycle but different pressure conditions
or, in one case, reducing the number of reinforcement layers.
The following helmet types were prepared:
type I - low pressure applied during cure
type 2 - standard process
type 3 - high pessure applied during cure
type 4 - 40% less reinforcement (standard process).

Fig. 3

Testing set-up.

3. ExperimentaJ Resulls

After curing, the helmets am ordinarily forwarded to a
robotic water-jet cutting station where trimming, hole drilling
and mask cutting is carried out under control of an appropriate software (Fig. 2). Following the cutting stage, the helmets
are sent to the painting and finishing stages (internal padding,
strap application, etc.). Visual inspection of helmets is carried
out between the cutting and painting stages as well as after
completion of the helmeL Because of potential safety concerns, we need a more effective quality evaluation procedure
that would include:

In Fig. 4 the typical AB response graphs for each sample type are shown. AE and mechanical parameters obtained
from the experimental graphs were analyzed in order to identify the most significant ones for an eventual practical application in an in-process material quality control system. The
following parameters had been initially taken into account:
Of, Ojblla

. a) testing of all helmets and
b) material structure related testing.

d;

The testing technique to be used must be simple (automatic if
possible), fast (ten seconds per test), and reliable at least for
batch control. The testing should provide quality control testing of each helmet in order to identify possible single defective helmets (presently the helmets undergo destructive testing
for statistical quality assurance), and indicate the need of possible inlemlption of production flow in case of material non·
confonnity to fabrication specifications immediately after cure
cycle and, in any case, before the painting stage.

N, N_

= maximum bending stress corresponding to a
chosen deflection (d = 10 mm) and maximum load.

= center deflection value corresponding to the onset
of AE activity.
= AB

(ring-down) counts corresponding to d

= 10

mm and maximum load.
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The following AB testing procedure was proposed in
order to achieve the above-mentioned objectives. Before the
painting stage, samples for AB testing were obtained from the
semi-finished helmets through the same robotic water-jet cutting process. The samples were cut from the same zone; the
cutting zone was chosen so that the samples would be as regular and as equal to one another as possible. It must be
observed that the helmets have a complex geometry (double
curvature surface) that does not allow for the procurement of
samples with an identical geometry. The mean dimensions of
AE samples were: length 100 mm, width 25 mm. nominal
thickness, 2 mm. The samples were subjected to three-point
bending tests, as illustrated in Fig. 3, on an InslrOn machine
using a crosshead speed of 5 mm1min. The InslrOn machine
produced a load-time graph. During the three-point bending
teslS, AS was detected by a transducer (resonance frequency
of 140 kHz) positioned at one end of the sample. Total gain
was 96 dB, high-pass filter cut-off frequency of 50 kHz. and
the threshold level of IV. RecoIded AB parameters versus
time or deflection were total AE (ring down) counts, N, total
AE events, N. and count rates N and h.. Apart from AE test
sample, spcclmcns were also obtained from each helmet type
for the evaluation of percentage fiber weight contenL
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Fig. 4(a) Typical results of AE responses for Type 1.
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Fig. 4(d) Typical results of AE responses for Type 4.
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analysis, appeared to be: 0t-' dj • N, and N.. Their mean
values and dispersion parameters are reported in Table I
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The different fabrication cycles used for the different
helmet types mainly produce a variation in the material percentage fiber content A different pressure value causes a
change in the matrix-reinforcement ratio (higher or lower
resin expulsion during pressurization) and consequently of the
fiber content. The latter is inversely proportional to the
applied pressure.

10

.:t

,.'

Q)

I

·z

)
I

80

,

I
I

I
I

I

..
I
I

In the last column of Table I, the mean values and
dispersion parameters for percentage fiber weight content WI
are summarized for helmet types 1, 2 and 3. Type 4 helmet
samples, containing 4OCJ& less reinforcement, did not allow for
the identification of significant mechanical and AB parameters
because of their very low rigidity and scarce AE activity during testing and therefore are not reported in Table 1.

I

,
I

.

.'

5

,
.'

40

,
I
,,

I
I

!

I

4. Discussion
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The first result, very clearly indicated by the experiment, is the very low AE activity from type 4 samples with
40% less reinforcement (Fig. 4d). This is due to the very
high flexibility of such samples that did not allow for any
material fracturing under the adopted loading conditions. This
kind of gross anomaly in the fabrication cycle (lack of reinforcement) can be therefore very easily identified by AE tests;
also mechanical parameters, however, could reliably identify
the high flexibility samples (0..- is practicaUy negligible),

t (5)

Fig. 4(c) Typical results of AE responses for Type 3.

NO' N_

= AB event counts corresponding to d = 10 mm
and maximum load.

The most significant of these, and therefore deserving further
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Table 1 Mean Values and Dispersions of Experimental Parameters
Type 1
Mean Value Disp.('J6)

errmax (MN/m2)
dj

(mm)

Type 2
Mean Value Disp.($)

310

30

330

35

380

4.5

20

6

23

7

38

24

N

(counts)

6000

37

2500

41

1250

43

Nc

(counts)

440

48

300

47

130

50

51

4

55

3

59
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Fig. Sea) Mechanical and AE parameters vs. percentage fiber
weight content WI; erftl>l1.
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Fig. S(b) Mechanical and AE parameters VB. percentage fiber
weight content WI; N.

In Fig. S. the most significant mechanical and AE
parameters (er./lllU' 4 N. N.) are plotted against percentage fiber
weight content WI for sample types 1. 2 and 3. Mechanical
parameters do not seem. in this case. capable of reliably identifying fabrication cycle variations: (J./IIlU. which appeared to
be the most significant mechanical parameter for the purpose
of this work, increases with fiber content (as was expected.
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since mechanical properties of composites increase with WI)
but sample type identification is practically impossible (Fig.
Sa) due to the large scatter of the data and the similarity of
afinu mean values for the three sample types. N and N,
decrease with increasing WI (Figs. 5b and c) whereas d,
increases with increasing WI (Fig. 5d).

5. Conclusions
The following conclusions may be drawn:

1. Helmets with 40% less reinforcement can be easily and
reliably identified through AE detection and analysis.
Also mechanical parameters are useful for this case;

It is possible to explain this behavior by considering
that an increase in cure pressure determines a decrease in
material thickness. Therefore, under the same deformation
conditions (deflection d = 10 mm), the maximum flexural
stress will be higher in the case of lower cure pressures; this
may justify a higher and earlier matrix related AE activity.

2. AE parameters can identify structural variations due to
fabrication cycle modification. Mechanical parameters
cannot do the same;

d., N and N, were also well correlated with cure pressure varia-

3. The mean values of AE parameters are well correlated
with cure pressure dependent composite fiber content and
data dispersion is sufficiently limited as to allow for a reliable batch quality control of the helmets;

tions as far as mean values were concerned, but the
identification of sample types seemed rather difficult because
of the very large scatter of the data. The large scatter was
judged to be a consequence of the inevitable but significant
geometrical differences in the samples cut out of the components by a diamond disk saw.

4. The scatter of the AE data does not allow for the reliable
identification of a single defective helmet In oIder to
achieve this goal, it is necessary to reduce the scatter by
testing flat AE samples purposely provided for in the helmet design.

In a previous work (Crivelli-Visconti and Teti, 1984),

What appears, therefore, interesting in the data
obtained from the present experiment is the fact that the adoption of a robotic water-jet system to cut AE samples with
equal geometry and from the same location on the helmet,
seems to have significantly decreased the data dispersion only
for types 1-3 (N,) and types 3-2 (d,), whereas N (Fig. 5b) indicates a clear separation of values for all types. Therefore,
either N alone or a combination of the three AE parameters
seem capable of reliably identifying batches of helmets with
structural defects due to fabrication cycle variations.
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lH. Williams and SL. Samson (1978), J. Compo Mat, 12,
173-179.

Another initial requirement was not fully met with;
i.e., a test duration of about ten seconds. Figure 4 shows that
the tests lasted about 150 s before reaching the ultimate load,
about 100 s before d = 10 mm and about 70-80 s before dj.
These test durations could be shortened by increasing the
crosshead speed, provides that this can be safely performed,
while preserving the meaningfulness of the results. The data
scatter must also be sufficiently low. This may be fulfilled by
the adoption of fiat test samples.
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Correlation of Acoustic Emission to Microstructural Sources

James Mohr and Amiya K. Mukherjee
do not cross it because it is a region which does not possess
the necessary crystal structure.

Abstract
Tensile tests were conducted on Fe-21Ni-0.6C alloy to
determine the relation between stress vs. strain and effects of
stress induced martensitic transformation on acoustic emission
and magnetic susceptibility. The results are presented graphically and show cyclic behavior characteristic of serrated yielding. The magnetic and acoustic emission monitors were
designed to be used during the deformation and hence they
depicted the changes that occurred during the deformation.

To study the transformation in this alloy. acoustic
emission (AE) monitoring and a magnetic susceptibility measurement device were used. Each of these monitors measures
bulk specimen properties because the entire gauge length is
monitored and any transformation that occurs is displayed.
Each of these methods has been used in the past to monitor
martensitic transformations, but they have not been used
together. The acoustic emission can be sensitive enough to
show the formation of a single martensite plate but will generally show only the nearly simultaneous formation of several
plates in the same vicinity because that is the way the
transformation occurs due to the autocatalytic effect

1. Introduction
Martensite formation in steels has been a subject of
research for many decades. This study is concerned with
deformation induced. martensite in Fe-22Ni-Q.6C. In this
alloy, the stress increase during tensile testing is enough to
shift the martensite transformation start temperature (Ms) up
to room temperature from -40°C. The free energy change for
the transformation vs. temperature is shown graphically in
Fig. 1. When a stress is applied, the M, is increased as
shown due to the change in the chemical potential. The
transformation is a shear process and must be accommodated
in the matrix of untransformed austenite as a combined elastic
and plastic strain. This is the reason for the necessary supercooling indicated in Fig. 1. When the transformation occurs,
the interface between the growing martensite crystal and the
matrix must remain completely coherent for the transformation to continue. Evidence of this can be seen in the micrographs as the martensite plates approach a grain boundary, but

Ms
Fig. I

Temperature

Martensite that generates AE is generally divided into
two distinct types: burst and shiebung. The difference is the
transformation velocity; burst martensite forms very quickly
and appears to have no thermal barrier for its activation
energy, while schiebung-type shows a barrier. AE is most
useful when the martensite is burst or athermal and least use·
ful when it is the shiebung-type. The athermal transformation
means that the kinetics of the transformation are not affected
by changes in the temperature, i.e., the process is not thermally activated. This transformation is generally considered
to be diffusionless and to occur at shear wave velocity. A
rough calculation using a plate with a largest dimension of
100 JIm and shear wave velocity of 2000
shows that a
plate of these dimensions can form in S x 10- s which is in
good agreement with observed values of less than 1 x 10'6 s
(Nishiyama, 1978). The combination of fast formation and
the necessity of accommodating a deformation of the matrix
leads to an elastic wave propagating through the matrix with
an energy proportional to the VOlume of the transformed
region.

mlA

Because the interface between the steel sample and the
surrounding air has a very high acoustic impedance mismatch
and the metal has a low absorption factor. the waves are
transmitted within the specimen and are reflected upon reaching the surface. This leads to a relatively long ringdown time
of the AE associated with a bunt martensite. When the
waves reach the AE sensor, there is no way to backtrack and
try to find information to help understand the nucleation and
growth of the martensite. The repeated reflections and associated time delays have effectively eliminated the characteristic
information from the source and smeared the signal out a
great deal in the time domain. The only impOrtant information that can be gathered by a single, macroscopic sensor is
an indication of the energy of the emission source.

To

Free energy of austenite and martensite plotted against
temperature.
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2. Design of the Grips

and a conical collet grip 10 mate with the sample shoulder.
The threaded connections meant a high probability of trapped
particles which would be crushed on the application of the
tensile load and give spurious AE signals which resemble
closely those from burst-type martensite formation. The particles on the threads cannot be removed by normal cleaning
actions and so represent a serious lowering of the confidence
in the AE signal. Additionally, the threads have local asperities and these cause local yielding during loading which is
another extraneous AE source. The other problem was the
conical shoulder and seat of the grips. This arrangement
would allow the shoulder to move relative to the grip during
the test, yielding a wideband AE source. When the tensile
load is applied, the increase in loading leads 10 a diametrical
contraction (poisson's relation). This, coupled with the
impossibility of machining perfectly matching angles, meant
the sliding of the shoulder farther down into the grip as the
test progressed.

The necessity of eliminating extraneous noise when
monitoring the AE put some constraints on the design of the
grips and the pun rods. Since the samples were already
prepared, as shown in Fig. 2, and a grip arrangement was
already at hand, a completely new design was out of the question. However, the grips and pull rods had two undesirable
features for AE work; threaded connections between members
- - - - 2.500" - - - - - . . . ,

0.25"R

0.250"

140EG.

To eliminate these problems, it was possible to take
advantage of the Kaiser effect (Kaiser, 1953). This was put to
use in this work by designing a preloading arrangement to
load the entire load train, except for the sample, to a stress
level higher than the maximum that would occur during testing. For the shoulder contact area the same preloading
approach was taken, but here the specimen shoulder was
forced down into the grip collet, with attendant plastic deformation, until the stress level was considerably higher than
would be seen during the testing. The combination of these
procedures eliminated the grips and pull rods as extraneous
AE sources as verified by the following test procedure:
1.
2.
3.
4.
5.
6.
7.
8.

Attach a strain gage to a sample.
Assemble the pull rods and grips.
Preload the assembly.
Load the same to a strain of 0.05.
Unload and completely disassemble.
Reassemble.
Preload the assembly again.
Load the sample to a strain of 0.06.

The AE record of this procedure shows that there was
no new AE during the loading in Step 8 until the initial strain
of 0.05 was exceeded, verifying the reliability of the procedures in eliminating extraneous sources. In addition, the
strain gage showed that there was no plastic deformation in
the sample from assembling the grips and pun rods and then
preloading the assembly. This gave increased confidence in
the state of the sample when the testing started (Ramstad,
1983). It was possible to know that the sample had no prestrain and that all the effects observed corresponded to strain
effects during the test.

3. Design of the Magnetic Monitor

Fig. 2

Several problems were encountered in the design of
the magnetic monitor, mostly due to the need to use it concurrently with the AE. Firstly, it had to be a non-contaet sensor to eliminate possible extraneous AE sources. Secondly, it
had to have good sensitivity and signal-ro-noise ratio, especially at low volume percent of magnetic material. Lastly,

(a) Specimen geomtry (lOp);
(b) Test specimen and grips (bottom).
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It is emphasized here that the real tests were run by
monitoring the magnetic susceptibility continuously while the
deformation was occurring. This meant assuming the B-H
curves for the material had nO stress induced discontinuities.
The curves for both iron and nickel are well behaved (CuUity,
1972). From this and the test results, it is further assumed
that any discontinuities in the magnetic output during a test
was the result of a transformation in the sample. This does
not mean that the stress dependence of the magnetic susceptibility is ignored. only that it is assumed "well-behaved" and
continuous. This is supported in the results.

interference (electrical or mechanical) with any other equipment had to be avoided.
Following the concept of Maxwell et al., (1972) a horseshoe yoke was designed and driven with a known alternating current. The pickup was a simple short solenoidal coil
slipped over the test specimen. An air gap of I mm was left
between the yoke and the specimen to ensure non-contact
operation, to reduce the magnetic field strength, and to linearize the B-H curves for the magnetic specimens. The field
strength is a critical item when used with the AE system
because of the Barkhausen effect (Cullity, 1972), which gives
AE output from discontinuous domain wall motion. Decrease
of the field strength reduces these emissions. With this
arrangement it is also important to have a constant amplitude
magnetic source from the yoke. Since the impedance of the
primary drive coil is a function of the coupling of the yoke
with any magnetic material, it is necessary to have the current
in the coil independent of the impedance. This requires a
current source rather than voltage source like a common frequency generator. The implementation for this study was a
Voltage Controlled Current Source (VCCS) (Jung, 1981). A
sinusoidal voltage waveform from an HP 3310A Function
Generator was fed to the VCCS to provide a constant amplitude sinusoidal current to the primary coil of the yoke. The
frequency used was about 1000Hz, but it was fine tuned
slightly higher (lOt7 Hz) to minimize noise readings on the
AE monitor as well as the magnetic monitor. See Fig. 3 for
over-all set-up.

4. Testing
Testing was done in an Instron model TID-L at a constant crosshead velocity of 1.25 mmlmin (0.05 in/min). Tests
were run with dummy mild steel specimens to ensure that the
AE generated by the machine during testing would not be
noticeable against the background noise level. Tests were
also run using 3161.. stainless steel specimens to record the
effect of the movement of the grips and pulJrods during testing and the magnetrostrictive permeability changes in the
grips. It was not possible to record a strain corresponding to
that of the most highly strained of the real specimens because
of the difference in the elongation to failure, but the changes
in the magnetic fields had been virtually eliminated by the
time this strain was reached. The final two specimens (88
and B9) were heat-treated for I hr at 593"C (lIOO"F) and
then furnace cooled in an attempt to reproduce the elongation
found in the sample that was first tested (82). It was surmised that the decrease in ductility was due to something during the storage. Sample B8 was then tested as the others and
showed low elongation compared to the original test of B2.
Sample B9 was strained to 0.137 true strain and then recrystallized at 554°C (l030°F) for I hr and then furnace cooled.

Calibration specimens were made to analyze the
response of the system by molding powdered iron in liquid
silicone rubber. Attempts were made to measure the volume
fraction of the iron in the silicon to develop calibration standards, but the measurements proved quite difficult and the distribution of the iron particles was not homogenous. Measurements by weights and calculation of volume percent of iron in
two 76 mm (3") long samples of silicone rubber of 6.4 mm
(IA") diameter showed readings of 6 ± 3 vol.% and 15 ± 4
vol.% in the two best samples. These were then installed in
the grips and stretched to evaluate the effects of the grip
movement and the constant volume deformation. These tests
did not include the stress dependence of the susceptibility of
the iron in the sample or in the grips because of the low
modulus of the silicone rubber. It proved impossible to mix
higher volume fractions than 15 voL% because of thickening
and bonding problems with the silicone. For the highest
vol.%, 32 mm (1114 inch) ID brass tube was filled with iron
powder and sealed. From weight-volume measurements, this
was 27 ± 2 voL9b and represented the densest practical packing of the iron. This sample could not be stretched, so it was
only used for static tests of what should represent a high
volume fraction of martensite. The particle size of the iron
powder was about 70 and was quite irregular in shape so it
should be close in response to the athermal or stress induced
martensite. Tests were also made with 3161.. stainless steel
samples during dummy runs which did include stress applications and also with brass tubes which had no magnetic
material inside. No discontinuous behavior was shown in any
of these tests with a value over 0.2 mV at the magnetic monitor output.
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Fig. 3
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Testing then showed considerable differences compared to
earlier tests due to the changes in the microstructure.

support one or the other hypothesis. A colloidial magnetic
suspension was prepared like that for a Bitter pattern and this
was applied to the mounted and polished samples. A cover
slip was used to prevent evaporation of the ftuid and after a
time the suspension settled into patterns on the polished surface. Photomicrographs (Figs. 4 to 6) showed vel}' close
correlation with previously observed martensite patterns on
the tint etched samples.

5. Experimental Procedures
For the main tests, the specimens were produced at
LLNL and were machined as shown in Fig. 2a. The surface
was ground after completion of all heat treating in order to
eliminate any possible anomalous behavior from a decarburized layer. Each specimen was installed into the grips and
positioned in the Instron test frame. Calibrating checks were
made on the AE monitor system before each test with Pentel
lead breaks, which assured repeatable recording of the AE
during the tests. After each test, the lead break was again
recorded to verify the test. The arrangement of the sample in
the grips made it impossible to observe the position of the AE
sensor on the sample during the test, so these checks were
necessary.

The AE monitor used was an AET 201 signal processor. Also used were an AE sensor (AET MSOO) and a 60 dB
preamplifier with a bandpass filter of 370-500 kHz. The rms
voltage output from the AET 201 was recorded as an indication of the original acoustic power. For the actual conversion
from the amplified AE signal to rms voltage, an Hewlelt-

Additional checks of the magnetic monitor were also
necessary because of the necessity of removing and replacing
the sensing coil for each test. It was impossible to relocate
the coil in the exact place and orientation after removal, but
bench testing showed that minor variations (± S°) in position
did not affect the output voltage significantly. The coil output
voltage was relatively constant from test to test, so the experimenter had confidence in the recorded results.
The earlier work of Maxwell et al. (1972) showed
photomicrographs of defonnation induced martensite in similar alloys and the observations of this investigation agree quite
well with these. A question was raised by Onodera and
Tamura (1977) in the interpretation of the observations and
research was conducted from which it was inferred that the
observed structure in the photomicrographs was not martensite, but was a heavily twinned deformation band. Since both
the parent and the twinned austenite are paramagnetic, the
existence or absence of magnetic material could be used to

Fig. 4

SOp..m
Fig. S

Magnetic colloidal suspension on sample with ct =
0.18 showing stress assisted martensite.

SOp..m

SO JUD.
Magnetic coUoidal suspension on sample with ct =
0.27 showing strain induced martensite.

Fig. 6
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Magnetic colloidal suspension on sample with c t =
0.18 showing strain induced martensite.

Packard (H-P) 3400A meter was used. The time constant of
this system is on the of order of two seconds, so only general
trends of rms voltage level could be displayed and no detail
of the short time-scale behavior of the system would be
present in the recorded signal. To capture this fine detail, a
Sony VTR with bandwidth greater than 4 MHz was used to
record the amplified and filtered AE signal. This record could
then be observed and analyzed repeatly on an oscilloscope to
study the complete AE record. The test results were recorded
by both analog strip chart and digital data acquisition.
This set-up allowed data to be collected both as analog
strip chart output and as a digitally sampled and recorded data
set for numeric manipulation. This made possible efficient
conversion to ttue-stress and ttue-strain and also allowed easy
plotting of true-stress, AE, and magnetic change against ttuestrain to detect any correlation. An H-P 3497A Data Acquisition Unit was used to collect the various voltages and send
them to an H-P 8S microcomputer for storage. Two thousand
points were recorded for each variable of interest which
exceeds the requirement for plotting a graph on standard
paper (about 500 points is the limit of resolution).

r-·~tf;~t;"
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200J1.m
Fig. 7

Testing commenced after having established complete
confidence in the ability to record AE only from the gauge
length of the sample. and the ability to record the magnetic
changes in the sample due to the deformation, as well as to
record the load. The constraint of a limited number of samples meant that few changes would be made in the testing
conditions so that the data collected could be systematically
analyzed for correlation of martensite formed and the ttue
strain of the sample.
In considering the results of the magnetic output, it
became a matter of concern as to exactly what was being
measured by the monitor, so a colloidial magnetic suspension
was mixed following the technique used to make Bitter patterns (Cullity, 1972). This colloidial suspension was then
placed on polished, unetched samples and observed microscopically. The patterns which developed (not Bitter patterns
because the surface was only polished mechanically) were
photographed and analyzed and showed essentially the same
distributions and morphology as was observed optically on the
specimens which were tint-etched in the sodium metabisulfite.
The only difference was in the area of the original austenite
grain boundaries where the magnetic pattern showed a larger
amount of magnetic material than the stain-etch indicated.
Since the magnetic particles are attracted only to magnetic
material in the sample, the only possible conclusion is that
there was a formation of ferromagnetic material at the grain
boundaries due to the tensile deformation. The boundaries
were the original austenite boundaries and the undeformed
specimens showed no magnetic material there. In addition to
the specific localized attraction to optically identifiable
features due to deformation, there was a general attraction to
some grains which resulted in an overall darkening of many
grains (Figs. 7, 8) in varying degrees to indicate possibly a
magnetic change to a small degree in these grains which did
not have an optically observable, or resolvable, cause.

Magnetic colloidal suspension on sample with ~ =
0.18 showing decorated grain boundaries and general
attraction to specific grains.

2OOJ1.m
Fig. 8

Magnetic colloidal suspension on sample with c~ =
0.27 showing preferential attraction without gram
boundary decoration.

6. Results
All of the tests showed enhanced strain to failure com·
pared with low carbon and stainless (316L) steel test coupons.
This indicates the validity of using this alloy and beat treatment to study the effects of stress and strain induced martensite formation in the Transformation Induced Plasticity (TRIP)
effect. In all the tests done on Fe-22Ni.Q.6C, the sample
deformed homogeneously. Necking or cup and cone mode of
failure in tensile loading was not visible. The mode of failure
was intergranular in samples B3-B7. Sample B8 also failed
intergranularly, but B9 showed a mixed fracture of dimples
and intergranular.
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The martensite detection equipment operated reliably
and showed adequate sensitivity and stability. The correlation
of the magnetic and AE sensors with each other showed
definite coupling between the acoustic activity and the magnetic susceptibility changes. The stress record also showed a
serrated yielding phenomenon (Figs. 12-15), but not of a
sawtooth type of waveform. This stress fluctuation was of the
same frequency as the cyclic patterns observed in the
magnetic and AE records, although of small magnitude when
compared to classic serrated yielding of iron (Honeycombe,
1984). This pattern of cyclic behavior was much more obvious in Fig. IS than in the earlier ones.

agreement between the graphs of the data collected from the
samples (Figs. 12-15) showed how well the samples were
matched physically by repeating the same general curves for
the interrupted strain tests as for the initial portion of the
strain to failure tests. Here the onset of AE activity and its

Micrography showed the relation between the strain
and the type and amount of martensite formed. The excellent
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Strain induced martensite that bridges a grain boundary
and has a curved structure, [t = 0.35.
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Stress assisted martensite in grain at fracture surface,
[t =0.35.
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Data collected from sample B6.

inhomogeneously during deformation of polycrystalline samples. This means that the nominal stress observed does not
reflect the true stress in each grain. In fact, the orientation of
the grains is such that some grains will be oriented for slip
and wiIJ start deformation and then hardened from dislocation
activity while other grains will only experience an increase in
stress level without attendant slip. Thus it is seen that nominal stress or strain does not dictate the microscopic behavior
of the material. Since the martensite formed has the same
magnetic characteristics whether it is stress assisted or strain
induced, the only hope for differentiation between these during the testing is from the AE energy. The strain induced
martensite does not release as much acoustic energy because
the platelets are smaller and there appears to be no autocatalytic effect Thus, the AE output should not correlate with the
magnetic monitor output during this formation.
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Data collected from sample B7.
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Observation of the samples showed the influence of
the stress and the strain together on the amount and the type
of martensite produced because of the nearly linear
stress/strain curves. Optical microscopy showed the progressive increase in apparent martensite during the tests from low
strain to fracture strain. The occurrence of the martensite first
showed little or no formation of stress assisted martensite up
to a true strain of about 0.14 and showed increasing amounts
after that due to the increasing stress in grains that were not
favorably oriented for deformation. The magnetic monitor
output for these same tests showed the ability to respond to
the martensite formed and observed in the microscope. The
martensite formed at small grains was revealed by the tint
etch more as a painted area than the clear dark bands formed
at the higher strains. Subsequent heavy etching of the small
strain samples showed pits formed in lines suggesting possible
dislocation activity along slip planes or martensite production
along lines of slip. The concentration of the pits along the
lines suggests strongly that a linear relation exists for the
existence of the pits after etching. It must be noted that under
these etching conditions the grain boundaries show up as
extremely wide etched areas. The occurrence of the darkly
etched bands corresponds roughly with the onset of the cyclic
behavior of the AE monitor.
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Data collected from sample B8.

cyclic behavior were reproduced on all samples, as well as the
step-like behavior of the magnetic monitor. Because of this
close agreement, the micrographic study of the interrupted
strain samples can be used to infer the history of the fractured
samples. The relation between the strain and AE shows a
minimum strain necessary to start AE activity, but no associated changes in the records for either the stress or the magnetic records.
The deformed coarse grained samples showed evidence
of kink band formation in some of the grains. Kink bands are
formed in fcc crystals and are the result of minor local lattice
rotations. Honeycombe (1984) describes them and notes that
their boundaries are barriers to dislocation propagation. This
is consistent with the observed behavior in the tint etched
samples shown in Figs. 9 and 11. The propagation of the
deformation induced martensite is halted inside the original
austenite grain boundary and at times the rotation of the area
can be seen due to the etching. The relation between the
martensite formed and the slip systems is once again shown
here and again leads to the assumption that the slip or dislocation motion is necessary in the formation of the strain induced
martensite. Conversely, the stress assisted martensite forms
where slip is not necessarily occurring and can be inferred to
be aided only by the local stress field. The martensite formed
during the test can be classified into stress assisted or strain
induced by the observed morphology, but matching a martensite formation event with any particular strain or stress cannot
easily be accomplished because the plastic deformation occurs

7. Discussion
Earlier worle has clearly established the fact that martensitic transformation can be monitored by acoustic emission.
For example, Speich and Fisher (1972) demonstrated that
more detailed studies on martensite formation in an Fe-28
Ni-O.IIC alloy can be made by using acoustic emission technique than by other techniques such as dilatometry and electrical resistivity. In another investigation, Speich and Schwoeble (1975) observed that acoustic emission was generated during the formation of martensite but not during the formation
of ferrite, bainite or pearlite. This observation is consistent
with the rapid, diffusionless, shear-like nature of martensite
transformation. The intensity of acoustic emission generated
during martensite transformation decreased markedly as the
carbon content of the steel decreased. This decrease in intensity was correlated with a morphological change in the martensite. Subsequent work by Sano, et al., (1976), also demonstrated that the amplitude and number of acoustic emission
168

8. Conclusions

pulses vary widely with the change in the kinetics and/or morphology of martensite in Fe-Ni-C steels.

It has been shown that it is possible to use AE and
magnetic susceptibility measurements to study the strain
dependence of deformation induced martensite during the
deformation. The testing has raised more questions that it has
supplied answers. The highest priority for continued testing
would have to be an accurate method of calibrating the magnetic monitor and this is also probably the hardest part
because of the inherently nonlinear behavior of magnetic
materials. This is coupled with the lack of ability to characterize from basic principles the dependence of the magnetic
susceptibility on stress. temperature, and connectivity in
polycrystalline samples. The highest feasibility would probably lie in a Monte Carlo simulation of the test specimen with
known parameters included from measurements of these relations. Next in importance would be the characterization of
the deformed structure to a much higher degree by electron
microscopy. This study cannot begin to address the complexities in the microstructure of the deformed material because of
this lack. The most pressing area of continued interest here
would be the identification of the magnetic constituents in the
deformed structure and then a better characterization of the
relation between dislocation motion as judged present by the
AE record of the tests and the nucleation and growth of the
magnetic material. whether martensitic or not

Ono, Schlouhauer and Koppenaal (1973) investigated
acoustic emission during martensitic transformation of Fe-NiC alloys as a function of thermomechanical history. They
investigated acoustic emission from annealed equiaxed austenite, austenite pre-rolled at room temperature to different
extent. austenite transformed to martensite and reverted back
to austenite, and effect of thermal cycling with or without
prior deformation on reverted austenite. Their investigation
demonstrated that the M. temperature can be determined consistently and reliably using AE technique. The shape of the
AE total counts vs temperature curves also changed systematically with microstructure of the alloys.
The clear difference between the stress assisted and the
strain induced martensite (Figs. 9-11) would at first seem to
indicate two separate principles of formation are involve, but
closer examination shows that the differences are more likely
in the constraints on the formation of the martensite. The
thermodynamic basis for the formation of martensite from stabilized austenite is only the difference in free energy between
the product and the parent phase. There is a necessary excess
of free energy before the transformation can begin because of
the nucleation potential and the accommodation of the distortions due to the transformation by the parent material (Fig. I).
. Another possible representation would be the difference as a
function not only of temperature but of all of the significant
contributors to the free energy of the two phases as is discussed by Christian (1965). In the case of the deforming
material, another significant contribution to the energy is the
elastic stress. The importance of this is that the elastic strain
energy of the material is affected by the strains of the martensite transformation. When this is coupled with the energy
necessary to nucleate the martensite transformation, there is
an excess energy requirement before martensite will form and
the applied stress reduces the excess energy required.
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Acoustic Emission Characterization of Pinch Welds

A. G. Beattie and C. W. Pretzel
or solid state phase transformations (Johnson, 1977). Since
none of these occurrences are part of the normal pinch welding process with stainless steels, alternate evaluation techniques or analysis methods must be developed. Of the available techniques, acoustic emission may be particularly useful.
The acoustic signal is generated in real time during weld formation, providing an opportunity for process control as well
as quality control.

Abstract
An experimental study was performed on pinch welds
to assess the possibility of using acoustic emission either as a
process monitor and controller or as a real time nondestructive
testing method. Pinch welds made with varying parameters
were acousticalIy monitored during their production to determine the ability of acoustic emission to detect weld defects or
to characterize different qualities of welds. The amplified output of the AE sensors and the weld current were recorded on
analog magnetic tape. Both digital and analog methods were
used in the data analysis. Tentative conclusions are presented
about some of the possible uses of acoustic emission in the
pinch welding process.

Acoustic emission has been previously evaluated with
mixed results. However, that study (Gross, 1981) used commercial equipment which was not wholly appropriate for use
with the pinch welding process. In the present study, the
amplified acoustic emission signals from the sensors, produced during the formation of the pinch weld, were recorded
on analog magnetic tape. This allowed a variety of data processing techniques to be used and did not lock the study into
any particular set of acoustic emission data analysis methods.
The study examined a variety of p~nch welds spanning a wide
range of weld qualities in order to determine the potential of
acoustic emission to assess the quality of pinch welds.

1. Introduction
Pinch welding is a resistance welding process used to
seal stainless steel tubes. The weld is formed by forcing two
electrodes (rod-shaped with rounded end) against the tube and
then passing large electrical currents through the electrodes
and tube. The seal is created primarily by solid state bonding
processes although some melting may occur. Being an electrical process, pinch welding can be easily controlled by
microprocessor based instrumentation. This control mode
usually results in a consistent product. which is fortunate as at
present there are no nondestructive evaluation techniques able
to completely verify the weld quality. Real time assessment
of the formation of the weld bond would be of considerable
interest because the microprocessor controller is capable of
modifying the procedure during the course of the weld to
correct abnormal conditions and produce an acceptable weld.
Several methods have been used to attempt to assess pinch
welds and other resistance welds. These include radiography,
ultrasonic testing, electrical measurements (typically resistance
or magnetic phenomenon), electrode movement. and acoustic
emission. While several of these methods have been used
successfully for adaptive control on other resistance weld
applications, their success is based on physical principles or
process scenarios that are not applicable to pinch welding.
The physical changes which they detect are magnetic changes
in ferromagnetic materials, resistivity changes caused by bulk
phase transformations such as melting or the generation of
acoustic energy produced by the expulsion of liquid material

2. Experimental Procedures
The prime requirement for perl"orming experiments
with pinch welds is a pinch welder. The welder used in these
experiments was a Savannah River Plant designed machine
(Harping et al., 1982). The basic parts of the weld head,
minus the tube holder, are illustrated in Fig. 1. The electrodes are mounted on massive electrode holders. one fixed
and one movable. The movable electrode holder is connected
10 a hydraulic cylinder so that force can be applied to the tube
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confining dies. The geometry of the electrodes, confining dies
and completed confined weld are shown in Fig. 2. An
unconfined weld would have a similar cross section but would
spread wider than the tube in the lateral dimension. The
electrodes are tipped with pure tungsten ground to a 4.8 mm
(3/16") or 2.4 mm (3/32") radius and brazed to the copper
alloy shank of the electrode. These electrodes are mounted
on massive copper alloy electrode holders. Forces of 4.23 to
6.45 kN (950 to 1450 lbs) are applied to the tube through the
electrodes. For confined welds, the tube is inserted in a
fixture prior to placement between the electrodes. The
confining dies are made of Anvilloy 1150 or Waspalloy.
These are high hardness materials, having Rockwell C scale
between 35 and 45, machined to a 1.6 mm (.063") radius and
constraining the tube for 25 to 38 mm (1 to 1.5") along its
length. The constraint is applied with a torque given to a
mounting bolt in the fixture, but there is no further control of
the force or the displacement caused by the dies during welding. Pinch welding high strength materials or using high
power during the weld will rapidly wear and deteriorate the
confining dies, despite their high hardness and heat resisting
composition.

C"""'.~~'.'
~

Die

n~~

Electrode

Flnlahed Weld

Fig. 2

lliustration of confined pinch welding and confined
weld.

by the electrodes. When the weld is made, a large current is
passed through the electrodes and tube. This softens the tube
and the force collapses it. The inner walls of the tube make
contact and a solid state bond is formed. Melting and
resolidification mayor may not occur.

The weld current was controlled by the "phase angle
firing" method. Here silicon controlled rectifiers (SCR's) on
the primary circuit of the 75 kVA single phase welding
transformer "fire", or close in synchronization with the 60 Hz
sine wave of the line voltage. Input parameters are the duration of the weld, as measured by the number of the current
cycles, and the portion of the time, measured in per cent, that
the SCR's are closed. The various waveforms in the current
controller are shown in Fig. 3. These welds were made using
weld current durations of 7 to 15 cycles (115 - 245 msec).
Peak weld currents ranged from 4.9 to 7.7 kiloamperes (kA)
while rms current values ranged from 3.0 to 4.9 kA. The
different current values were obtained using phase angle
control (using from 40 to 70% heat). The voltage drop across
the weld is of the order of 1 volt. Comparison of current and
voltage waveforms indicate a significant effect caused by
inductance, estimated to be approximately 80 nanohenries
(Savannah River Report, 1975). It should be noted that phase
angle control creates times during the weld when no current is
flowing and also large current gradients exist at the onset of
the closure of the SCR's. The weld controller is a Pertron
model PWC-300 which has programmable capabilities as well
as a feature for compensation of line voltage fluctuations.

There are two types of pinch welds, both made in this
welder. They are unconfined or standard welds where the
pinch is formed by two electrodes with no transverse restraint,
and confined welds, where an attempt is made to maintain the
outer dimensions of the tube by the use of transverse
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At the onset of current flow, the tube walls in the
region between the electrodes are heated and plastic flow
occurs. For unconfined welds the metal flows outward while
for confined pinch welds the dies push the softened metal
which, under the compressive stress of the electrodes, causes
metal flow inwards. In either event, the tube material directly
next to the electrodes makes contact at the tube center and
current. flow is then across the center of the tube. This
becomes the main region of bond formation where the maximum temperatures in the weld are reached. The heating rates
are extremely rapid (60,0000 Clsec) and temperatures of
14000 C have been recorded. With current controlled by
phase angle firing, the "off' time during each half cycle will
allow some cooling of the weld to occur. The large strain
accompanying the heating allows the formation of a solid
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Eleclrical waveforms from single phase welder with
phase angle contrtol.
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Acoustic emission recording system.

the wavefonn of the current and a voice track to identify the
weld were also recorded. For a few welds. data was taken
for as long as five minutes after welding ceased. However,
for most of the welds, data was recorded only during the weld
and for approximately 20 seconds after its completion.

Cement

A total of one hundred and one pinch welds were
made in this study. The parameters and experimental conditions were designed to create most of the quality variations
which can occur in the welding process. For most of the
welds. commercially drawn, high pressure certified. 304L
stainless steel tubing was used. The tubing had an outer
diameter (0.0.) of 3.3 rom (.127'). an inner diameter (1.0.) of
1.55 mm (.064") and measured 82 on the Rockwell 15T
superficial hardness scale. Initial weld parameters were
developed on tubes that were chemically cleaned using the
Nitradd process and were welded in ambient air. Both
unconfined and confined parameters were developed, with the
confined welds using a die torque of 11.3 N-m (100 in-Ibs).

Tube Sensor
Fig. 4

TAf£
PEClmR

Illustration of acoustic sensor mounting method.

state bond that is formed in part by diffusion, and in part by
mechanical welding similar to roll bonding (Savannah River
Report, 1975; Vaidyanath et al.. 1959). It is both common
and acceptable for pinch welds to be wholly solid state bonds.
to have some intergranular liquation. or to have a region in
the center where bulk melting has occurred and have a structure formed by dendritic solidification similar to that formed
in fusion welds.
Two sensors (physical Acoustics Corporation RM-15)
were used to take the acoustic emission data. One was
mounted directly on the tube to be welded and the other on
the stationary electrode mounting arm of the pinch welder,
Fig. 4. The tube sensor was held on with a C clamp. Dental
cement was used to mold a shoe with the impression of a 3.2
mm (l/8") tube in it on the face of the sensor. Silicon grease
was placed into the tube impression as a couplant before the
sensor was clamped to the tube. Care was taken to isolate
the C clamp and sensor electrically from the tube. The other
sensor was permanently bonded to the electrode holder with
dental cement. Again. electrical isolation was maintained
between the sensor and pinch welder. The sensor outputs
were amplified by 60 dB preamplifiers (Acoustic Emission
Technology 160A) with a band pass of 125 kHz to 2 MHz.
These amplified signals were recorded on an Ampex FR1900 analog tape recorder with 2 MHz wide band electronics
(bandwidth of 600 Hz to 2 MHz). The signals were also
amplified by another 20 dB and these outputs were also
recorded, Fig. 5. In addition to the acoustic emission signals.

The monitored welds were made using several
different weld procedures. These procedures resulted in welds
that ranged in quality from unacceptably cold through nominal
or desired quality to unacceptably hot with melting and expulsion. In all cases. duplicate welds were made. Some of the
sample tubes were pinched off and GTA welded on one end
to create a seal. A high pressure valve was installed on the
other end to evacuate and backfill the tube with either argon
or hydrogen gas at a pressure of 12.8 MFa (2.000 psi).
Welds with argon or hydrogen filled tubes used four different
weld parameters for both confined and unconfined welds. For
confined welds. experiments were done using both lots of
cleaned tubes. Single welds were made for each set of weld
parameters except for the nominal weld parameters where
duplicate samples were made. The effect of cleanliness was
investigated by filling the tube bore with kerosene. a common
machining lubricant, and removing the excess liquid with
compressed freon.
A final series of confined pinch welds were made on
two tubes of JBK-75. JBK-75 is a precipitation hardened
174

PDP 11/34 computer, Fig. 6. The rectification and filtering
allowed the digitizing of only the envelopes of the acoustic
signals. Thus the 4096 word digitized record could cover a
much longer time period than would be possible by digitizing
the raw acoustic data. A variety of digitizing rates and filtering frequencies were explored to insure that no significant
structure in the acoustic signal was being masked by this procedure. The digitized envelope was then either plotted
directly or the energy in various time windows in the
envelope was calculated. In the energy calculation, each half
cycle of the current was divided into three regions with the
beginning of the half cycle arbitrarily defined as the point
where the current first went positive or negative. With this
definition, all of the time without any current flow was contained in the last third of each half cycle (see Fig. 3). The

stainless steel that has a tenacious oxide film and is known to
form shear bands during pinch welding. The JBK-75 tubes
were machined as stems for experimental pressure vessels.
The stems were heat treated to a hardness of 37 on the
Rockwell C scale. This is close to the maximum hardness
that is ever likely to be encountered in pinch welding applications. Because of the limited material available the procedure
documented in the Savannah River production report on
18K-7S was used with some necessary modifications for
equipment differences.
Measured parameters for the welds included both
peak and rms values of the current. Peak current values were
recorded by a Miyachi model MM-308A weld checker and
rms values were measured with a Duffers model 273 current
analyzer. Both instruments are toroidal coil measuring devices that also measure weld current duration in terms of the
number of cycles. A Holt Instrument 30 kA capacity ten
micro ohm shunt was connected in series with the secondary
circuit to measure current. This output was recorded on magnetic tape along with the acoustic emission signals to provide
both the current waveform and a time base from which to
compare acoustic emission events relative to the welding process.

UNCONFINED PINCH WELDS

In the post weld evaluation, the welds were physically measured for thickness and width, radiographically
inspected in two views 90 degrees apart, and metallographically sectioned. Metallographic evaluation (Savannah River
Repon, 1975) consisted of rating the bond line quality of the
welds according to an accepted classification system and
observing microstructural defects. It should be noted that
intergranular or bulk melting at the bond line are not considered defects.
The acoustic data was analyzed by playing the data
tape in a Honeywell 101 instrumentation recorder and funning
the output through an ac to dc converter, an anti-aliasing
filter, a Biomation 1010 transient recorder and finally into a
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SCOPE
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lDIVERTER
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DIGITAL
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BIOMATION
1010

PDP 11/34
Fig. 6
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Acoustic emission data analysis system.

Fig. 7
175

I

_JIm I

Bond line quality of unconfined pinch welds.
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Fig. 9a

Confined pinch weld of nominal quality.
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mm,

Fig. 8

TRANS•• 15X

Fig. 9b

Cold confined weld with open bore, longitudinal
and transverse views.

Confined pinch weld with expulsion.

3. Results and Discussion

unconfined welds were achieved. The effect of the atmosphere in the tube seemed small. There was little difference in
bond line quality between welds made in argon and hydrogen.
However, hotter welds made in air had poorer bond line quality than welds with less heat input. For confined pinch welds,
the weld quality also varied from cold welds with open bore,
Fig. 8, to welds of high quality, Fig. 9a, and those with expulsion, Fig, 9b.

The radiography and metallography showed that a
wide variety of weld conditions were obtained and that for a
given weld parameter, consistent results were achieved. For
unconfined welds, bond line quality ranged from poor for low
heat input welds, to good for welds at the highest heat input,
Fig. 7. These hot welds often exhibited intergranular melling,
and occasionally edge cracking defects. No excellent

Double and multiple bond lines were seen frequently
in the confined pinch welds. These are unusual features commonly associated with contaminated bore surfaces. Here it is
thought that two other factors may have contributed to their
formation; the use of relatively high torque values for the
confining dies and the low hardness of the 304L tubing. With
soft material, there is better electrical contact at the interfaces

relative acoustic energy is then just the sum of the squares of
each point on the envelope amplitude in that region of the
cycle.
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Confined weld with oxide at bond line.

when the tube collapses under the foree applied by the electrodes. This lower electrical resistance limits the energy input
into the metal, especially at the start of the weld. This probably also explains the lack of excellent unconfined pinch
welds, (it should be noted, however, that these tubes were
within the hardness range that is commonly used in production.) With the high torque values, the sidewalls of the tube
deform more readily (Fig. 7, transverse view) and form upper
and lower folds on the bore surface. This creates two bond
lines in the weld as seen in the longitudinal view. This double bond line is particularly evident where the bore was intentionally oxidized, Fig. 10. It is possible to actually see the
oxidized material trapped at the bond line, with increasing
oxide layers present on the tube samples where the bore was
exposed to higher temperdtures. As expected, higher heat
inputs are required to obtain acceptable welds. At these heat

IOOX

2OO"m
Fig. 11

Hot confined weld with oxidized bore.

levels, the onset of melting can be seen to disrupt the oxide
layers and dramatically increase the quality of the bond. With
heavy oxide layers, the remnants of the oxide can be seen as
agglomerated particles in the center of the welded nugget, Fig.
11. Another effect of highly oxidized bores is that the ends
of the welds tend to have split extrusions. Here at the ends of
the welds where the metal is cooler, the oxide prevents the
development of adequate bond strength. As the weld forms
and the extrusion is pushed down the tube axis, secondary
tensile stresses are generated which cause the bond to partially
fail at the tips of the extrusions.
Based on radiography and metallography. welds were
selected as representative of various weld conditions. Then
the acoustic signals were examined for each of these welds.
The acoustic envelope was ploued from the signal of the elec-

....,.

to

eld 1A

Tut ~h ~.a,

.,•.

,

aE

•

•
c
co

iii

.1

[ ~.

... 11

18

.

~ J\ f ~ J1\
V ~ IV ~ ~ IV ~
JI\

f

..•

II

V

2

e
c

.rr, ~t

o

E'.

lIa, loSe ~.a,

~

~k
'IV

I\,
~

\II

C
v

J
-1

1
.,<fIIl ~ ..I
50

1C

Q.

l"'lr

\.,

l

-.•.
u

•

\.J I\.J .....
tOO

IE:

10

t50

Tim • • ", •• c

Fig. 12

Effect of sensor location on acoustic emission data.

trode sensor and this was compared to a plot of the current
waveform. The signal from the electrode sensor was used as
it seemed to be somewhat more consistent than the signal
from the tube sensor, Fig. 12. With hindsight this result seems
reasonable. The electrode sensor is fixed, always maintaining
the same geometrical relationship to the weld. While there
are several interfaces for the acoustic signal to traverse before
the sensor detects it, most of these are perpendicular to the
direction of acoustic propagation. Acoustic propagation in a
tube is more complex. No mathematical solution for acoustic
propagation in a thick walled annular solid is known for this
regime of the ratio of the acollstic wavelength to the tube
dimensions. However, based on the solutions for a rod, there
should be at least a moderate amount of dispersion present.
Such dispersion, which is a frequency dependence of the
acoustic velocity, can produce radical changes in the acoustic
waveform as it travels only moderate distances. In addition
the length between the sensor and the weld was different for
each weld. Another complication is that both the area of contact between the electrode and the tube and the angle of that
contact are continually changing during the course of the
weld All of this suggests that the tube is not the best location for the sensor. Therefore in the rest of the discussion,
only data from the electrode sensor will be discussed
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Fig. 13

Acoustic emission for unconfined pinch welds in
air.

effectively a dc signal and was not passed by the amplifiers
with their low frequency limit of 125 kHz. Other possible
sources of extraneous noise, such as the movement of the
electrode arms were looked for but not seen. The signals
from both the electrode and tube sensors were examined for
each of the welds. While there were certainly differences
between the two sets of signals, Fig. 12, no systematic
differences were seen between the two sensor locations. The
variations were often in the amplitudes of the signals seen at
the onset of current flow. AU major acoustic features, such as
a large burst after the end of current flow, were seen on both
sensors. Certainly some of the differences were due to having
to remount the sensor for each new tube and some due to the
different path length between the tube sensor and each weld.

One possible problem with locating the sensor on the
electrode or electrode mount is the magnetic field produced by
the large current flow. The data was examined for indications
that this field was distorting the response of the electrode sensor but no sign of such distortion was seen. While the rise
and collapse of a magnetic field in a sensor is known to produce large signals, the time constant of the 60 Hz current is
so slow compared to the frequencies of interest that it was

Comparisons of the rectified AE signals from two
series of unconfined pinch welds are given in Fig. 13 and 14.
The first series is for welds of increasing heat input made in
air, with the second series made in 12.8 MPa (2000 psi)
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Large emissions during first few current cycles.

Similar results were found to hold true for confined
pinch welds. Little difference could be seen between welds
with different heat inputs or with varying bore environments.
Even with large differences in weld quality produced by oxidized bores, the acoustic emission signals were too similar to
unambiguously distinguish between the varying weld conditions. For some confined welds, large emissions are seen in
the first few weld cycles, Fig. 15. During this portion of the
weld the tube undergoes large amounts of deformation. However, 304L is known to generate little, if any, acoustic emission during plastic deformation.
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from these postweld signals, there were not sufficient acoustic differences to distinguish a cold weld from a good weld.
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Fig. 15
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Weld 20

There are several possible sources for these large signals during the first few current cycles. Two of the sources
are connected with oxidation of the bore. Cracking of the
oxide film during deformation of the tube may produce
significant acoustic signals. Or if the oxide film forms
regions of high contact resistance during the initial current
flow, the adsorbed water on the oxide may be vaporized creating acoustic signals. The tube bore may also contain layers
of highly cold worked metal of limited ductility. Cracking
may occur in these layers during deformation, producing
acoustic emission.

2.0

Time - .ee

Acoustic emission for unconfined pinch weld in
12.8 MPa (2000 psi) argon.

argon. Both series show little difference in the acoustic signals for the different weld parameters and the different bore
environments. However there is an acoustic signal after the
weld current stops that appears in all the hot and unacceptably
hot welds, does not appear in any of the unacceptably cold
welds and may be present in the normal or cold welds.
Signals of this amplitude occurring after the weld current has
ceased are often associated with cracking. However these signals were observed in welds where no cracking was detected
as well as in welds where edge cracking was seen. Also
welds with edge cracking exhibited the very large acoustic
signals long (.4 to Uj sec) after the end of the weld cycle.
Considering that the weld currents last only 0.2 seconds, it is
unlikely that weld related processes continue this long after
the weld ends. The source of these strong signals is not
understood but they appear in the higher heat input welds. A
possible explanation is that they are caused by the fracture of
small adhesions between the tube and the electrode. Aside

The four confined welds in JBK-75 tubes showed one
major differences from the 304L welds. The acoustic signal
in the 304L welds generally subsided within a few milliseconds after the weld current had ceased. In the J8K-75
welds, acoustic activity lasted up to several hundred milliseconds before it decreased to the preamplifier noise level.
Signals from welds in the two materials are compared in Fig.
16. No significant differences in the acoustic spectra could be
seen in the signals during the weld and those occurring after
the current had stopped. This acoustic activity would appear
to be associated with the cooling of the weld but its source
mechanism (phase transformations, oxide cracking, grain
cracking or grain boundary separation) has not been identified.
It does not appear to be due to the formation of macro cracks
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Comparison of acoustic signals from JBK·75 and
304L pinch welds.

as the signal at about 340 msee. on the trace from the JBK-75
sample in Fig. 16 has the characteristics to be expected from
cracking. This post current signal is definitely characteristic
of pinch welds in JBK-75 but its source and the possibility of
exploiting it in the testing of pinch welds remains to be determined.

Acoustic ermSSlon of confined pinch welds with
melting and expulsion.
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For confined welds where melting and expulsion
occur, major features can be seen in the acoustic signatures,
Fig. 17. Large acoustic signals do not appear to be produced
by melting alone as can be seen from the signals from a weld
Fig. 18, where melting but no sign of expulsion or cracking
was seen in the metallographic section. The differences in the
acoustic signatures of the two identical welds in Fig. 17 is not
easily explained. However, data from other welds showing
expulsion suggests that the large signals in the center of the
weld are associated with the expulsion. The signal at the end
of the upper weld may be due to an undetected crack in
either the weld or the expelled material. The acoustic signals
from welds that contained bulk melting without expulsion,
such as that in Fig. 18, contained some larger signals during
the beginning and middle portions of the weld current, but
they were much lower amplitude than those with expulsion.
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increases and the heating of the metal is the greatest. Region
B is where the current begins to decrease, and in region C,
the current goes to zero and remains zero. This rather arbitrary division of the current half cycle is shown in Fig. 19.
The rectified AE data shows that even for welds of relatively
low heat input, Fig. 20, substantial acoustic signals can be
generated during this current off portion of the cycle. In
region A, Fig. 21, there was no difference between cold welds
and good welds, with the acoustic energy being essentially
independent of cycle number. The hot welds had a significant
increase in energy during cycles 6 through 9. In region B,
Fig. 22, again cold and good welds were very similar with the
good welds having slightly more acoustic energy than the cold
welds after cycle 3. If the acoustic energy in region B
between cycle 3 and 12 is summed. the good welds average
57% more energy than the cold welds, in arbitrary energy
units, 4854 ± 438 for the good welds as opposed to 3087 ±
343 for the cold welds. The hot welds again had excessive
acoustic energy between cycles 5 and 8. In region C, Fig. 23,
the good welds again had more acoustic energy than the cold
welds after the third cycle. The good welds averaged 1013 ±
211 energy units and the cold welds, 121 ± 40 units, a
difference of 840 %. Again the hot welds had excessive
energy between cycles 5 and 8.

It may be that these signals are associated with minor
resolidification of the weld material during the current off
stage. The cooling during the current off portion of the weld
cycle may cause incremental melting and solidification of a
pinch weld at each half current cycle and generation of acoustic energy prior to the occurrence of expulsion.
The acoustic energy was calculated for three categories
of confined welds: cold, normal, and hot (with expulsion).
The weld energy was averaged for 6 cold welds, 3 normal
welds and 8 welds with expulsion. Plots were then made of
the energy from each region of a half cycle versus cycle
number of the weld current for each type of weld. The first
region of the half cycle, region A, is where the current rapidly
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Fig. 19
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This data shows that the hot welds with expulsion
have dramatically more acoustic energy generated between
cycles 5 and 9 than do the good and cold welds. The
difference is largest in region C but the effect is seen in all
regions. In the same energy units, the hot welds had acoustic
energies after the third cycle in region C of 51,700 ± 22,600.

Relationship between the arbitrary energy regions
and the current cycle.
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AE energy in region A of the weld cycle for cold,
medium and hot welds.
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AE energy in region B of the weld cycle for cold,
medium and hot welds.

There is a measurable difference between the amount
of energy generated during the welding process by cold and
good welds with twelve or fifteen current cycles. Cold welds
which had only seven cycles of current, had significantly
more acoustic energy in each of the three regions than did the
other cold welds and were not included in these averages.
This energy difference does not show up in region A and is
most evident in region C. While these energy differences are
not large compared to the signals from the hot welds with
expulsion, they are measurable. For welds with the same
number of cycles, it appears that summing the acoustic energy
(or the AE count) in region C for all current cycles after the
third. will allow a determination whether the weld is cold,
good or hot. As can be seen in Fig. 24, there was no overlap
between the categories for any of the welds examined. It
should be noted that the error bars give the total experimental
spread for all of the samples and not a standard deviation.

AE energy in region C of the weld cycle for cold,
medium and hot welds.
Total Acoustic Energy In Region C
Weld Cycles 4 through 12
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4. Summary and Conclusions
Acoustic emission was examined as a possible technique to provide a nondestructive evaluation of pinch weld
bond quality. The objectives included the detection of rejectable conditions that are presently not observable in production
welds. These conditions, namely contaminated bore surfaces,
or different bore conditions (air versus argon or hydrogen fiJI)
that are known to have a considerable effect on the formation
of the bond could not be distinguished using relatively simple
data comparisons with acoustic emission. However, by examining at the acoustic energy present in the quiescent portion
of the weld cycle, cold welds, good welds and hot welds with

10

o
Cold

Fig. 24
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Good

Hot with
expulsion

Summed acoustic energy in cycles 4 through 12 for
different weld qualities.

expulsion could be distinguished from each other. Also large
post current acoustic emissions were observed for unconfined
pinch welds which may be associated with cracking.

L.R. Vaidyanath el al. (1959), "Pressure Welding by Rol·
ling", British Welding Journal, 5(1), 13.
Savannah River Plant Report (1975), DPSOL 322·21(234·H·
3587), "Evaluating Metallurgical Quality of Diffusion·bonded
Pinch Welds", DuPont Corp. Savannah River Plant. Aiken S.
Carolina, Oct.

Presently, expulsion is easily detected in production
welds with the use of radiography. As the results over the
wide variation of parameters used here have shown, relatively
hotter welds that contain some intergranular or bulk melting
can have very good bond quality especially in the presence of
contaminants. However, high heat input parameters are of
limited use in production due the increased probability of
rejects for expulsion. With the rapid response of the
microprocessor based weld controller, acoustic emission has
the potential for use as a method for monitoring the weld for
adaptive control. Such control has been used for spot welds
in production for other industrial applications (Gahr and
Payne, 1919; ASTM E151·80). Here the adaptive control
would; I) allow the use of hotter weld parameters making the
weld less sensitive to bore contamination, 2) possibly verify
through the detection of the onset of melting (actually, the
resolidification during the current off portion of the cycle) that
adequate heat input into the weld has been achieved and 3)
eliminate the occurrence of expulsion by reducing the current
level in the latter stages of the weld.
At the present time, physical measurements of
unconfined welds have proven to be the only reliable accep·
tance criteria; and these are inadequate for detection of
defects. If the acoustic signals produced during welding can
be shown to be directly related to processes occurring in the
weld, it should be possible to develop techniques to use
acoustic emission for real time evaluation of weld quality and
eventually for the real time control of the pinch welding process.
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CONFERENCES AND SYMPOSIA
XVth Meeting of The European Working Group of
Acoustic Emission (EWGAE), October 7.10, 1986,
ENKA, Istanbul, TURKEY

TX 78284, tel. no. (512) 522-2737. This Symposium is
sponsored by the NTIAC and South Texas Section of ASNT.

The XVth EWGAE Meeting was held in Instanbul on October 8
- 10 at ENKA. Dr. A. Sokolu, Research and Development
Center, Balmumcu, Besiktas, Istanbul, TURKEY, was the
organizer. The code subgroup meeting was held also at ENKA
on October 7, 1986. A total of 34 delegates from ten countries
attended this meeting.

The 30th Meeting of Acoustic Emission Working
Group, 11 • 14 May 1987, Norman, Oklahoma
The next AEWG meeting is set for II - 14 May 1987 at
Sheraton Norman Hotel, Norman, Oklahoma. Meeting is
sponsored by the z University of Oklahoma, and organized by
Profs. Davis M. Egle and Ron Kline, 865 Asp Ave., Room
212, University of Oklahoma, Nonnan, OK 73019; telephone
no. (405) 325-501 I. The first day will be devoted to a short
course, Introduction to Acoustic Emission for Nondestructive
Testing. See page 143 for details and regis- tration form is
reproduced on page 171.

The 8th International AE Symposium, 21 • 24
October 1986, Nihon University, Tokyo, Japan
This symposium attracted about 170 participants and about 90
papers were presented in two parallel sessions. The Chairman of
the Organizing Committee was Professor K. Yamaguchi,
Institute of Industrial Science, University of Tokyo. Profs. K.
Aoki and Y. Mori of Nihon University were responsible for
Symposium arrangements. The Proceedings volume is now
available (see page 161 of this issue for ordering infonnation).

Review of Progress in QNDE. 21-26 June
Williamsburg, Virginia

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. One paragraph, camera ready abstract should be sent to
Ms. Linda Dutton, 224 Applied Sciences Center. Ames
Laboratory, Iowa State University, Ames, IA 50011 by March
20, 1987.

Symposium on Acoustic Emission; in the study,
testing and control of materials and plant
installations, March 19.20, 1987, Bad Nauheim.
The subject of acoustic emission has undergone steady progress
during recent years in connection with the increasing demand for
higher standards of quality and safety. The latest developments
will be described at this Conference and the possibilities and
limitations of the use of acoustic emission analyses for the
study, testing and control of materials and plant installations
will be indicated in general reviews and brief lectures. The
fol1owing subjects are covered. Test methods, Testing
techniques, Study of materials, Production control.

International School of Prof. Advancement: AE in
Science and Technology, 22 • 27 June 1987,
Warsaw, Poland
The International School of Professional Advan· cement: AE in
Science and Technology will be held 22 - 27 June 1981 in
Warsaw, Poland. It is sponsored by Centro Internationale eli
Scienza Meccanica - Udine, 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.

The Conference languages are German and English. No
simultaneous translation will be provided. The organisers are
Deutsche Gesellschaft flir Metallkunde and Deutsche Gesellschaft
flir zerstorungsfreie Priifung.
For information, contact the Deutsche Gesel1schaft fur
Metallkunde e.V., Adenauerallee 21, 0.6370 Oberursel I, FRG
(West Germany). Telephone number is 0 617114081

Acousto-UItrasonics: Theory and Application. 12 IS July 1987, Blacksburg, Virginia
An international symposium is planned for 12 - 15 July 1987 at
Virginia Polytechnic Institute and State University. It i~
organized by Drs. J.C. Duke, Jr. and E.G. Henneke, U, 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 applica- tion. Abstracts will be due on 5
Jan. 1987.

16th Symposium on Nondestructive Evaluation, 21
23 April 1987, San Antonio, Texas
The next Symposium on Nondestructive Evaluation will be held
at Marriott Riverwalk Hotel in San Antonio, TX. Abstract
deadline is 31 January 1987. For details, contact George A.
Matzkanin, Chairman, 16th Symposium on NDE, NTIAC,
Southwest Research Institute, P.O. Drawer 28510, San Antonio,
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XVIth Meeting of The European Working Group of
Acoustic Emission (EWGAE), September 1987,
London, England

AE Training Courses
AEWG SHORT COURSE
Introduction to AE for Nondestructive Testing

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 EWGAE Meeting
will last two days. Details will be announced later.

May II, 1987, Norman, Oklahoma

Dunegan Corp.

19B Thomas, Irvine, CA 92718

(800) 523-0599

School of Acoustic Emission
February 2- 6. 1987, Laguna Hills, California

The 9th International AE Symposium, 14 November 1988, Kobe, Japan

18

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 announcement.

1986 and 1987 SUBSCRIPTION RATE FOR
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Base rate for one year (four issues, Mar. - Dec.) $ 80.00
Add Postage of U.S., Canada - Book rate
nlc
U.S., Canada - First class
$ 10.00
All others - Book rate
$ 5.00
Western Europe - Air mail rate $ 15.00
$ 20.00
All others - Air mail rate
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 $ 45 per
volume for Vols. 1 - 3 and $ 75 per volume for Vol. 4. Surface
postages (US and Canada) included. For overseas surface
delivery, add $5 and for air mail, add $ 20 per volume. All orders
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The 3rd International Conference on Acoustic
Emission, 20 • 23 March 1989, Charleston, SC.
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 Charlston, South Carolina
in conjunction with the ASNT Spring Meeting.

The Third International Symposium on Acoustic
Emission from Reinforced Composites, July 1989,
Paris, France
The third Symposium is tentatively planned for July, 1989 in
Paris, France.

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

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

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.
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Announcements
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Gerard Ave., Baton Rouge, LA 70805; Phone (504) 357-3592.
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Cover Design
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Acoustic Emission Technology Corp. announced that it now
represents Tektrend International for marketing of ICEPAK
pattern recognition analysis softwares for AE signals. Phone
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Instruction to the Authors of Extended Abstracts
for the AEWG and EWGAE Meetings

GENERAL
Manuscripts will be reproduced by photo-offset process directly from the
copy you prepare. Please strive for a clean and neat finish. This format is
similar to that used in the Second AE Conference at Lake Tahoe and at the AE
Symposia in Japan.
1.

Length

There is no specific limit, except shorter than two pages or longer than ten
pages will not be treated in this category. Suggested length is four to eight
pages including illustrations.
MANUSCRIPT
1.

Typing

Use 12 pitch (12 letters per inch) typefaces of elite or courier as in this
example. Manuscript should be typed single spaced on only one side of 22 x 28
cm (8.5" x 11") or a similar size, non-erasable bond paper. Text area is to be
17 x 24 cm (6.5" x 9.5"). Double spacing is to be used between paragraphs. Leave
margin of 1.9 cm (3/4") at the top, bottom and on the right side. The left side
margin is to be 2.5 cm (1"). For minor corrections, opaque liquids may be used.
Splicing may also be used. Only letter-quality printing is acceptable. For word
processor outputs, do not justify the right margin.
2.

Headings

First-level (section) headings in the text should be centered, typed in all
capitals (upper case) and underline. Begin the text indented on the second
line. Second-level (subsection) headings should be typed in small (lower case)
letters but with all main words capitalized and underlined. Continue the text
indented on the next line. For the third-level headings, only the first letter
should be a capital, underline, then run on the text after three typewritten
spaces. Second and third level headings should be numbered (not alphabets) as
in this format.
2.1

Spacing of Heading

Triple spacing is to be used between the end of a section and the next major
heading. Others should be double spaced.
2.2

Abstract
No abstract should be included.

3.

References

List all the references at the end of the manuscript and refer to each by
the reference number between / at the end of a sentence, as /1,2/ or /4/.
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3.1

Style

References should be cited as in J. Acoustic Emission.
or Conference Proceedings is to be underlined.
4.

The title of a book

Equations

They should be given arabic numbers; e.g., (5), to be enclosed in parentheses
and placed flush with the right side margin. Later reference should be as Eq.
(5) •

5.

Figures

Clear glossy prints should be attached to the location desired with adequate
figure captions. These should be reduced to economize on space, but letters on
the figure should be legible. Figures should be numbered with consecutive
arabic numbers. Place them among the text, and give descriptive captions.
6.

Page Numbers

Do not type page numbers.
bottom.
7.

Number each page by light blue pencil at the left

Units

51 units are to be used throughout.
8.

Tables

Tables need to be numbered consecutively with arabic numerals and captioned.
Place them among the text at suitable locations.
OTHERS
1.

Glossary

In referring to various AE terms, follow the standard ASTM terminology (E610).
For example, use AE, but not SWE.
2.

Title Page

Title, author name(s) (title, optional), and affiliation should be given in the
top 6.4 cm (2.5") of the first page. Other support should be acknowledged at
the end of the paper, but before references.
3.

Summary or Conclusions

Always include descriptive summary or conclusions (but no abstract) .
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FRACTURE MECHANISMS IN SINGLE CRYSTAL COMPOSITES

Roger B. Clough, Haydn N.G. Wadley and Frank S. Biancaniello
National Bureau of Standards
Gaithersburg, Maryland 20899

While much is known of the fracture mechanics of composite materials, comparatively little
is known of the micromechanisms that in fact control fracture toughness and strength. These
effects are best studied in simple, well-characterized materials which nevertheless exhibit the
essential features of structural composite materials undergoing failure.
We have accordingly fabricated and tested single crystals of aluminum which contain a
single axial fiber of SiC. These were prepared by directional solidification using a modified
Bridgman technique. Different solidification times were used to vary the interfacial (and fiber)
properties, as SiC is known to react with molten Al to produce interfacial A~C3. Specimens
without fibers were also made. Load, displacement and acoustic emission were recorded during
tensile tests, after which the matrix material was dissolved away and the number of pieces of SiC
fiber counted, and their lengths measured giving both the critical aspect ratio and the number of
fiber fractures.
Figure I shows the stress-strain and AE-strain curves for a slowly solidified composite,
with a thick interface, and Figure 2 is the corresponding result for a more rapidly grown composite
with a thin interface. The large bursts of AE correspond to fiber or interfacial failure, since they do
not occur with a fiberless specimen. The load drops in Figure 2 correlate with the AE bursts and
the number of fiber fractures. The size of the load drops in Figure 2 indicates some degradation in
strength of the fiber in the more rapidly cooled specimen, and the complete absence of load drops
in Figure I indicates severe degradation in fiber strength in the slowly cooled specimen.
Moreover, in order to maintain the observed critical aspect ratio in this laner material, there was
also severe degradation of the interface strength to far below the matrix strength, hence interfacial
failure.
Comparison of the number of AE events to the number of fractures indicates that in the
rapidly grown material all AE was due to fiber fractures whilst only half the events in the slowly
grown samples were due to fiber fracture. The other half correspond to interfacial fracture since
the room temperature ductility of polycrystalline A4C3 is presumably quite limited. Thus there is a
change from the single mode of (axial fiber) fracture in the rapidly grown material to bimodal (axial
and interfacial) fracture in the slowly grown material. We suspect that the interface itself in the
rapidly grown material exceeded the matrix shear stress.
Composite propenies and failure mechanisms thus depend significantly on processing
conditions and acoustic emission is an important tool for detennining the modes of failure.
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Fig. 1 Load-Strain and load-AE curves for slowly grown SiC/AI single crystal composite.
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Fig. 2 Load-strain and load-AE curves for more rapidly grown SiC/Al single crystal composites.
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