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Conference Events
senting AEWG) and Yakichi Higo (represertting
JSNDI). A speech in memory of late Prof. Clem Tatro
was given by Hal Dunegan and Hiroyasu Nakasa spoke
in appreciation to Prof. Kusuo Yamaguchi for his contribution to AE technology.

The Conference was staned with the Theme
Discussion "Transitions in AE for the 21 st Century"
on Sunday, August 9. Marvin Hamstad provided
introductory remarks; then Hal Dunegan, Allen
Green and Teruo Kishi presented AE overviews of
some highlights of the practice of acoustic emission
in the 1960s, I 970s and 19805.

From Monday to Friday, four and one-half days of
technical sessions were attended by 85 participants from
13 countries, punctuated by a Luau on Wednesday evening. The panicipants enjoyed the fantastic conference
venue conducive to intensive discussions among relaxed atmospheres. The participants also greatly appreciated the smoothly run program management thanks to
capable planning and execution by Karyn Downs.

An active, general audience-based discussion of
important aspects of AE technology for the 21 st
century continued. The summary of these comments
is presented in the following pages.
The Yamaguchi Reception was held after the
Discussion, with remarks by Bill Prosser (repreiii

Theme Discussion: "Transitions in AE for the 21st Century"
Karyn Downs
Need the skills and knowledge to do waveform-based
analysis in the case of shape dependent wave propagation. For example, having inverse techniques equivalent
to the current technique of determining the moment tensor with bulk waves, but for plates and complex structures. (Ohtsu)

Karyn Downs compiled audience comments regard.
ing "Issues Which Should Be Addressed in the First 20
Years ofthe 21st Century" with name of contributor given
in parentheses. She extends her apologies to anyone
whore idea was not captured correctly.
Commercial AE Testing
Continuous monitoring of commercial processes;
more theoretical approach is needed. (Dong)
Regulatory agencies (e.g.• safety-related) are a given
fact of life. Those implementing AE testing in areas
which affect public safety to be aware of and understand the regulatory processes, and the preparation
and use of test standards. (Blackburn)

AE Equipment
•
•

•
•
•
•
•

•

More tailored equipment is needed for specific purposes (e.g., simplified black boxes). (Hill)
"Know your limits", i.e., understand limitations of
your equipment (such as data gathering rate, voltage
saturation, etc.) and those limits imposed by the circumstances surrounding your test. (Ono)
Solve the problem of extraneous noise. (Dunegan)
Identify crack size from AE data. (Dunegan)
Need software for source identification, and should
be able to link interpretation with the data. (Bohse)
Increase confidence in AE results, hence help overcome the negative impressions of AE. (Bohse)
Sensors need to be able to provide information which
gives an accurate record of first arrival. (Glaser)
Manufacturers/sellers of AE equipment may not appreciate the needs/skills of typical field users.
(Blackburn)
AE manufacturers should develop some systems to
make AE equipment more reliable, easier to operate.
and hence more valuable. (Zhu)

SkillslKnowledge of AE Theory
•
AE should be more fundamental; should be generalized
to axioms. (Vinogradov)
Decrease negativity regarding AE. (Wood)
•
Make researchers and people who apply AE in the "real
world" work together to communicate with each other.
(Wood)
Teach ''the truth" about AE in schools; more people
should become aware of and know about AE. (Wood)
•
Make introduction of AE "more friendly" to newcomers
in the field; be able to recommend key historical pieces
of literawre to familiarize newcomers to the technology.
(Nordstrom)
•
Need more focus on undergraduate education and exposure to AE. (Berndt)
•
Increase teaching of AE, especially in colleges and universities. (Wood)
•
Need for more consistent use of AE terminology; the
inaccurate use of the AE terms in presentations and
writing with widely differing meanings for the same
words or phrases. Stick to more standardized meanings
across the technology. (Downs)
•
Need an international effort across many universities and
corporations to construct an AE database which contains:
laboratory data directly available to real-world applications; field tests under real-world environments; establishment of quantitative methods to evaluate AE activities. (Nakasa)

Materials Research
New Commerclal Applications
•
AE is an informational tool for technology process
correction. (Muravin)
Need more use of field tests and continuous monitoring. (yuyama)
•
Civil engineering applications are going ,to be very
important because evaluation of structural integrity is
getting more and more important due to aging infrastructures. (Yuyama)

•

Research Tools
•
Need more emphasis on modeling and math techniques and simulation capabilities. (Bridge)
Need more inversion techniques for data analysis.
(Ohtsu)

•

•

•

iv

Pursue technology to allow video connection (perhaps
via the internet) between materials or structures researchers at a field test site and AE researchers who may
not be able to be at the test site themselves. (Harnstad)
"Know your limit." Be cognizant of the limits of theoretical and experimental approaches used for specific
materials study; e.g.• some events are too fast or slow for
the detection/analysis system used. (Ono)
Merge AE and acousto-ultrasonic techniques in multiple
applications. (Beall)
Must develop more inversion techniques to deal with
unique materials and geometry. (Ohtsu)
AE researchers should investigate materials further,
make it clear that AE waves traveling in materials have
interaction with microstructure and defects. (Zhu)

In Memoriam
with the physical mechanisms that give rise to acoustic
emission to completely understand the phenomenon. and.
using AE as a tool. to study some of the vexing problems of
behavior of engineering materials. Clem early on envisioned the potential of AE becoming a unique nondestructive testing method. One of his major goals was to bridge
the gap between research and the practical application of
AE technology.
In 1962. Clem joined the faculty of Tulane University as
Professor of mechanical engineering. In 1962. Clem and
Bob Liptai presented a paper at Southwest Research Institute in San Antonio, Texas. Harold L. Dunegan was so
impressed with Clem's presentation that he initiated AE
research at Lawrence Radiation Laboratory. In 1966. Hal
invited Clem to join the staff at LRL as Leader of the Materials Test and Evaluation Section in the Materials Engineering Division. In 1977. he relinquished his supervisory
position and became a Research and Advanced Development Engineer. Clem had a profound influence on the application of AE throughout the U.S. Atomic Energy Commission's (now the Department of Energy) nuclear weapons
complex.
Clem was a visionary. recognizing the potential of AE as a
NOT method to study and evaluate materials and structures.
In the 1960s he suggested an organization to bring together
all of the workers in AE culminating as the Acoustic Emission Working Group. He was elected a Charter Fellow of
the AEWG in 1982. In 1982. Clem was presented the inaugural Gold Medal Award. "for his pioneering work in the
establishment, development. and advancement of acoustic
emission as a scientific and nondestructive testing method.
and for his extensive contributions as a researcher. teacher.
author. and advisor in the field of acoustic emission."

DR. CLEMENT A. TATRO (1924.1997)
Members of the acoustic emission community. friends. and
associates were deeply saddened to learn of the death of Dr.
Clement A. Tatro on November 27. 1997. in Livermore.
California. Clem is survived by his wife. Frances and two
daughters.
Clem Tatro was born in rural Kingman County. Kansas.
May 16. 1924. He received his B.A. degree in physics from
Friends University. Witchita, in 1949. and his M.S. and
Ph.D. degrees in physics from Purdue University in 1951
and 1956. respectively. He joined the engineering faculty
at Michigan State University, as an Assistant and Associate
Professor from 1956 to 1962. Clem became involved in
acoustic emission in a rather serendipitous manner. In
1956. he was invited to look into acoustic emission by a
fellow facully member. Lawrence E. Malvern. who came
across a one-page article in the German book Fliessen und
Kriechen der Metalle. published in 1955. The iuticle referenced the observations of noises by Joffe, Ehrnfest. Classen-Nekludowa. and Joseph Kaiser. With Malvern's suggestion that this acoustic phenomenon might be useful to
study the asperity theory of friction. Clem began a life-long
career in the field of acoustic emission.

Clem published over 30 papers on the subject of acoustic
emission. delivered numerous addresses and lectures at
professional societies. academic groups. short courses. and
seminars. all with the purpose of teaching the fundamentals
of AE and furthering the understanding of AE technology.
His lectures and tutorials at short courses and AEWG primers were significant contributions to the global expansion of
AE technology and application.
Clem left his mark on the AE community. Many of us will
long remember him with affection for his warm and gentle
nature, his wisdom and professional ethics. the tremendous
breadth of his knowledge. his total commitment to AE and
its people. and the special influences he had on many or
their lives. He was always the advisor, leacher, counselor.
and mentor. encouraging his co-workers and colleagues to
do their best.

He began laboratory investigations into all aspects of AE.
He thought that research programs in AE should follow two
rather well-defined branches: to pursue studies concerned

Thomas F, DrouiUard
Harold L Dunegan
y
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IMPROVEMENTS OF GRINDINGIDRESSING MONITORING
USING ACOUSTIC EMISSION
Jason W.P. Dong
Physical Acoustics Corporation
195 Clarksville Road, Lawrenceville, NJ 08648, USA
ABSTRACT
A challenge of grinding and dressing monitoring is the reliability, sensitivity and response
speed. Although various techniques, such as force, torque, power, vibration, acoustic emission,
temperature, and optics etc., have been developed for grinding/dressing monitoring in the recent
two decades, most of them were confided in the research laboratories due to some limitations in
practical applications. This paper discuss the techniques used to improve the reliability, sensitivity
and response speed during grinding and dressing process monitoring. Acoustic emission technique is
specifically discussed in this paper. Quantitative assessment is conducted to compare various
techniques, e.g. acoustic emission , grinding power, acceleration and grinding force. Signal
processing techniques which are particularly useful for grinding/dressing process monitoring are
introduced along with experimental results. Some important issues concerning about improving the
reliability, sensitivity and response speed of grinding/dressing monitoring using acoustic emission
are also discussed. Experimental results are given to prove that the grinding and dressing monitoring
can be significantly improved by using acoustic emission.
KEYWORDS

Acoustic Emission, Grinding, Dressing, Monitoring.
1. INTRODUCTION

Grinding _is one of the most popular precision manufacturing processes in automobile,
aerospace, aviation, optics, bearings, gears, machinery and many other industries. As the increasing
requirements for product competition, low cost, high quality, process safety and factory automation,
grinding/dressing monitoring, such as wheel touch detection, gap elimination, wheel positioning,
collision detection and dressing verification, is also increasingly required in grinding and dressing
processes in order to meet above needs.
Various techniques, such as force, torque, power, vibration, acoustic enusslon (AE),
temperature, and optics etc., have been developed for grinding/dressing monitoring in the recent
two decades[I,2]. However, most of them were confided in the research laboratories due to some
limitations in practical applications. The most important concerns of these limitations are the
reliability, sensitivity and the speed to response any abnormal conditions.
S1

Unlike some static or pseudo static process monitoring, e.g. tensile testing in the lab. and
pressurized vessel testing in the field, grinding or dressing is a continuous dynamic process which
involves a lot of variable conditions and process noises. Any process parameter change, e.g. feed
rate, grinding depth, grinding speed, coolant flow rate, may induce significant change of the signal
and noise. Unfortunately, these parameters are possibly to change during any single grinding or
dressing process. In addition, the high speed shafts (up to several tens ofthousands RPM), bearings,
gears, belts, moving tables generate a lot of dynamic noises during operations. Furthermore, the
high speed coolant jet, flying of chips make the noise more rich. For these reasons, the reliability
becomes the most important for an industrial viable monitoring system.
On the other hand, under the high speed grinding or dressing operation, an abnormal
condition may happen abruptly and sometimes disappear quickly too. Continuous monitoring and
quick reaction to any abnormal condition is also of the most concern in the process monitoring.
A common sense about the reliability, sensitivity and response speed of different types of
monitoring systems is that the grinding power monitoring is the most reliable but the least sensitive
and lowest response speed, whilst AE monitoring has high sensitivity, fast response speed and lower
reliability. However, there was no quantitative assessment for different techniques. Questions
therefore arise: how slow is the response of the power monitoring system compared to other
systems? is the power monitoring system really reliable if the sensitivity and speed were really
sacrificed? whether the noise rejectbility and reliability of AE monitoring can be improved so that it
can take the advantages of reliable and fast response speed?
This paper tries to answer above questions. Quantitative assessment is conducted to
compare the sensitivity and response speed of AE and some other techniques, e.g. grinding power,
acceleration and grinding force. AE features including the noise features are discussed. Signal
processing techniques which are particularly useful for grinding/dressing process monitoring are
introduced along with experimental results. Some important issues concerning about improving the
reliability and response speed of grinding/dressing monitoring using AE are addressed. Finally, this
paper gives results obtained using the techniques discussed.

2. AE MONITORING COMPARED WITH OTHER TECHNIQUES
Various experiments were conducted to have a quantitative assessment of the sensitivity and
response speed of AE monitoring compared with the differential grinding power, acceleration and
grinding force. These experiments were conducted on different grinders, e.g. external, internal and
centerless, at different places including university lab. and industrial workshops. During each test, a
two channel high speed data acquisition system was used. AE and another signal, either power or
acceleration or force, were acquired simultaneously when the grinding wheel approaching and
touching the part being grounded. Graphics are presented to show how each signal responded to the
touch. Two examples are given for each comparison.

2.1 Comparison between AE and Differential Grinding Power
The examples shown here were obtained from an internal grinding process (Fig. 1) and a
centerless grinding process (Fig. 2). In these figures, (a) is the AE RMS signal and (b) is the
differential power. In the internal grinding, a small wheel (28 mm in diameter) and high speed
(39000 RPM) were used. The wheeVpart contact position can be obviously identified from the AE
RMS signal (Fig. I(a» without any misinterpretation at about 225 ms. However, the touch can
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only be confidently identified from the differential power signal (Fig. 1(b» after at 400 ms. The time
difference between them is about 200 ms.
The centerless grinding process used a big wheel (586 mm in diameter) and has a large
inertial to response the touch. This can be observed from Fig. 2 where the touch can be identified
before the position of 500 ms from the AE RMS signal (Fig. 2(a». and around 1000 ms from the
differential power signal (Fig. 2(b». The time lag for touch detection between the two methods is
about 500 ms in this case. Because of this time lag. the power signal reached its maximum at about
1500 ms where there was no actual wheeVpart touch through the observation of the AE RMS
signal. This phenomenon suggests that the power signal cannot reflect the current grinding
condition.
In addition, periodical components can be seen from the initial part of the AE RMS signal in
both examples. The period was identified to be one revolution of the workpiece. This implies that
AE has a high sensitivity to be able to detect a minor out of roundness error of the part. Obviously.
the power signal does not have the sensitivity to detect such a minor change in grinding conditions.
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Fig. 1 Example ofAEI1lIl and differential
grinding power in an internal grinding.

(b) Differential grinding power
Fig. 2 Example of AErms and differential
grinding power in a centerless grinding.

2.2 Comparison between AE and Acceleration
The first example of AE and acceleration testing was conducted on the same internal
grinding process discussed above. The AEnns and the acceleration obtained are shown in Fig. 3. The
touch and grinding can be clearly identified from the A.Enns signal (Fig. 3(a». However. it is hardly
to pick useful information from the acceleration or vibration signal (Fig. 3(b». Since the
accelerometer can only be attached to a non-rotary part, e.g. bearing bracket. work table and head
stock, the acceleration signal is highly dominated by the noises generated by rotary and moving
parts. such as bearings. gears. shafts and the working table. The actual acceleration signal generated
by the grinding itselfwould be merged in the noise.
Fig. 4 shows another example of AE waveform or raw signal and acceleration during a
dressing process of a different centerless grinder from what discussed above. There was a light and
short touch between the dresser and the wheel which can be identified through the increase of AE
amplitude on the AE waveform shown in Fig. 4(a). On the contrary. the amplitude of the
acceleration signal before wheeVdresser touch is much higher than that after touch (Fig. 4(b». The
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vibration signal was attenuated after touch due to the change of the boundary or support condition
of the mechanical structure ofthe grinder.
These two example illustrates that acceleration would be heavily influenced by background
noise source and hence cannot be effectively used for grinding and dressing monitoring.
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2.3 Comparison between AE and Grinding Force
Grinding force was recognized to have a better sensitivity and response speed to condition
monitoring. However, compared to AE, the advantages of the force for grinding/dressing
monitoring seem to be disappeared and never the less to say the cost and the difficult of installation.
This conclusion can be illustrated from following two examples.
Figs. 5 and 6 were the AEnns and normal grinding force obtained from one external grinding
process with different grinding conditions. The workpiece used for the experiment shown in Fig. 5
was properly pregrounded so that it had a good roundness, whilst the workpiece used for the
experiment shown in Fig. 6 had a 10 J.lm out of roundness. The difference in grinding mechanism
between them is that when the wheel is approaching to the workpiece it would be fully engaged
with the workpiece in the beginning for the first example. However the wheel would ground the out
of roundness first and then be fully engaged with the workpiece for the second example.
This difference were reflected from the AEmw signal· shown in Fig. Sea) and Fig. 6(a). For the
first case, AE jumped quickly after touch. The transition from no touch to full touch is very fast, i.e.
in milli-seconds order. However in the second case, a small step is observed before jump to the high
value. The length of the step was 500 ms which was just the workpiece revolution period. This
illustrates that in the first revolution, there was a light touch by grinding away the out of roundness.
The full engagement of the wheel and the workpiece happened in the second revolution. This
phenomenon was not detected from the force signal. In other words, the force signal has not enough
sensitivity to detect a weak contact between ·the wheel and the workpiece. It is also observed that in
the first example (Fig. 5), the AE showed at least 10 ms ahead of the force to detect the touch.
However in the second example, since the force cannot sense the weak touch, the AE showed at
least 500 ms earlier to detect the touch than the force. These suggest that AE has a superior
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advantage than the commonly recognized force signal in terms of the sensitivity and speed to
response any condition change during the grinding/dressing process.
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3. AE Noise Features During GrindinglDressing

As was discussed in [4], AE waveform contains nutrition information about the
grinding/dressing status. Within the AE signal, it may involve not only the signature of grit contact
or wheel contact, but also the features ofgeometric errors of the workpiece and the wheel, spark-in,
spark-out, chatter and lobbing. However, another important feature of AE is that the AE wavefonn
does not only contains useful information, but also involves a lot of noises in many cases. It is the
noises that block the wide and reliable application of AE monitoring in industry. Therefore, to
eliminate the influence of noise on AE monitoring becomes of utmost importance in developing an
industrial viable system. For better understanding the AE features, especially the noiSe features,
some major types of noises are discussed here.
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Fig. 7 An example of a random noise.
3.1 Random Noise

The previous example shown in Fig. 4(a) exhibits an existence of the random noise. Spikes
appears randomly before and after the wheeVdresser touch. The magnitude of the noise may be
higher than the actual wheeVdresser contact signal.
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Fig. 7 shows another case of the random noise and its power spectra. The random noise
possesses very wide band frequency, it evoked not only three resonant frequencies of the sensor at
70, 150 and 340 KHz, but also much higher frequency components up to 1000 KHz in this example.
This suggests that the random noise exists at every wide frequency band and is difficult to be
completely filtered out.

3.2 Regular Noise
This type of noise is most probably the EM! noise as shown in Fig. 8. The frequency of the
noise is 30 KHz. Lower or higher frequency EM! noise was also observed during the experiment. It
was very hard to removal even with the differential sensor and proper bandwidth filter.
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Fig. 9 An example of a burst noise.

3.3 Burst Noise
In an hash industrial environment, burst noise may occasionally appear even in an idle
process as shown in Fig. 9. The burst noise has a very short duration and high amplitude. The
existence ofthe burst noise may result in false triggering during ~onitoring processes.

4. Improvements of AE Monitoring
Despite that the AE has higher sensitivity and fast response speed than grinding power,
acceleration and grinding force as discussed above, it may still be not satisfactory because of the far
distance of the AE sensor to the grinding zone, if a contact or solid coupled AE sensor is used, and
the influence of the noises. In the recent years, a coolant coupled AE. sensing technique was
developed [3,4]. With this technique, the AE sensor was not directly attached to any fixed part, e.g.
bearing bracket or shaft support, it was embedded in the plumbing fitting as shown in Fig. 10.
During grinding, the coolant nozzle was targeted to workpiece so that the coolant jet could hit the
workpiece surface continuously. After the contact of the wheel and the workpiece. the generated
AE would transmit to the fitting through the coolant and then detected by the AE sensor. The great
advantages ofthis technique are that:
• The AE sensor can be close to the grinding zone so that the AE path is shortened and the
sensitivity is increased.
• It escapes from a lot of mechanical noise sources, e.g. bearings, gears, belts and table moving.
• The plumbing setting can be a standard and used for variety of processes and grinders. The
sensor position is less affected by the structure of the grinder.
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• It can be used in many cases where the contacted AE sensor technique was not effective due
to the influence of noises. e.g. cylindrical grinding (internal and external). rotary dresser
dressing and high speed grinding.
The disadvantage ofthis technique is that since the AE was transmitted through the coolant,
turbulence or cavitation becomes the most influential noise source.
With the coolant coupled AE monitoring technique. it has achieved the highest sensitivity
and response speed compared to other techniques. Now the most important concern is to increase
the reliability by effectively eliminating the influence of the noises. Some of the approaches for noise
attenuation and rejection which were actually used to develop a commercial system are discussed
below.

4.1 RMS Filtering
RMS filter is known as a good method to smooth the signal and attenuate high frequency
random noise. Fig. 11 is a set of AE RMS signa) processed with different time constants for the
same AE waveform. It is clear that the larger the· time constant. the better the noise attenuation.
However. in the mean time of increasing the noise attenuation. the sensitivity and response speed
are decreased. Therefore. a balance between the noise attenuation and the sensitivity should be
considered and a proper RMS time constant should be selected.
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Fig. 10 Example of coolant coupled AE sensing.
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Fig. 11 AE RMS with different time constants.

4.2 Digital Filtering
Nowadays. digital system becomes more and more popular. Digital filter has a better noise
rejection capability or even intelligent noise rejection capability. Various of digital filtering
approaches. e.g. Gaussian, FIR and medium. can be used for grinding process monitoring. The
Gossip filter has no ripple effect within the pass band. The FIR filter has a linear phase and the
medium filter bas exceJlent capability to reject the burst noise. Fig. 12 is an example that an FIR
filter was used for a dressing verification process. Due to the influence of the noise before filtering
(Fig. 12(a)). the dressing verification was difficult. However. after the FIR filtering (Fig. 12(b)). the
dressing status can be easily identified. One thing has to be addressed here is that if a digital filter is
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used for on-line signal processing, high speed signal processor, e.g.
order to catch the speed of signal change.

nsp chip,

has to be used in
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4.3 Timing Filtering
For eliminating the influence of cavitation or turbulence induced noise. the timing filtering
which rejects any signal falling into a certain period of duration. The timing filter can be
implemented by both analog and digital methods. However, the most important thing is to
detennine the proper timing constant.
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Fig. 13 shows an example that all above mentioned coolant coupled technique and filtering
approaches were used by a commercial system in a dressing process. The pretriggering was set at
5.12 seconds. Although the existence of significant noise, the data acquisition system was correctly
triggered at the right position, which illustrates the success ofthe proposed approaches.
5. Conclusions

This paper has discussed various techniques for grinding/dressing monitoring. AE is
specifically emphasized compared with the grinding power, acceleration and grinding force.
Through a quantitative comparison between them, it is concluded that AE is the most sensitive and
fastest to response any condition change during grinding and dressing processes. It is not unusual
that AE can have tens to hundreds milliseconds faster to generate an alarm for condition
monitoring. A coolant coupled AE technique is discussed along with its advantages and
disadvantage. Signal processing approaches are proposed to deal with the noises. Experiments
presented in this paper show that grinding and dressing can be considerably improved using the
proposed AE technique.
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ABSIRAc;r
A number of different experiments have been carried out using AE measurements to
investigate the process of brittle fracture in a modified polyester E-glass composite materials used
in high voltage insulator applications. The experiments have ranged from very well controlled
basic experiments using constant K, samples to tests on actual insulator rods. Brittle fracture has
been observed in the composites used when exposed to nitric acid. In reality the nitric acid is
formed when the composites are exposed to water and ozone from corona discharge. For our
studies an acid bath was constructed around the sample. The AE has been measured using both a
wave parameter system and also using a new modal wavefonn system. Similarities and
differences in the two types of measurement will be discussed. Samples have been tested using a
static load of approximately 20% of the yield. Tension-tension fatigue tests with an over and
under load of 7-8% have also generated brittle fracture. The AE and the brittle fracture
characteristics from fatigue are significantly different from those observed in static loading. A
discussion of both the fracture characteristics and the resulting AE will be provided.
KEYWORDS
Brittle Fracture, Composites, Stress Corrosion, Insulators, Acoustic Emission.

INTRODUCTION
In the past two decades, non-ceramic composite insulators have been accepted in several
countries in electrical suspension and substation applications. Composite suspension insulators
are used in overhead transmission lines with line voltages in the range 69 kV to 735 kV. The
insulators rely on unidirectional glass polymer composite rods as the principle load bearing
component. The rods are manufactured by pultrusion and the constituents are modified polyester
with E-glass fibers. The rod surface of the glass-fiber reinforced plastic (GRP) rod is covered
with a rubber sheath with multiple disc-shaped weathersheds. The ends of the rod are supported
by two metal end-fittings. One end-fitting (the energized end) is attached to a high voltage line
whereas the other end (the cold end) is attached to the tower.
The composite insulators offer significant advantages such as a high mechanical strength-toweight ratio, improved damage tolerance, flexibility, good impact resistance, and ease of
installation. In spite of the many benefits which the insulators can offer, caution should be
observed if they are used in the applications that can promote failures by brittle fracture [1-3).
When a unidirectional composite rod is subjected to pure mechanical tensile stresses applied
in the direction of the fibers. its fracture surface exhibits a broom-like appearance. In brittle
fracture of composite suspension insulators. however, the fracture surface appears to be
essentially planar in nature and runs perpendicular to the rod axis [1-3). The typical brittle fracture
surface is characterized by a smooth region and a rough region. The size of the planar fracture
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surface varies in each case and can reach up to 80% of the rod cross-section. Generally, brittle
fracture of composite suspension insulators can take place at loads of about 5% of the insulator
load-bearing capacity in dry air. The failure occurs either near or inside the high voltage end.
Brittle fracture of composite insulators is caused by the stress corrosion cracking (SCC) of
the composite rod material [4-7]. SCC in an E-glass/polymer composite results from the
combined effect of low mechanical tensile stresses applied along the fibers and chemical attack by
either organic or inorganic acids. With the presence of acids on the GRP rod, calcium and
aluminum in the fibers are leached out by ion exchange with hydrogen. Recently, Chughtai et al.
[3] have detected, using Fourier transform infrared spectroscopy, the presence of nitride on the
brittle fracture surfaces of a 115 kV suspension insulator which failed in service by brittle fracture.
This results implies that brittle fracture of suspension insulators can be caused by a nitric acid
solution formed in-service through corona discharges in the presence of moisture.
The research reported on in this paper is from three different specimen types. The first type
are constant K. specimens, designed for the stress corrosion testing of unidirectional E-glass
fiber/polymer composites under static loading [5,8,9]. The stress corrosion process in the K.
specimens can be accurately monitored using acoustic emission [2,8,9]. Essentially a one-to-one
relationship between the number of broken fibers and the number of acoustic emission signals
caused by fiber fractures have been observed. Despite many benefits of the K 1 specimens to the
stress corrosion testing of unidirectional composite rod materials, the K, experiments are not
realistic and it is difficult to relate their results to insulator rods used in service. In a second type
of specimen, a rectangular coupon with a thinned groved section, has an increasing K. with
increasing crack growth. The third sample was acroal GRP rods subjected to tensile loads (static
and fatigue) and a nitric acid solution. SCC propagation rates in the GRP rods are not constant
and they increase significantly as a function of the crack size. In the GRP rods crack growth can
be monitored by AE, but with significant difficulties [10].

EXPERIMENTAL
The constant K, and coupon samples were machined from bar stock and the rod were from
16 and 19 mm diameter rod insulators with crimped end fitting. The overall dimensions of the
constant K) samples were 100 mm x 65 mm x 6 mm with the test section thickness reduced to 0.5
mm [I). Samples of the different types were precut to initiate a crack. The gage section of both
the constant K, and the coupon sample were coated with VaseJine to focus the acid attack at the
crack tip. A container was attached around each of the samples to hold the nitric acid (pH 1.2)
solution. AE measurements on the constant K) used a 175 KHz resonance transducer, the
coupon test used four broadband transducers, and the rod test used two broadband transducers.
Block diagrams of the samples and test setups are shown in Figure 1. At the end of testing, the
samples were removed, cleaned, and a crack tip specimen was prepared for topographical
analysis. Fracture surface details were investigated using a lEOL 5800 LV scanning electron
microscope (SEM). A time laps video recorder was used with a magnifying camera to examine
the crack in the coupon sample. Both parameter based AE and digital modal waveform AE data
were obtained. This allowed for comparison of the data recorded during the investigation.

RESULTS
Constant K, Tests
Typical AE data resulting from constant K1 stress corrosion experiments are shown in
Figures 2 (AE signals versus time under load) and Figure 3 (amplitude distribution of AE
signals). The data in Figure 2 indicate that the crack advance rate is relatively slow for the first
several days under load corresponding to the fonnation of a sharp crack front emanating
from the tip of the pre-crack. Mter a sharp and continuous crack has fonned a
correspondingly higher and relatively constant crack advance rate appears to be establis~ed. In
S11
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Figure 1 Block diagrams of the samples and test setup are shown for a) the constant K[ tests, b)
the coupon tests, and c) the rod tests.
addition the corresponding amplitude data (Figure 3) are normally distributed suggesting that
failure process being monitored was due to a single source mechanism. SEM analysis of the
crack surface (Figure 4) revealed that the crack surface was planar exhibiting a few steps with
surfaces a couple of tens of microns above or below the main fracture surface. Since the extent of
fiber debonding was found to be insignificant relative to the number of fiber fractures, it was
concluded that the AE data were due principally to stress corrosion induced fiber fracture.
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Additional tests were perfonned on another sample where the time of test was held constant
for 48 hours and the load was incremented after each test. By plotting the total number of signals
per test as shown in Figure 5, the crack propagation rate was found to be an exponentially
increasing function of the applied load. In addition, this plot show evidence of a damage
threshold load (62 N) below which AE activity (and therefore crack advance) essentially stopped.
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predominance of a single failure
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Coupon Tests
A graph is shown in Figure 6 of the test durations for three coupons from the three different
test conditions. The samples tested under the static condition were held at a constant load of 3560
N, the fatigue samples were cycled at 10 Hz between 3310 and 3810 N, and the overload samples
were held at a constant load of 3810 N. For each sets of coupons tested under identical
conditions, a large difference in the time to failure is observed. The error bars for each test
condition overlap making a conclusion from the average test times very uncertain. A more
significant factor detennining the failure time seems to be material variations between samples.
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Figure 7 shows the crack opening disp!acement and the sum of AE sign~s versus test ~me
for a coupon test. Notice that there are regions where the slope of the AE SIgnalS versus ume
curve goes to nearly zero, ind~cating that few AE signals are being g~nerated. A. significant
number signals occurred early to the test, but near 20 hours the generatIon of AE signals slow
down greatly, indicating, that during this time interval very few fibers fractured. After 35 hours
the slope of the signal curve increases rapidly until failure occurs.
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Figure 7 The crack opening displacement and
the sum of AE signals are shown
versus time for a coupon test.

Much more infonnation can obtained using a digital based waveform AE system. Figure 8
shows signal wavefonns for each transducer for a single event occurring early in the test (refer to
the transducer placement shown in Figure I). The AE signal was clearly generated closest to
transducer # I, since it has the highest amplitude and it is the first signal to arrive at a transducer.
The other three signals all have a much lower amplitude indicating significant signal attenuation
due to propagation across fibers rather than along fibers. The signal measured by transducer #2 is
smaller than the signal received at transducer #3 even though #3 is further away from the event.
The smaller signal at #2 could be due to a transducer coupling problem or possibly fiber damage
under the transducer.
Near the end of a test, AE signals were detected first on transducer #4. A typical event from
the four different transducers from this portion of the test is shown in Figure 9. The signal at
transducer #4 now has the highest amplitude, it is the first signal to arrive, and it has a very fast
rise time. Transducer #2 continues to be of lower amplitude than is expected.
The crack morphology depended more upon the time to failure than on the static stresses or
fatigue conditions. The sample that took the shortest time to failure had the roughest fracture face,
and showed evidence of having a split fracture front propagating on two different levels. The
sample that required the longest amount of time to failure had the flattest fracture face. The
different roughness is caused by level changes where the fibers are separated from the modified
polyester matrix. The different fracture faces have been investigated by scanning electron
microscope (SEM). Only very slight differences were observed in the fibers or the matrix for
tests of different duration. SEM observation provided no evidence for why surface roughness,
i.e., increase splitting of the fibers from the matrix caused faster sample failure. :rhe above results
do not necessary mean that greater splitting alone causes faster failure, there could an underlying
mechanism that causes both greater splitting and faster failures. At this time no such mechanism
814

has been identified. Investigation of both AE data and the fracture face using coupon type samples
is continuing.
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Figure 9 A wavefonn is shown versus time
for an event occurring near sample
failure.

Rod Tests
Rod samples were used to determine if brittle fracture in actual composite insulator rods
could be initiated in the laboratory using conditions similar to those found in-service. In all tests
nitric acid solution (pH of 1.2) was in contact with the rod, While the load was subjected to either
static or fatigue loading. The acid was held in a 125 ml container sealed to the rod. The container
and the rod, except for the defect were sealed with silicon rubber. Originally three wide band
transducers were located on or near the composite rod sample. One transducer was hung in the air
near the sample to monitor noise in the lab area. A second transducer (opposite) was located
behind Gust above the acid) the pre-crack or defect. The third transducer was located at the same
height but 90' to the opposite transducer and was called the side transducer. Experimental
conditions are summarized below: 1.- rod diameters d 16 mm and 19.1 mm, 2.- axial stress =
130 Mpa, 3.- static load = 26 leN for small rods, = 38 kN for large rods, 4.- fatigue at 10 Hz,
tension - tension, +/- 8%,5.- initial defects, surface pre-crack, 10 mm in length 0.3 mm deep and
0.1 mm thick, or a small opening in the rubber coating about I mm high and 3 mm wide.

=

The majority of rod tests containing a small pre-crack failed in a brittle fracture manner. The
crack advanced in a flat planar manner for some distance in a direction perpendicular to the fibers
until long vertical splits occurred on the surface along the rods in the direction of the fibers. The
process of crack advance and vertical splitting was repeated until the sample shredded and pulled
apart. The fracture faces obtained from brittle fracture due to static loading and fatigue loading
were found to be significantly different. The planar crack before splitting was found to be
considerably larger when statically loaded and final failure was confined to one side. The fatigue
samples had planar cracking around the entire sample with final failure in the middle of the
sample. Examples of the failure modes are shown in Figures 10 and 11. However, some of the
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pre-cracked samples did not fail in this manner. For a small number of samples, multiple surface
cracks formed on the rod surface and continued to grow around the entire surface of the rod.
Figure 12 shows an example of this behavior. No significant planar growth was observed at the
pre-crack and no evidence of brittle fracture was obtained. One sample failed by brittle fracture
without any pre-crack defect. In this sample a small hole was left in the silicon rubber (1 mm by 3
mm) giving the nitric acid access to the rod through the hole. This sample failed by brittle fracture
with a very large planar crack with fan shaped markings. A micrograph of the planar crack area is
shown in Figure 13.

Figure lOA photograph is shown of a fracture
surface tested under a static load.

Figure 11 A fracture surface is shown for a
sample tested under a fatigue load.

Figure 12 A photograph is shown of surface
cracks that formed around a
insulator. No crack growth occurred
at the pre-crack shown at bottom left.

Figure 13 A fracture surface is shown where
acid attack was limited to a small
hole. A fan shaped pattern can be
seen radiating out from the position
of the acid attack.

The AE was monitored during all tests. Early in the investigation, a sensitivity problem was
identified. The opposite transducer was found to be more sensitive than the side transducer until
the first vertical splitting occurred. After the vertical splitting, the two transducers gave identical
results. To solve this problem, the end connectors were machined such that a transducer could be
placed directly on the ends of the rod. This improved the AE measurements since the signals
could propagate along the fibers and also allowed for location measurements of signals. Figure
14 shows a typical measurement of the total AE signals and the displacement as a function of test
time. The data are for a standard rod with a pre-crack cut 5 cm from the center of the rod. A good
correlation between the total signals and the changes in displacement was obtained. Each large
change in the total signal number and the displacement correspond to vertical splitting in the rod.
A correlation was also observed between fiber fractures and the number of signals.
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Figure 14 A measurement of total AE signals averaged for the two transducers and displacement
are plotted as a function of test time for a rod sample with transducers placed on both
ends of the rod.

CONCLUSIONS
The three different sample types had varying amounts of complexity moving toward the
complexity of insulators used in service. The constant K, sample had evidence of a damage
threshold load (62 N) below which AE activity (and therefore crack advance) essentially stopped.
As the load was increased the AE activity and the crack advance rate increased exponentially. But
for a constant load, the crack advance rate was roughly constant. With the coupon tests and an
increasing stress at the crack tip, the crack advance rate was detennined more by sample
variations. The crack advanced rate also fluctuated during the test. The effect of constant loading
and fatigue loading was minor compared to sample variations. The acoustic signals propagated
preferentially along fibers and experienced high attenuation across fibers. In the rod tests,
transducer placement is important with the best place on the end of the rods. Static and fatigue
loading had a significant impact on the fracture face of the rods. Splitting in the rods caused a
corresponding high increase in displacement and the total number of signals.
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ABSTRACT
Although research examples by the AE method are reported regarding a gear.
almost no reserch has been conducted using the AE method in regard to running
gears in a tooth surface fai lure process of spur gear teeth. Therefore. in this
report. in order to observe directly AE in a tooth surface failure process of a spur
gear. a micro AE sensor was attached to a close associate of a tooth. In the tooth
surface failure process. AE was measured with the thermal refining gear. and various
analyses iere examined.

KEY WORDS
Gear; Acoustic Emission; Thermal Refining Gear; Tooth Surface Failure

INTRODUCTION
Defectiveness occurring in various revolving instruments can cause considerable
damage and often result in danger. Early detection of such defectiveness. therefore.
has become an important task. AE method is expected to be a method to detect
defective phenomena of revolving instruments in an early stage. and several reports
on AE method [1]-[3] have been made in relation to gears. However. there have been
few reports which tested tooth surface failure caused by gear revolution and
performed AE measurement. In the present study. we tested tooth surface failure
caused by gear revolution, using with a power-circulating type gear testing machine
and an ultra-compact AE sensor attached to the side of a gear. measured AE in that
process. studied AE characteristics. and discussed AE applicability to early
detection of tooth surface damage such as pitting.

TEST

GEARS

AND

EXPERIMENTAL METHOD

Test Gears
Test gears were made of S45C steel with stiffness of 2858v.
are shoin in Table 1.
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Its principal items

Pinion
Module

m

Pressure angle
Number of teeth

Gear
4mm
20'

«0

Z

25

31

"

1.2

·0.3

Addedum modification
coffieient
Pitch circle diameter
Till circle diameter
Flleewidth

b

Center distance
Contact ratio

100mm

124mm

117.Gmm

131.4mm
10
llGmm

Fig.l Testing machine

1.3G7

Backlash

O.G3mm

Method of finishinl! teeth

GriDded

Ac:curaey

3 grade

Material

S45C

Table 1 Dimension of test gears
Experimental Method
In the present experiment. a power-circulating type gear testing machine shown
in Figure 1 was used. The revolutions of large and small gears were 800 r.p.m. and
992 r.p.m. respectively and they were driven with a forced lubrication system in
which oi I was suppl ied directly onto the tooth surface by the amount of about 0.51/
min from the side where the gears were engaged. The oil temperature was controlled
to be 40 ± 2t. The exper imen t was carr ied au t with a gear load ac ted by a torque
load coup ling and the hertz app lied power a = 946 MPa. In order to measure AE
while the gears are revolving, an ultra-compact AE sensor (AE-903N manufactured by
NF Circuit Design Block Co.• Ltd.) was attached with screws to the side of a large
gear as shown in Figure 2. Diameter and thickness of this AE sensor were both
H

Personal computer

Fig.3 Block diagram for AE measurement
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3mm and sympathetic vibration frequency was 350 KHz. Also. in order to find out an
AE occurrence timing and changes in tooth root strain waves, a strain gauge was
attached to the dangerous section of the tooth root part on the tension side of
any two teeth. Figure 3 shows a block diagram drawing of AE measurement. Signals
from AE sensor were amplified by 40dB by an compact pre-amplifier attached to the
gear. passed through a mercury slip ring and amplified by 40 dB by a discriminator.
Furthermore. after band-passing AE signals by 200~1000kHz. The AE signal envelope
was detected. and recorded in a data recorder together with the tooth root strain
wave lines. Furthermore. the AE signal were added 100 times synchronously by an
off-line and put through various analyses. Also. the gears iere taken out at approp
riate times in order to examine roughness of the tooth surface. measure the size of
pitting and study the relationship with AE.

RESULTS

OF EXPERIMENT AND

DISCUSSION

AE Wave Lines and Pitting Area Ratio
First. in order to study the tooth surface damage such as pitting and its
relationship iith AE. the tooth surface damage test ias performed using highfrequency hardening gears ihich seem to sustain less tooth surface damage by
repea ted dr iving. and under the hertz app lied pOier a" = 960MPa. Figure 4 and 5
shoi AE wave lines of Tooth No. 6~8 processed iith 100 times the same period
addi tion averaging at an early stage of driving and at the number of cycles N= 10'
respectively. The vertical axis shows amplitudes and the horizontal axis shows time.
H=5x 10'

N=10'
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rig.4 AE wave lines (high-frequency
hardening gears, N=5X 10 4 )

Fig.5 AE wave lines (high-frequency
hardening gears, N=106)

The engaged areas of 1 and 2 pairs obtained from the tooth root strain wave lines
measured simultaneously with AE iave lines are also shain in the figures. As can be
seen in Figure 4 and 5. almost no change can be seen except unevenness of AE iave
lines becoming slightly smaller as the number of cycles number increases. No damage
such as pitting could be found when the tooth surface was observed. From the above,
it was confirmed that AE wave lines hardly change either when there occurs no damage
on the tooth surface such as pitting.
After confirming this, the grinding thermal refining gears iere repeatedly driven.
the results of which are shain in the folloiing. AE at the double tooth contact area
is rather complicated because two teeth are simultaneouslY engaged. and pitting are
mainly at the single tooth contact area. Therefore, we limited the range to the
single tooth contact area. AE wave lines processed iith 100 times the same period
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8

9

10

9

Number of tooth

10

Number of tooth

Fig.7 Pitting area ratio

Fig.6 AE amplitude·

addition averaging at each number of cycles are shown in Figure 6. The vertical
axis shows amplitudes and the horizontal axis the engaged areas of 1 pairs which
were obtained from the tooth root strain wave lines. The engagement moves from left
to right. Figure 7 shows the change at each number of cycles ,hen the whole
engagement (from the beginning to the end of one tooth engagement) was divided into
20 points and the pitting area ratio at each point ias measured.
Fi rst, as can be seen in Figure 6, when the number of cycles is N= 4-9 X10 5 ,
AEs change hardly. In response to this, as shown in Figure 7, the pitting area
ratio are almost zero when N=4-9X 10 5 • As can be seen in Figure 6 • AE wave lines
begin to change at teeth number 9 and 10 from N=11x10 5 and at tooth number 8 from N
=15X 10 5 • In response to this, pitting begins to be caused at almost the same
positions of engagement and number of cycles. as can be seen in Figure 7. As a
pitting area ratio increases after these number of cycles, AE amplitudes increases a
s well. These can be explained as follows. On the surface where a great amount of
pitting occurs. a portion on the tooth surface sustaining pressure decreases and the
applied power increases as pitting increases; which causes intense friction to
a
ccur and results in increased AE amplitudes.
Pitting Area Ratio and AE Energy
As mentioned before, we limited the range to I-pair engagement area and compared
AE energy (AE energy to go over a threshold value of O.015mV) and pitting area ratio
between each number of cycles in that range; the results of which are shoin in
Figure 8. We equally divided the I-pair engagement range into two and showed the
first and second half in Figure 8 (a) and (b) respectively. As can be seen in these
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Fig.8 Pitting area ratio and AE energy
figures, almost the same amount of AE energy has appeared in an early stage of
revolution for both cases. Furthermore. as the number of cycles increases, the
number of cycles at which the pitting area ratio drastically increases differs
respectively. but AE energy increases just before the number of cycles at which the
pitting area ratio has drastically increased for all cases.
Transitional Change of Tooth Root Strain Wave Lines and Surface Roughness
Figure 9 shows tooth root strain wave lines at each number of cycles. The
vertical axis shows tooth root strain and the horizontal axis area of engagement. As
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Fig. 10 Tooth surface roughness

Fig.9 Tooth root strain

can be seen in this figure, they change hardly for each number of cycles. Therfore,
we can see that plastic deformation on tooth surface and pitting area are rather
small. Figure 10 shows roughness of each number of cycles at pinion and gear. As can
be seen in those figures. roughness is rather small at each number of cycles. so
pitting is hardly influenced by it.

CONCLUSION
Using a power circulatory system tester and attaching an ultra-compact AE sensor
to the side of a thermal refining gear, we performed a tooth surface damage test and
AE analysis. As a result, we reached the following conclusions.
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(1) Pitting occurs due to repeated load and AE occurs near the position where the
tooth surface on which pitting has occurred engages.
(2) As a pitting area ratio increases, AE energy increases as well. Based on this,
the possibility to detect the degree of tooth surface damage was confirmed.
(3) Because influence of roughness is small at grinding thermal refining gear,
pitting area ratio is small. Therfore, small pits can be detected sensitively.
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ABSTRACT
Traditional ways of applying AE technology to structural integrity assessment have been to early detect
and warn of dangerous discontinuities and damage processes in various kinds of structures. On the other hand,
there is another application field of continuous monitoring with greater importance to safety aspects, which
positively utilizes the fact that there occur no or very few AE signals in a sound structure, that is, "structural
integrity is hold if there are no occurrence of AE signals. n Such a structure is a storage tank made of thin-wall
mild steel, which generaUy shows very strong AE activities. To evaluate structural integrity of a storage tank, it
is generally needed to previously establish database of AE activities acquired from field tests and structural
materials testing, by using appropriate techniques of analyzing signal activities and source location. There is a
successful experience which reversely utilized the detectability of abnormalities possessed with AE technology,
that is, 3-year continuous monitoring of AE activities in two liquid-waste storage tanks using a 32-channel AE
system. As the result, it became clearer for AE continuous monitoring to be an effective and economical
nondestructive method to evaluate structural safety and reliability accurately enough. nus paper presents the
result of monitoring structural integrity of the liquid-waste storage tanks, including AE methodology developed for
that purpose, that is, techniques for evaluating AE activities with fractal-type peak-amplitude distributions and AE
source location applicable, basic reference database stored from laboratory and field tests, and criteria for
assessment of structural integrity.

KEYWORDS
Storage tanks; Sttuetural integrity; Continuous monitoring; Fractal; Amplitude distribution; Source location; AE
database; Integrity criterion

INTRODUCTION
In a long history of acoustic emission (AE) research and development activities, a large amount of AE
testing experiences for assessment of structural integrity have been accumulated in the application field of
detecting and monitoring structural damages generated in operating structures [1-3].
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As AE signals are generally emitted due to deformation or fracture, no or very few AE signals emitted
show that there are no deformation or fracture, if the AE instrumentation system used is normal and the structural
material is a strong emitter of AE signals [4]. There is a successful experience which reversely utilized the
detectability of abnormalities possessed with AE technology, that is, structural integrity is hold if there are no
occurrence of AE signals. This continuous monitoring test was performed to two liquid-waste storage tanks using
a 32-channel AE system for three years. The storage tanks were made of thin-wall mild steel which generally
shows very strong AE activities when any deformation or failure really occur.
Assessment of structural integrity can be performed with quantitative analyses of both AE activities and
their source location concerning AE data acquired in laboratory and actual field applications. To apply AE
technology to steel storage-tank testing, it is needed to perform its essential tests using analytical techniques for
examining AE signal source location and sequential activities, and to establish the basic database on AE
characteristics.
This paper presents the successful result of monitoring structural integrity of the liquid-waste storage
tanks, including AE methodology developed for that pwpose, that is, techniques for AE activity evaluation of
fractal-type peak-amplitude distributions [3, 5] and AE source location applicable [3, 6], basic reference database
stored from various kinds of AE tests [3, 7, 8], and criteria for assessment of structural integrity [4].

BASIS OF AE MONITORING TECHNIQUES
Fractal-based Analysis of AE Activities
AE activities evaluation using peak amplitude distributions is the basis of structural integrity diagnosis,
offering effective information of discrimination from extraneous noises; identification of AE due to either
deformation or cracking; and quantitative evaluation without any influences of instrumentation conditions [2, 5].
The peak amplitude distribution, dF(Vp), is a frequency distribution of signals within the peak amplitude
range from Vp - dVp to Vp in a certain measuring time, that is,
dF(Vp)

= f(Vp)"dVp

(I)

where, f(Vp) is a frequency distribution function of a peak amplitude ofVp.
To normalize the peak amplitude with the standard voltage Vo as the sensor output, the following nondimensional amplitude, x, is used hereafter:

x

= VpNo;

dx = dVp/Vo

or dVp = Vo"dx

(2)

where Vo is given as follows, when the AE instrumentation system used has G as the voltage gain, Vs as the
saturation voltage, and R as the dynamic range with a linear amplification factor:
Vo = VsI(G" R)

(3)

For example, ifVs = 10,OOOmV, G = 1,000 (= 60dB), and R=IOO, then Vo = O.lmV.
The peak amplitude distribution of AE signals, dF(x)
of the form:
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= f(x)dx, usually shows a power law distribution

f(x)

=C

x"fn; or log f(x)

=-m

log x + log c

(4)

This log-log plot shows a straight-line distribution with a negative slope of m and an intercept of log c.
important that a power-law distribution is determined with only two parameters of m and c.

It is

Such a power-law distribution is seen on many disorderly objects in nature, and called a fractal.
Generally, the fractal is defmed as an object of a complicated and disorderly pattern with scale invariant, that is,
the fractal is symmetric under changes of scale. A quantitative measure of the fractal scale is given by a number
called the fractal dimension, which has the physical meaning of spatial dimension extended to decimal fractions
and is just the power index, m, of a power law distribution.
The fractal-type peak amplitude distribution has the foUowing features:
• fractal self-similarity: dF(kx) = c (kx)"!ll d(kx) = kl-m dF(x)
(5)
<if m = 1, then F(kx) = F(x), that is, F(x) becomes independent of k, measuring conditions>
p dF(x) + q dF(x) = (p + q) dF(x)

• sum law:

(6)

When the peak amplitude distribution is obtained in a certain measuring time of t and in the x range
between "a" (threshold amplitude) and "b" (maximum amplitude), the total event number ofN(a, b) and the total
event energy ofE(a, b) can be obtained as measurable quantities directly related to m and c, that is,
b

b

N(a, b)

= L

x=a

dF(x)

=r

=L

= c(b-m+l

_ im+1)/(_m + I):

[m¢l]

(7)

[m¢3]

(8)

b

b

E(a, b)

cx-mdx
S
a

x dF(x) ~
2

X9l

cx-m+2dx
S
a

= c(b"1lr3 _ a-m+-3)/(_m +

3):

The following averaged event energy,
E(a, b)lN(a, b) = [(b""'] - a"III+])/(-m + 3)]1[(b-m+1 - a-m+I)/(_m + I)]:

[m;t 1,3]

(9)

is independent of c and equivalent to m, if both a and b are fixed. Therefore, the AE amplitude distribution, or m
and c, can be easily determined from measurable quantities, N(a, b) and E(a, b). By using these only two
parameters, N(a, b) and E(a, b)lN(a, b), or m and c, structural integrity can be evaluated through the quantitative
comparison between the basic reference data and the actual AE data obtained in a field application.
To standardize AE activities measured in a great variety of amplitude ranges (a, b), the standard
amplitude range (5, 200) is adopted by considering the noise level and dynamic range in AE instrumentation, by
setting N = N(S, 200) and E = E(5, 200) as the total event number and the total event energy, respectively.
Accordingly, AE activities, N(a, b) and E(a, b)IN(a, b), measured in the amplitude range (a, b) can be converted to
N and E/N of the standard amplitude range, by using the following conversion equations:
NIN(a, b)

= (200-m+1

_ S-m+I)/(b-m+J _ a-m+l) :

[ m¢1 ]

(10)
(11)
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AE Source Location Techniques for Cylindrical Storage Tanks
AE source location is based upon the use of differences in signal arrival time measured using a group of AE
sensors. The basic equations of AE signal propagation are:
Vo(t

+ Ti)

= Li,

i

= 1,

2, 3, 4, ...

(12)

where V is signal velocity; t is the propagation time from the AE source to the 1st-hit sensor; Ti is the arrival time
difference between the 1st-hit sensor and [i]th-hit sensors (Tl = 0); and Li is the signal path length from the AE source
(x, y, z) to the [i]th-hit sensors (Xi, Yi, Zi).

The source location of cylindrical storage tank is composed of a combination of cylinder and plane location
techniques, both of which become a simple 2-dimensional location.

For the cylinder part of the storage tank. its

source location becomes 2-dimensional on the unfolding plane (f, g).

The signal path length. Li, on the cylinder with

the radius ofR, the central axis equal to y-axis, and the center of (0, 0, 0) in the 3-dimensional space (x, y, z) is:

i

=

1, 2, 3, 4,

0

0

(13)

0

where, (Fi, Gi) is the location point of the [i}th-hit sensors on the (f, g) plane.

The relationship between (x, y, z) and

(f, g) is given as:

x

= Rocos

(fIR);

y

= g;

z

= Rosin

(fiR)

(14)

....~1 •

....

\;
,1...
~.

....:J..

•

(a) l::. t=l%

(b) l::. t=1%

(c) l::. t=1O%

(each 100 events at 7 souces on ~e side plate and 4 sources)
Figure 1.

Typical Results of Numerical Experiments for Location Accuracy of a Cylindrical Storage Tank with
16 AE Sensors Attached at Equal Intervals on the Joint Pan between the Side Plate and the Bottom Plate.
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The graphic display of AE SOW'CC location results on a 3-dimensional structure is effectively perfonned
by using a rotational view from an arbitrary direction. In this case, the following equation can be used for the
rotation P, H, and B around the X-, Y-. and Z-axes, and also for the parallel movement a. b. and c along the X-. Y_,
and Z-axes, respectively: The position of (x. y. z) in the 3-dimensional space is displayed at the point of (X. Y)
on the CRT plane [6].

x
y
Z'

=

cosB -sinB 0
cosB 0
sinB
001

1

o
o

o

0
cosP -sinP
sinP cosP

cosH

o
-sinH

o sinH
0

x - a
y - b

o cosH

z - c

I

(15)

The major monitoring areas of a cylindrical storage tank are circular connecting parts with about Im of
each width on the cylindrical side plate and the planer bottom plate. For the source location techniques applied to
such a tank structure. AE sensors are in general located at almost equal intervals on the outer end of the bottom
plate, because of easy attachment and maintenance.
Figure I shows typical location results for the waste-liquid storage tank discussed later (155m diameter;
12.2m high) with 16 AE sensors on the joint part between the side plate and the bottom plate. Random errors in
measuring arrival time differences (!J. t· RND; RND is random function of 0-1.0) are considered in the two cases
of !J. t = 1% and !J. t = 100/0. It can be seen in this result that each of the objective areas has a relatively good
location accuracy [4].
The following attention to source location should be paid: (I) in the real-world application of AE testing.
generally, a high degree of accurate and precise source location is not so easy to obtain due to various factors such
as errors in measuring signal arrival-time differences; and (2) the fact that AE signals show the power-law type
amplitude distribution means that wUocatable small-amplitude signals are much IDOre than locatable largeamplitude signals; and (3) Ist-hit signals show a kind of rough zone location. because AE signals may be only
detected around the received sensor due to signal propagation attenuation.

OATABASE OF AE ACTIVITIES

AND INTEGRITY CRITERION

To evaluate structural integrity of a storage tank, it is generally needed to previously establish database
of AE activities acquired from both laboratory and field tests. To accumulate the database of AE activities
during deformation, AE tensile tests were performed using mild-steel specimens sampled from a 600KL waterstorage tank (lO.6m diameter; 7.7m high) after its practical use. Table I shows AE activities during tensile tests
on SS-41 mild steel samples, which include as-received and with one-side or both-sides polishing (as-received:
220mm x 8mm x 2Omm: polishing: 50mm x 2mm x IOmm). Every AE amplitude distribution obtained shows
fractal-type power-law amplitude distribution, resulting in obtaining N and E IN. It is seen in Table I that
AE activities become high due to tearing of corrosion products and existence of cracking; and polishing specimens
(matrix part and welding part) show lower activities [4].
On the other hand, a large amount of database for mild-steel storage tanks has been accumulated from
field tests under pre-service. in-service, and fracture test conditions using water and oil storage tanks [7,8). The
major contents are as follows [2]:

( I) AE activities are generally weak in the sound structure where no deformation occurs. but high activities due to
secondary emissions can be observed in such a flexible structure as a storage tank made of mild steel. The
secondary emission mechanism, such as frictional signals due to crushing of cOrrosion products. and fracture or
deeohesion of slag and inclusions, is very useful for applications to detection of abnormal deformation in the
structure in service. Even static cracks can be detected during operation by using these secondary emission
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sources, if deformation occurs in the crack area.
(2) deformation is a sign of material resistibility against external stress. AE generation during deformation
expresses its remaining resistibility, and also deformation is not spread straight-forwardly (m < 2; or E/N >
1,000) but two- or three-dimensionally (m ~ 2; or E /N ~ 1,000). To diagnose structural integrity,
therefore, it is needed firstly to examine whether genuine AE signals have already appeared or not, and secondly
whether the AE signals generated are due to deformation or cracking.
(3) field test results show the following activities as the danger level of structural integrity:
AE event rate:
N = 1,000 counts/I 0 min
averaged event energy:
E/N = 1,000 (corresponding to m = 2).
The above leads to the following methodology for structural integrity assessment to mild-steel storage tanks [4]:
"green light": N < 10 counts/IO min and N /E < 1,000
"yellow light": N < 100 counts/10 min and N IE <1,000
N ~ 1,000 counts/lO min and/or E N ~ 1,000
"red light":

Table I.

AE Activities of Mild-Steel Tensile Specimens from Side Plates and Bottom Plates of a 600KL
Cooling-Water Storage Tank Decommissioned.
sampling location
sample forming
N
side plate!3m high
both-sides polishing
42,728
side plate/6m high
both-sides polishing
1,065
·side platel6m high
both-sides polishing
3,691
25,657
side plate/O.2m high non-polishing
boUOm plate/center
non-polishing
13,042
bottom plate/edge
water-side polishing
27,829
• a crack was found out in the matrix.

EIN
79
598
2,298
1,197
4,522
1,195

LONG-TERM CONTINUOUS MONITORING OF LIQUID-WASTE STORAGE TANKS
There is a successful experience to have reversely utilized the detectability of abnormalities possessed
by AE technology, that is, "structural integrity of mild-steel storage tanks is hold if there are no or few occurrence
of AE signals, or N < 10 countsllO min = 60 countslhour and E/N < 1,000." This application experience
was 3-year continuous monitoring of AE activities in two liquid waste storage tanks, using a 32-channel AE
system.
The liquid waste was required to be treated little by little as an appropriate disposal method was being
developed, when AE continuous monitoring of structural integrity was forced by the neighborhood protest
movement, together with a leak detection method using optical fiber installed in a drain under the storage tanks.
AE monitoring and optical-fiber leak detection were only two methods that were selected as appropriate from
among various nondestructive methods and approved against the protest movement.
Figure 2 shows the storage tank monitored as well as the location of 32 AE sensors and their attachment
method using a magnet or a vise (if narrow space). The two storage tanks were of the almost same structure
made of mild steel (55-41): inner diameter is 15.5m; height is 12.18m; thickness of the bottom plate is 9mm;
thicmess of the side plate is 14mm for No.1 tank (liquid content is 2,700 ton) and 16mm for No.2 tank (liquid
content is 2,500 ton).
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Figure 3 shows the time record of AE continuous monitoring, showing time variation of liquid-waste
contents. Table 2 shows AE activities per each sensor of the A tank, in the form of N(eventlhour)*E/N
(average energy), at typical stages selected, and Table 3 shows the same data of the B tank. As seen in such
typical data shown in Tables 2 and 3, AE activities are low enough to persuade everyone of holding structural
integrity and safety during the monitoring term, that is, both values of N and E IN are much smaller than
their green light level: N =60 countslhour and E/N :: 1,000.

liquid level

1----

side plate

TankA B

&
(15,500 mm 10)

...-::- AE sensors - - - - .
(interval: about 3m)
t=~~=>
bottom plate

c:=========::J

Figure 2.

Storage

Tank

AO
Monitored and the Location of32 AE Sensors.

3000

80

..

t=====~~~T;ank~A\- __.. ., ...........................................
liquid
waste 2000
storage
(ton)

1000

OL---'I.----l~--'I.---I.--

(month)

3

6
9
Ist year

I.--_.L--.....I~_.L-_.L-_..u..:L.J

3

12

Figure 3. Time Record of AE Continuous Monitoring.
531

6
9
2nd year

12

3

6
3rdyear

9 12

Table 2.

Typical AE Activities per Each Sensor: N (eventlhour)* E/N (average energy)

AO Al A2 A3
start time
[Sep. 29, 1st year - full-]
1·40
12:10
13:10
1·40
14:10
1·22
15:10
16:10
[Feb. 4. 2nd year - full -]
3·22
3·24
10:00
11:00
13·88
12:00
1·89
13:00
1·633
.·89
14:00
.·40
15:00
(May 31, 2nd year - 9.242mm-)
07:00
4°236
3·90
08:00
3·.78
2·81
09:00
8·126
1·40
10:00
11:00

.4·181

.·301

A4

AS

A6

A7

A9

AA

1·62
2·31

AB

AC

AD

AE

6·48 7·120

2·16

1·202

6·29 \·62

1·10

2·31

.·10 1°62

1·40

2·81
1·22 1·158

1·10

4"92 1°22

4·29

2°76 4°20 2°16
7·S2 9*4\

2*16

1·62 2°22 2°31

.*40

AF

3·120
1·89

1·202 1°22

.·IS8

1·22
3·47

.·633

9·21
1°10

9·36 1·22

.·10
2"22
.·22 .°202

.°121

1·10 2°31

.SO.06
12:00
[Sept. 26, 2nd year - 5,31Omm -)
13:00
2°22
14:00
15:00
[Jan. 25, 3rd year - 3,990mm -J
18:00
1°633
19:00
2°689
20:00
2'145
21:00
2°180
[May 31, 3rd year - 2.584mm-]
9·30 .°22 2·249 1·10 2°S6
07:13
1·62 3°87 11·274
08:13
1048S 3"49 1°22 4"267 2"241 6·213
09:13

10:13

A8

···TankA ...

1"22
)°22

\"40

1°62

2°lJO

1°40

1°3S7

2'\2

1°2
1°40

\°10

1'40 1'158 1"249 1·40 12"247

11:13
1°12. 2·2S7 1"22 .048S
1°.2.
12:13
2°112
13:13
1°301
14:13
15:13
IOSS7
16:13
[Sept. 25, 3rd year - 0.358mm -]
S·28S
06:06
07:06
7°147
08:06
3*289
A4 AS A6
AO AI A2 A3
stan time

.·10

1"158

2·22

\·\0 \°22

9·44 \°22

.·.2.

1·22 19*42 3°40
4°54 6*142 4·93

S"S4

3·7

4*31

\·\0 1°809
.·40

5°67

4°41
3°S6

\°10 2°31

A7

832

AS

A9

AA

AB

AC

AD

AE

AF

Table 3.

Typical AE Activities per Each Sensor: N (eventlhour)* E IN (average energy)

start time
BO BI B2
(Scp. 29. 1st year - fujI oj

B3

B4

11*39
12:10
13:10
1'2
14: 10
15:10
1'10
16:10
2'22
(Feb. 4. 2nd year - fujI -J
10:00
11:00
3*\5
12:00
13:00
1'40
14:00
15:00
(May 31, 2nd year - 10,995mm -J
07:00
1*2 6'55
08:00
5'102
09:00
1'40 4*151
10:00
5'111
11:00
12:00
(Sept. 26, 2nd year - 9.647mm -J
13:00
1'2
14:00
15:00
(Jan. 25, 3rd year - 6,438mm -J
18:00
19:00
20:00
21:00
(May 31. 3rd year - 2,3lOmm -J
07:13
"22
08:13
2'13 1'301
6'48 2'40
09:13
"2
2'42 2'40
10:13
"40
2'185
7'25 3*44
11: 13
3'24
2'31 1'158
12: 13
2*99
2'22
13:13
1'22
14:13
"40
1'22
15: 13
16:13
(Sept. 25. 3rd year - 0.831mm -J

06:06
07:06
08:06
start time

"40

B5

B7

B6

B8

B9

BA

"2

1'40

BB

BC

• •• Tank B·"
BD

1*40
"2

2'56

1'89

1'22

7'45
1'62

1'22

"62

4'28 4'28

4*167

11'34

1'40

2'81

BE

2*180 4'189
1'158 1'40
3*67

3'28

3*94

6'41

4'123 3'\40

1'2

2'25 2'22
4'4

3'88

1*10

1'89

2*80

9*99

5'92

3'34

1'40

2*80

3'127

1'202

1'22

1'40

)*22

1*62
1'40
3'101
2'239

1*89

2'89

4'187

4'10
2'2
"2
2'2

3'22
1'22

2'2

1'40

"22
1'40
"40

10'29
3'20

1'40

2'21
6'5

"158

2'2

5'49

7'65

3'56

14'82

4'238

14*77

3'88

'8'45

3'212

'2'67

5'78

12'22

1'62

5'39

2'16
1'10

1'22

7'27

1'2

3'7

17'52

5*38

BO

BI

B2

BF

5'45

B3

B4

85

B6

B7

S33

B8

89

BA

BB

BC

BD

BE

BF

SUMMARY AND CONCLUSIONS
This paper has summarized the successful result of an AE continuous monitoring experience applied to
liquid-waste storage tanks in the long term of3 years, and clarified that such a continuous monitoring method was
effective and economical in order to nondestructively evaluate structural safety and reliability accurately enough.
In this experience, a large amount of AE activities database accumulated for mild-steel storage tanks were very
useful to basically determine the integrity criterion. The source location technique was not so necesslUY because
of very low activities of AE signals emitted from such a static and sound structure. On the other hand, the
application of the fractal analyzing method through measuring AE peak amplitude distributions was very effective
for quantitative evaluation of AE activities in monitoring structural integrity.
The continuous monitoring method introduced here is applicable to various kinds of AE structure testing
in the real-world environment. To enhance such applicability, it is further needed to acquire AE activities data
during failure process, store them as quantitative forms of basic database, establish AE techniques appropriate for
both field and laboratory tests, and perform field tests under real-world conditions as much as possible.
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ABSTRACT

Theoretical solution, analysis and calculation of non-stationary temperature and thermal stress field
distribution in hollow cylinder within the boundary conditions of the known temperature
distribution on its surface established the following:
• the distribution of thermal stresses within the cross-section of the cylinder wall;
• the thermal stresses were maximal after 8 hours and decrease to zero 48 hours after the beginning
of the cool down process;
• the thermal stresses orr are compressive at all points within the cross-section of the cylinder
wall, therefore they play no role in crack development;
• Oqxp are compressive near the interior surface of the reactor cylinder and they are tensile near the
exterior;
• the hoop stresses in the reactor cylinder are tensile and maximal on the inner surface;
• defects that appear in the interior surface of the reactor cylinder due to unfavourable conditions
of temperature stress, tend to develop in the exterior surface under mechanical and thermal
loads,.
A complex methodology utilizing statistical image recognition and acoustic emission methods for
evaluating the correlation between theoretical calculations and real thermal stresses in a cylinder
during cooling was created. Use of this methodology has established that:
• it is possible to diagnose isolated cracks when stress levels vary within limits O.lKlc with an
accuracy of not less than 80%;
• AE flow parameters increase significantly in suspected zones when thermal stress loads increase;
• the AE dispersion ellipses match those corresponding to the process of crack development under
operational condition and during additional thermal loading of the reactor cylinder;
• the detected cracks are not stable and may develop in jumps over short intervals;
• there is a 90% correspondence between the theoretically calculated data for thermal stresses and
those derived experimentally.
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INTRODUCTION
Using the AE method at the time of cool-down·during a planned shut-down of the chemical
equipment can improve the process of control. The cool-down process is accompanied by the
appearance of non-stationary thermal fields and thermal elastic stresses in structures. The
concentration of thermal stresses leads to stress concentration near the tips of cracks and their
consequent increase in size. This method is now in use in different countries of the world. It was
first used by Physical Acoustic Corporation, one of the best international acoustic emission finns.
Nevertheless, there are some drawbacks to using the AE method to detect defects in non-stationary
thermal stress fields. The danger level of defects can not be established accurately because the
methods of stress measurements are unreliable.
The solution of the problem can be found by:
• measuring the temperature distribution on the surface of the structure, followed by the analytical
determination of thermal stress field's distribution;
• measuring and calculating of the interferential fields of cracks that develop under influence of an
non-stationary thermal elastic fields;
• comparison results of calculations with experimental data of AE measurements received in
laboratory and plant conditions as well as X-ray, electron fractography;
• traditional non-destructive of the interferential fields of cracks that develop under the influence
of an non-stationary thennal-elastic
The results of our investigation of the method for evaluating the damage danger level of operating
equipment are proposed below.

THE TEMPERATURE FIELD IN HOLLOW CYLINDER
Definition of the problem
Consider a hollow cylinder with length l and inner and outer radii are a and b, respectively. Suppose
heat to be uniformly distributed along the z-axis and independent of the polar angle £P, then
temperature is a function of radius and time only, Le.
T(r,(jJ,z,t)

s

(1)

T(r,t).

The temperature on the surfaces is given as follows:
on inner surface: T(a,t) = ~(t) , on outer surface: T(b,t)

=

lJJ(t) , for 1>0

Assume that the initial temperature is TO, Le. T(r,O)=To for a<r<b.
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(2)
(3)

Solution
According to the theory of heat conduction, function T(r,t) satisfies the heat conduction equation:

aT = k( iJ2 T
+!.. aT) ,
2
at

ar

r

(4)

ar

where k is the coefficient of thennal diffusivity.
Applying the Laplace transfonnation
+00

L[f(t)]= ff(t)e-pt dt

(5)

o

to the boundary conditions (2) and the equation (4) with respect to the time variable t we arrive at
the following problem:

alf 1 af p ~
-+----T=O,
ar 2 r ar k
where

(6)

f ... f(r,p) = L[r(r,t)] , cp(p) = L[Ip(t)], ~(p) = L[W(t)].

Let us fmd a solution to (6). Putting q2 =

f

to (6) we get a zero-order modified Bessel equation

which has a solution:
(7)

where 10 (qr). Ko(qr) are zero-order modified Bessel functions of the first and second kind.
Substituting the boundary conditions into (7) we find A and B.
It should be remembered that the function f(r,p) is the Laplace transformation of the function

r(r,t) . Applying the Inverse Laplace transfonnation

rJ[F(p)]

J
<: - .

~+;QO

f e pl F(p)dp

(8)

2m ~_;oo

to the function f(r,p) and using then Duhamel fonnula and decomposition theorem follows that
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where

e J(ar) = Jo(ar)Yo(ab) - Jo(ab)Yo(ar),

(10)

e 2(01') = -JO(ar)YO(aa) + Jo(aa)YO(ar),

(11)

e3(a)

=

Jo(OO)l'o(OO) - Jo(ab)Yo(aa),

(12)

(13)

Jo(ana} Yo {ana} 10 {qn a} KO{qn a }
Pn = Jo{anb} = Yo {anb} = 10 {qn b) == KO{qnb) .

(14)

THE THERMAL STRESSES FIELD
The non-stationary temperature field T(r,t) causes a stressed state, which changes in time.
The thermal stresses filed can be found from the fundamental equation of thermoelasticity, for the
case ofaxi-symmetrical problem:

u(r,t) (
) CJT(r,t)
( ) - - 2 - = l+~Cl
!:J.ur,t
,
r

(15)

ar

2

where 6 ==
and

~ is

a + Li.. ,u=u(r,t) is the displacement, Cl
ar 2 r ar

is coefficient of linear thermal expansion,

Poisson's ratio.

The way to solve (15) is to split the solution u of this equation into two components:

u=u+u.

(16)

-

...

The first part, u, represents a particular solution of (15). The second, u , represents the solution of a
homogeneous problem, the solution of isothel111al problem.
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Particular solution
The method of Goodier's thermoelastic potential is a convenient tool for finding particular solutions
of (15). According to this method

-(
u r,t ) = a~(r,t) , where
ar

~

(r,t ).IS thermoelastic potential.

(17)

Substitution of thennoelastic potential into (15) leads to the following equation:

1+ 11

dcfl(r,t) = -aT(r,t).

(18)

1- J.l

The solution of (18) is

c

=

n

1 +!J.
and ~=a--.
1- !J.
1 (
1)
ka~ Pn - Pn

1

In tenns of the thermal stresses (j" and

olpCp .the particular solution has a following fonn:

arr = 2G(-~ acfl)
a = 2G(- a2~)
;\
'CPCP
2'
r vr

ar

(20)

where G is the shear modulus.
Isothennal solution
The isothermal solution can be found using Airy's stress function F(r,t). In terms of this function
the stress components take the form:
=
(]

1 aF

---

" - r ar '

=
0

cPcP

a2 F
--- ar 2 .

(21)

Airy's function is biharmonic, therefore

F(r.t) = ;(t)r 2 logr + l;,(t)r 2 + ~(t)logr + E(t).
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(22)

Timoshenko and Goodier /1/ proved that for the axi-symmetrical stress distribution ;
therefore

=0

and

(23)

From (21) it follows that
(24)

(25)

On the boundaries, the radial stress orr equals to zero. Using this boundary condition we will find

l;(t),~(t),£(t). Let (cr rr )r"'a = Po

and

(0" )r"'b = Pb'

Then

(26)

o<p<p

2
2
Pa 'a - Pb 'b
=
2
2
b -a

2 2
a 'b (Pb - Pa) 1
b2 _a2

,2 .

(27)

Once we determine the particular and the isothermal solutions, we can find a general solution of
thermoelastic problem in hollow cylinder:

=
=
orr = Orr + orr, acpcp = O<p<p + a<p<p,

0u

=0 .

(28)

THERMOELASTIC STRESS FIELD CALCULATION AND DISCUSSION OF RESULTS IN A
TEST EXAMPLE
The following describes an attempt to evaluate the temperature and thermoelastic stress field
distribution in a cylindrical reactor during cooling, on the basis of the analytical solution. The
cylinder is 21 meters in length and 3 meters in diameter, with a wall thickness of Scm. It operates at
a temperature of 400°C, which is uniformly distributed along the cylinder, and under a pressure of
20atm. During the cool down process the reactor undergoes loading by internal pressure and by
thermal stresses. The temperatures on the interior and exterior surfaces of reactor cylinder are
measured by the traditional method using thermocouples.
As stated earlier, it is convenient to select a boundary condition of the first type (namely,
temperature distribution on surfaces) for the theoretical solution of a problem of thermal fields and
thermal stress distribution in a cylinder with thick walls.
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Figure 1. Temperature and thermal stresses distributions.
The cooling of the reactor involves a process of heat radiation through the surfaces of the cylinder
and the temperature changes on the exterior and interior surfaces of the reactor cylinder are usually
exponential. Therefore, we shall use exponential curves to approximate the temperature
measurements on the exterior and interior surfaces of the reactor cylinder during a planned
shut-down.
The calculations (Figure 1 a, b) show that the temperature on the interior and exterior surfaces of the
reactor cylinder, and also within its walls, varies exponentially with time, during the cooling of the
cylinder. There are differences in temperature between various points within the wall and the
maximum gradient is found between the temperature at a point on the interior surface and that at on
the exterior surface of the cylinder. The gradient varies with time (Figure 1 b) and reaches its
maximum (6ZOC) after 8 hours of cooling.
The distribution of the thermal stresses orr (Figure 1 c, d) is not uniform in the cylinder wall
cross-section because of the non-uniformity of the thermal field distribution. The thermal stresses
orr vary smoothly with the radius, rising from zero on the interior and exterior surfaces of the
cylinder to a maximal value at a central point between them in the cylinder wall cross-section.
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The thennal stresses orr also vary with time. At the beginning of the cooling they increase at all
points in the cylinder wall cross-section and reach their maximum after eight hours. Subsequently,
orr decrease and drop to their minimum, 48 hours after the commencement of the cool down
process. During the first eight hours of cooling, the rate with which orr increases is twice as great
as the rate with which it subsequently decreases.
The thermal stresses orr are compressive at all points within the cross-section of the cylinder wall,
during operation under internal pressure, and during the cool down process. It is self-evidentJ
therefore, that these stresses do not promote crack development. In spite of this, statistics do
demonstrate that there is a tendency for cracks to appear on the interior surface of the reactor
cylinder, due to destructive corrosive chemical influences, which are significantly stronger here than
elsewhere.
The thennal stresses 0qxp' are also not distributed uniformly within the cylinder wall cross-section
(Figure 1 e, 0. They have maximal values near the interior and exterior surfaces of the cylinder.
Stresses qxp are compressive near the interior and tensile near the exterior surface of the cylinder.

°

Both types of stress, compressive and tensile, vary with time according to the same law. The

°qxp

stresses reach maximal values 8 hours after the cooling begins and decrease smoothly over the next
40 hours.
The hoop stresses that appear in the cylinder during operation are tension and are maximal on the
interior surface. Therefore, any cracks that appear on the internal surface of the cylinder due to
unfavourable corrosive chemical conditions in it, will tend to develop through the cylinder wall
towards the exterior surface, under mechanical loading. Furthermore, the thermoelastic stresses
Oqxp that appear during the cool down process within the cylinder wall cross-section are tensile
stresses also. Hence, if any cracks appear, they develop outwards from the internal to the external
surface of the cylinder as a result of the tensile effect of the mechanical load and thermal load.

DETERMINATION OF DEFECf DANGER LEVEL BY STATISTICAL ANALYSIS OF AE
DATA
We detennined the defect danger level by analyzing the ellipses of dispersion of the AE signals
flow parameters measured in the equipment during operation and also the data recorded during the
laboratory examination of standard specimens with defects. Specimens with fatigue cracks were
prepared according to ASME standard for investigation of material fracture toughness. The loading
was realized by a "Instron" tension machine. "Stress-strain" diagrams were recorded. AE dispersion
ellipses were constructed for each loading stages (equal O.1Klc) of the tests (Figure 2).
The research shows that one can analyze the dispersion ellipses of "the average AE cumulative
energy versus average AE count rate" and use the results to discover isolated cracks and the level of
their danger with an accuracy of not less than 80%. When stress intensity exceeds 0.6Klc, there is
an increase in AE cumulative energy and count rate, and in the dispersion of these parameters.
Calculations show that one can distinguish between cracks with a stress intensity of O.3Kl c and
those with a stress intensity of 0.7Klc with an accuracy of about 96%.
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One fl./ can agree to the continued but controlled operation of pressurized equipment for periods of
one year, if the magnitude of stress intensity near the defect is not more than O.4Klc under
Poperating or
l.2Poperating. However, the repair must be made immediately when the stress intensity exceeds
O.7Kl c·
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Figure 2. Dispersion ellipses of average cumulative energy of AE signal flow versus average count
rate in a specimen with a crack, constructed for loading stages equal O.1Klc. Gray ellipse
correspond to developing defect in the reactor.

AE EXAMINATION OF XXX REACTOR UNDER THERMAL LOADING
The examination used data from laboratory investigations and also theoretical calculations to
evaluate the danger level of crack development in the reactor XXX. AE inspections were peIformed
under normal operational conditions and also after the temperature had dropped during 8 hours. The
parameters of measurement were selected to accord with the specific characteristics of crack
development and took in account existing operational noise. This revealed developing cracks under
normal operating conditions in the reactor cylinder, in the following locations:
• zones accessible and inaccessible for visual inspection;
• zones where there were leaks;
• zones where traditional methods of inspection had not reveal defects.
The measurements were repeated during thermal loading of the reactor cylinder. The dispersion
ellipses of the average energy and the average count rate of the AE signal flow during normal
operation and during thermal loading of the reactor cylinder were compared with each other and
with similar dispersion ellipses computed for standard examples and recorded in our data bank. The
results of these comparisons demonstrated:
1. when the thennal stress load increases, there is a significant increase in the following:
• the amplitudes and energy of the AE signals,
• the AE count rate,
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• the cumulative energy of the AE signal flow,
• the coefficient of variation between the average count rate and cumulative energy of the AE
signal flow;
2. the AE dispersion ellipses confonn both to crack development under operating condition and to
that resulting from additional thennalloading of the reactor cylinder;
3. the stress intensity factor near the cracks tips rises from 05Klc up to 0.7Klc;
4. the detected cracks are not stable and develop in jumps.
On the basis of our inspection, we recommended the immediate shut-down of the reactor. After
shut-down, zones with detected cracks, main reactor cylinder and individual welding joints were
examined again by the magnetic particle and the ultra sound methods. The inspection confirmed the
presence of cracks in the zones that the AE method had revealed and established their length and
opening width. This made possible the use of fracture mechanics and the AE image recognition
method to evaluate the stress intensity factor and its variation during the thennal loading of the
reactor cylinder. Comparison of the results with theoretical calculations of thennal stresses,
established there was a correspondence of about 90% between them.

CONCLUSION
A complex methodology utilizing statistical image recognition and acoustic emission
methods for evaluating the correlation between theoretical calculations and real thennal
stresses in a cylinder during cooling was developed. Use of this methodology has established
the foHowing:
it is possible to diagnose isolated cracks when stress levels vary within limits O.1Klc
- 03Klc, 03Klc - 0 5Kl c , 05Klc - 0.7Klc, and O.7Klc - O.9Klc with an aCcuracy of
not less than 80%,85%,90%, and 98%, respectively.
AE flow parameters increase significantly in suspected zones when thennal stress
loads increase;
the AE dispersion ellipses match those corresponding to the process of crack
development under operational condition and during additional thennal loading of
the reactor cylinder;
the stress intensity factor near the crack tips increases from 05Klc to 0.7Klc;
the detected cracks are not stable and may develop in jumps over short intervals;
there is a 90% correspondence between the theoretically calculated data for thennal
stresses and those derived experimentally.
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ABSTRACT
Acoustic emission (AE) and electric potential from a rock sample were measured under
the cyclic loading. A rectangular granite sample ruptured after 2,322 cyclic loading of bending
type. The experimental results are summarized as follows: (1) Electric potential signals (EP)
occur simultaneously with AE events. (2) EP and AE rapidly increase just before the main
rupture. (3) EP signals with large amplitude occur together with large AE events. (4) AE and EP
mainly occur in the stage in which the stress is increasing and reaches at the highest level in each
cycle. This experiment has confirmed that the electric potential signals occur primarily due to the
generation of a new crack and its extension. The result that the EP rapidly increase just before the
main rupture suggests that the geoelectric potential may be useful as a precursory phenomena.
KEYWORDS
Rock fracture; Tension crack; Cyclic loading; Electric potential, AE, Earthquake precursor.
INTRODUCTION
There are a number of reports that changes in geoelectric potential and anomalous
radiation of geoelectromagnetic waves have been observed before major earthquakes[l-S]. The
laboratory experiments on this phenomena also have been done by using the rock samples[6-11].
If these phenomena are earthquake precursors, they may be useful for earthquake prediction.
Therefore, clarification of the mechanism of changes in geoelectric potential is an important
problem.
Several theoretical models have been proposed for the explanation of these phenomena,
such as the piezo-electric effect, the electrokinetic effect, or the electrification between the newly
created surfaces. In previous studies reported, measurements of electric potential related to rock
fracture have been carried out under the monotonously increasing compressive stress in
laboratory. In the present experiment, electric potential signals (hereinafter referred as EP
signals) from a rock sample were measured under the cyclic loading. In order to investigate the
mechanism of generation of EP signals under this stressing condition, the acoustic emissions
(AE) were simultaneously measured with the EP signals, so that the generation of electric
potential could be identified with the entire fracture process of the rock sample.
EXPERIMENTAL PROCEDURE
The granite samples with dimensions of 7S mm x 7S mm square and length of 200 mm
were used in the experiment. Figure 1 shows the experimental setup. The samples were
cyclically loaded in a four-point bending frame, as shown in Figure 1. The function of cyclic
loading was a sinusoidal waveform at a frequency of 0.2 Hz. The maximum load level of
stressing was kept at 20 kN with a minimum/maximum load ratio of 0.1 until the failure of
S45

sample occurred.
In the cyclic loading test, in order to relax the stress concentration due to the loading pin,
a thin rubber sheet having a suitable hardness was put between the steel loading pin and the
surface of rock sample. And also, a cardboard was placed between the lower load supporting pin
and the rock sample. This also made it possible to control the generation of friction noise due to
the contact between the steel pins and rock sample.
Two AE transducers with the frequency range of 100 kHz to 1 MHz (FC l045S, Fuji
Ceramics Co.) were mounted on the both ends of the sample to record the acoustic emission (AE)
signals during the loading of the sample, as shown in Figure 1. AE system used performed the
measurements and records of AE parameters of each AE event with the AE onset load level in a
loading cycle and the number of cycles.
Two electrodes were formed by painting a conductive paste on the both ends of the
sample, as shown in Figure 1, so that the electric potential (EP) changes related to rock fracture
were measured as the voltage changes arising across the two electrodes. EP signals were
amplified by a low noise amplifier, and both the AE and EP signal waveforms were recorded as a
single event on a two channels wave-memory. To eliminate ambient influence, the test section of
the loading frame including the preamplifiers used were shielded electrically and magnetically.

electrode

\

.. ~
~

"

-

75

~
~

Figure 1. Experimental Setup of Cyclic Loading of Four-Point Bending, Showing the Location
of AE Transducers and Electrodes for Measurement of EP Signal.

RESULTS AND DISCUSSION
The sample failure took place after stressing of 2,322 cycles. The sample ruptured at the
location near the center of the upper loading span. Figure 2 shows the cumulative AE event
counts, NAE, measured during cyclic loading, as a function of the number of cyclic loading, n. A
remarkable generation of acoustic emissions starts at about 2,000 cyclic loading and rapidly
increases just before the main rupture.
EP signals were analyzed from its waveforms recorded with AE signals. Figures 3a and b
show a typical example of recorded EP and AE signal waveforms. Because of the back ground
noise, it is difficult to estimate the onset time of EP signal. However, if the onset time of AE
signal is indicated by an arrow in the diagram of EP signal as shown in Figure 380 it is obvious
from the visual observation that the EP signal is associated with AE. Input range of wavememory for AE signals was set at a low voltage range, so that the onset of the AE signal was
clearly measured. Furthermore, in order to electrically discriminate the EP signals from the back
ground noises, the amplitude distribution of EP signals was analyzed by measuring the peak-topeak voltage of the signal waveforms. Figure 4 shows the result In the event count at the
amplitude of 2 V, the data of event signals, of which amplitudes were larger than 2 V are
846
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Figure 3. Example of Simultaneously Recorded EP and AE Signal Wavefonns. An Arrow
Indicated in EP Signal (a) corresponds to the Onset Time of AE Signal (b).
included. From this result and the visual observation of wavefonns, it was concluded that within
the test conditions chosen, the signals larger than 0.6 V in amplitude were the EP signals. In the
experiment. a total of 358 AE wavefonns were recorded, of which 252 events were identified as
the emissions associated with EP signals. Although the sample and preamplifiers were shielded
electrically and magnetically in the test, the electric sharp noises were also recorded and included
in the waveform data. These noises. however. were easily eliminated from the desired AE and
EP signals. before discriminating the AE or EP signals from the background noises.
To compare the generation behavior of the AE and EP signals during the cyclic loading.
the plots of the cumulative number of AE events, NAB, and EP events. NEP, as a function of
number of cyclic loading. n. are shown in Figure S. The significant EP signals are only observed
just before the sample rupture, accompanying with the high AE activity.
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Number of Cyclic loading, n.
A further interesting feature of the generation of these AE and EP signals was observed
by analyzing the load level at which each AE and EP event occurred. This i~ shown in Figure
6. Figures 6 a and b show the event occurrence load level distribution for AE and EP,
respectively. In these figures, x-axis is the time in a load cycle, that is, referring to the loading
waveform shown at the top of each figure, time of 2.5 s is equivalent to the maximum load in a
cycle; time from 0 to 2.5 s and time from 2.5 s to 5 s are correspond to load increasing and load
decreasing stage, respectively. The figures clearly show that the load level distributions of AE
and waveform shown at the top of each figure, time of 2.5 s is equivalent to the maximum load
in a cycle; time from 0 to 2.5 s and time from 2.5 s to 5 s are correspond to load increasing and
load decreasing stage, respectively. The figures clearly show that the load level distributions of
AE and EP generations are almost the same, and that the AE and EP mainly occur in the stage in
which the load is increasing and reaches at the highest level in each cycle (hereinafter referred as
the stage"A" of time 0 to 3.5 s). AE and EP also occur during load decreasing stage (hereinafter
referred as the stage liB" of time 3.5 s to 5 s), but their activities are less than those in load
increasing stage.
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Figure 6. Event Occurrence Load Level Distribution for AE and EP Signals.
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Furthermore, referring to the generation behaviors of AE and EP signals through the
cyclic stressing shown in Figure 5, the load level distributions were analyzed for each several
stages of the cyclic stressing as shown in Figure 7. In the early cyclic stressing up to 2.300
cycles (Figures 7 al and bI) before the remarkable generations of AE and EP were observed,
AE events occur in the stage "A II showing a peak at the maximum load and also occur in the
stage liB". On the other hand, generation of EP events are few. In the cyclic stressing from
2.301 to 2,320 cycles (Figures 7 a2 and b2) at which both the AE and EP signals remarkably
occurred, AE and EP mainly occur in the stage "A". In the cyclic stressing of 2.321 cycle
(Figure 7 a3 and b3), most of the AE events which are accompanied with EP events occur at the
maximum load. And in the last stressing of 2,322 cycle (Figure 7 a4 and b4) at which the sample
failure took place, generations of AE and EP signals at the maximum load are not observed, but
only the generations at lower load in the stage "A" and in the stage "BII are observed.
From the results of the load level distribution analysis, the followings are concluded for
the generation of EP signals. Throughout the cyclic stressing, EP signals in the stage "B", that is
the load decreasing stage in a cycle, are only generated at the last cycle of loading (Figure 7 b).
On the other hand, the results for AE suggest that a final crack which led the sample failure was
created at the highest load level in a cyclic stressing of 2,321 cycle, and the sample failed in the
next cycle of 2,322 (see Figures 7 83, a4). Regard to the failure of rock sample under the cyclic
stressing, the authors, in our previous study, bad showed the fact that new cracks appear and
extend in the stage in which the stress increasing and reaches the highest level[12]. Therefore,
the present results obtained clearly demonstmtes that the EP signals would be due to the
nucleation of new micro crack and its extension, which were estimated by the corresponding
high AE activity observed.
Figure 8 shows the relationship between the signal amplitude of AE and EP. For the EP
data in the figure, the dotted plots show the mean values of the peak-to-peak amplitude measured
from the signal waveforms recorded, and the bars on the plots indicate the dispersion range of
amplitude. The threshold level of EP signal is 0.6 V, and the AE data of 2 V include the signals
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larger than 2 V. This result clearly demonstmtes the existence of the correlation between the AE
and EP in the signal amplitude. That is, the EP signals with the larger amplitude associate with
the AE signals of larger amplitude.
CONCLUSION
The experimental results are summarized as follows:
(1)
(2)
(3)
(4)

Electric potential signals (EP) occur simultaneously with AE events.
EP and AE rapidly increase just before the main rupture.
EP signals with large amplitude occur together with large AE events.
AE and EP mainly occur in the stage in which the stress is increasing and reaches at
the highest level in each cycle.

This experiment has confinned that the electric potential signals occur primarily due to the
generation of a new crack and its extension. The result that the EP rapidly increase just before
the main rupture suggests that the geoelectric potential may be useful as a precursory
phenomena.
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ABSTRACT
This paper presents analysis ofthe AE signatures of rock under induced stresses. Correlations
ofAE signature to the mechanical behaviour and petrologic propenies offour types of rock,
namely, Original granite, ROA granite. Original sandstone, and ROX sandstone were made
utilizing uniaxial compression and indirect tension (Brazilian) tests on cylindrical test specimens.
The AE was monitored in terms ofAE count and events rate, as well as, mean peak amplitude
and events ringdown distribution. The ultimate strength and elastic moduli of each rock was
determined and the petrographic analysis ofeach rock was made. Correlations between AE
signature and the above parameters were made. The results of the experiments indicated that the
strength and deformeability ofthe rock substance is dependant on density, hardness, and
petrologic structure ofits mineral content. The hardness and size of the grains/crystals in the
substance, the hardness ofthe rock matrix, the condition ofcementation between the grains in the
rock reflect on the strength, and the deformeability ofthe rock, hence affected the AE generation
under the state of stress. Rocks with larger and harder mineral contents and with dense textures,
less porosity and with more ductile (i.e. metal), inclusion properties in pore space possessed
higher strength, less deformeability, higher brittle characteristics and produced higher AE events
vs. time, higher AE counts, higher mean peak amplitude per events and higher ringdown counts
per event. Brittle characteristics ofthe rock type and AE parameters reduced from igneous to
metamorphic and sedimentary origin.
KEYWORDS

Correlations, signatures, acoustic emission, mechanical, petrologic, propenies, rocks.
INTRODUCTION
The mechanical behavior characteristics ofgeologic material in the laboratory depend on the
state ofapplied stress/stress field in the specimen and their chemical and physical properties
(1,2,3). Deformability ofrock specimens depend on the state of stress field within the specimen
(tension, compression, shear, and or combination of these stresses) and mineralogic and
petrologic properties ofthe rock substance. Deformation ofa rock specimen under stress field
results from microscopic displacement under stress field resulting from microscopic displacement
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ofgrains, matrix, pore space, cracks, discontinuities. The brittle/ductile nature of the mineralogic
contents and texture/fabric ofthe rock substance under the stress field reflects the ultimate
compressive, tensile or shear strengths and elastic moduli of the rock. For rock substance, the
ultimate strengths and elastic moduli are different for different states of stress (i. e. tension,
compression, shear) (1). Deformability of a rock specimen under the load increases with
increasing level ofapplied stress. Furthennore geologic materials respond differently under the
same state ofstress because ofvariation in their mineralogical content, petrological structure and
physical continuity ofthe material such as cracks, cleats, bedding planes, flaws, etc. These
characteristics result in the heterogeneity ofthe stress field in the material and cause local dynamic
movement and stress redistnoution which sets up transient vibrations. These vibrations are called
acoustic emission (AE).
Volumetric strain in a rock specimen, under compressive stress, increases prior to fracture
initiation in the specimens and then decreases to zero where dilatation proceeds ultimate failure.
Dilatation starts at a level of98-99"h ofload canying capacity (4). The three stages of rock
deformation and their associated AE generation for rock specimens under compression tests are
described by Khair. Khair indicated that higher AE counts (ringdown counts) generated at early
stage ofloading and lower AE counts generated at the second stage of loading and then higher
AE counts at the final stage of loading. These AE counts reflect relative microscopic
displacements ofthe material within the specimen. However, each level of defonnability reflects
different levels ofmicroscopic displacement ofmaterial within the specimen, hence, it may be
associated with different AE energy and frequency. Early stages ofdefonnation include material
compression, associated with high frequency <Hz) signals and high ringdown counts. The final
stage ofdeformation includes fracture initiation and fracture propagation in the specimen
associated with low frequency signals and low ringdown counts per unit time (5). The rate of AE
generated during the deformation of rocks is affected by the fracture surface, grain size, and
brittle and ductile nature ofthe rock substance (6).
EXPERIMENTAL STUDY

Test Specimen
Four types of rock, namely Original granite, ROA granite, Original sandstone, and ROX
standstone were used in this study. Cylindrical specimens 2" x 4" (5 cm x 10 em) for compression
tests and 2 11 x 2" (S em x 5 em) for indirect tension (Brazilian) tests were prepared from each rock
type. Five compression tests and one indirect tension test specimens from each rock type were
instrumented with foil-type strain gages in order to monitor axial and transverse strain during
loading. A number ofthe physical, mechanical, and petrographic properties ofthese rocks were
determined and can be summarized as follows:
The ROA Granite (ROA-G) is an igneous rock type. It is a granite composed mainly of
feldspars and quartz; more specifically it is leucocratic (light-colored) and holocrystalline (entirely
ofcrystals). Feldspars and quartz crystals are anhedral and equidimensional. Quartz generally
assumes the shape ofthe surrounding grains. The granite is medium-grained with crystals ranging
in size from 0.5 rom to 4 rom. Mean crystal size is near 3 mm.
Plagioclase and potassic feldspar comprise 58 percent of the rock, and more than half of the
feldspar is potassic. Microcline is clearly identified (in cross-polarized light) by the typical cross854

hatched and spindle twinning ofthe crystals. Plagioclase feldspars exhibit two sets oftwin
lamellae; the lamellae are commonly offset, broken, or defonned.
Quartz, making up 290./0 of the rock volume, is recognized by the lack of alteration (that is,
crystals are clean and limpid) and by the non-uniform or undulatory extinction of many crystals.
Biotite, muscovite, and chlorite constitute 12 percent ofthe granite. Biotite is tan to brown
and occurs as subhedral to euhedral plates. Muscovite is less abundant; it commonly occurs as
inclusions in feldspar and rarely is isolated tabular crystals. The remaining accessory minerals are
small crystals ofapatite, dolomite, zircon, and isolated opaques (iron minerals).
The Original Granite (O-G) is also an igneous rock type leucocratic (light-colored) and
holocrystalline (entirely crystalline) granite composed mainly offeldspar and quartz. Feldspar
crystals are subhedraJ to anhedral. Quartz crystals are anhedral, equidimensional, and assume the
shape ofthe surrounding grains. The granite is fine- to medium-grained with crystals ranging in
size from 0.5 mm to 2.8 mm. Mean crystal size is near 1 nun.
Plagioclase and potassic feldspar comprise 50 percent of the crystals; a little more than half of
the feldspar is potassic. Microcline shows cross-hatched grid or spindle twinning, and the larger
crystals contain abundant inclusions ofsmaller plagioclase, quartz, and microcline. Plagioclase
commonly displays complex twinning andlor compositional zoning. Small crystals with an
intergrowth texture occur at the margins offeldspar, particularly microcline; mynnekitic texture
(plagioclase intergrown with vermicular quartz) and micrographiclgranophyric texture (alkali
feldspar together with quartz) are common.
Quartz, 37 percent ofthe rock by volume, is recognized by the lack of alteration (clean and
limpid crystals) and by the non-uniform or undulatory extinction of many crystals.
The micas (biotite and muscovite) constitute 12 percent of the granite. Biotite is tan to
greenish-brown and occurs as subhedral to euhedral crystal in short, tabular plates. Muscovite is
colorless and much less abundant. The remaining accessory minerals include small crystals of
apatite, titanite (sphene), zircon, and epidote (clinozoisite).
The ROX Sandstone (ROX-S) is a sedimentary/metamorphic rock type. In mining
terminology it is called iron stone. The ROX Sandstone is a dirty sandstone composed primarily
ofquartz, rock fragments, and argillaceous and micaceous matrix. The rock can be classified as
lithic wacke. Monocrystalline and polycrystalline quartz comprise 64 percent ofthe rock volume.
Grains are subrounded and range in size from 0.12 mm to 0.33 mm (fine to medium sand),
averaging 0.24 mm. The most common rock fragment is composed of fine polycrystalline quartz
with an abundance ofmicas. Shale and phosphatic rock fragments are also present. Many of the
rock fragments have suffered ductile deformation and have been flattened and squashed by
compaction. Other common minerals include muscovite (also typically bent and defonned), chert,
tourmaline, and zircon. Dark opaque grains are typically organic matter; they have been
deformed, and may have been replaced by iron (pyrite and hematite). The sample also contained a
large iron nodule, 6 nun in diameter, and several smaller ones, less than 1 mm each. These
nodules contain small fossil fragments (now altered or dissolved) and silt-sized detrital grains.
The nodule may have originally been organic but is now composed of pyrite.
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The matrix ofROX-S argillaceous and micaceous material (19 percent of the rock) occurs
squashed between and among the rigid framework grains. The matrix occurs in various shades of
brown and has a varied mineral content. The distribution ofthe interstitial material is
segregated-not unifonnly distributed throughout and among the grains. These features suggest
that the matrix was originally ductile framework grains and minerals that have been later
deformed, squashed, and degraded to from a "pseudo-matrix". Kaolinite, an aluminum clay in
booklets up to 0.08 mm, is sometimes mixed with the darker interstitial material; purer kaolinite
from the alteration offeldspar also occurs in isolated areas.
Porosity in ROX-S is secondary and occurs in trace amounts. Dissolution of unstable
framework grains has fonned molds up to 0.3 mm. Micropores occur between kaolinite booklets
in isolated areas formerly occupied by feldspar.
Original Sandstone (O-S) is sedimentary rock type. The Original Sandstone is a porous,
rather dirty sandstone composed of quartz, feldspar, rock fragments, micas, and chamosite ooids.
The rock can be classified as a lithic arenite. Monocrystalline and polycrystalline quartz comprise
a little over half ofthe rock volume. Quartz is subrounded, and some grains contain vermicular
inclusions of chlorite. Polycrystalline quartz exhibits equant to sutured crystals. Framework gains
ofplagioclase and potassic feldspars are generally fresh to partially altered; however, it appears
that much ofthe feldspar has been altered to kaolinite. The most common rock fragments are fine
polycrystalline quartz grains containing an abundance of micas (biotite, muscovite, chlorite).
Other rock fragments are composed of sericite, illite, and iron-rich/chemically degraded minerals.
Shale rock fragments are present but not common. Other framework minerals include tabular
muscovite, biotite, and chlorite. The micas are typically deformed and bent, but show a preferred
parallel orientation. Biotite is degraded and contains opaque (iron) inclusions. Many of the
framework grains have been deformed and squashed to form a "pseudo-matrix". Original opaque
organic stringers have been replaced by pyrite and hematite.
Secondary porosity is well developed in this sandstone and accounts for 14 percent of the
rock volume. Porosity has formed at the expense of framework grains. Rock fragments (5%),
feldspar (4%), and micas (3%) have been partially dissolved or altered, and much of the secondary
porosity throughout the sample contains remnant mineral matter. The alteration of feldspar, in
particular, has produced pores filled with kaolinite. The resulting porosity is intercrystalline
micropores between vermicular booklets of the kaolinite. Kaolinite typically bridges the pores,
and although porosity is seldom obliterated, permeability is probably sharply reduced. The total
dissolution ofpre-existing grains (2%) has formed molds.
Experimental Set-yp
Figure 1 exhibits a typical experimental set-up. Prepared and instrumented specimens were
placed between loading platens ofMrS system. Two tranducers, one for AET 204 G (to the left
ofFig. 1) and one for AET 500 (to the right ofFig. 1) systems, were mounted on the top ofthe
upper loading platen instead ofbeing' mounted on the specimen. The reason for this was to
reduce reception of high frequency signals, in particular during loading of the test specimen. Gain
for each transducers was set to 60 db. The stress and strain on the specimens were monitored
both in analog and digital form through data acquisition system (on the left ofFig. 1). The load
on the MTS system was programmed in the MrS Control Unit and the test was performed
accordingly.
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Figure 1. Typical experimental set-up, testing machine and data acquisition system.

Failure Mode
Since there were two types of tests perfonned in this study the failure mode for each type of
test was quite different. The failure mode in uniaxial compression test was presented by Khair
(7). Under uniaxial compression test two states ofstress developed in the specimen as shown in
Fig. 2. namely shear and tension. AE generated in the specimen at the latest stage of
defonnability, where vertical tension cracks within the specimen is initiated and propagated and
specimens started to dilate. Most ofAE was generated during tension crack development. The
mode offailure in indirect tension (Brazilian) test is presented by Jaeger and Cook (13). The
mode offailure was shear and tension similar to Fig. 2 shear at the vicinity ofthe loading platens
and tension in the center ofthe specimens. The crush zones under the loading platens developed
in the early stage ofloading however the tension crack through the center of the specimen
developed in the last stage ofloading and coincided with AE generation. Therefore, tension
failure represented the real characteristics/signature of AE generation in the rock under
compression state of stress.
RESULTS AND DISCUSSIONS
Approximately one hundred specimens were tested under uniaxial compression and indirect
tension. Extensive data has been collected, space constraint will not permit presentation of
detailed analysis ofthese results. However. briefly some of the findings will be presented here.
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Figure 2. Stress states in the specimen under uniaxial compression (7]. (Sc; - interface shear
stress, Sl- radial tensile stress, and failure in extension mode).

In the experimental set-up shown in Figure 1, the transducers for both AE monitoring systems
were positioned on top ofthe upper loading platen, in contrast to the set-up by Khair (4) where
the transducer was mounted on the specimens. The reason for this selection was to reduce
recording ofvery high frequency signals. At 60 db set-up for each system it was possible to
record AE during fracture initiation and propagation through the specimens, Results of these
experiments showed that most ofthe AE developed during dilatancy stage of specimen
deformation, where fractures initiate, propagate and coalescence of these fractures resulted in
ultimate fracture. Figure 3 shows events vs. time for uniaxial compression test (original granite
test specimen). Furthennore as the specimen reached toward failure, the mean peak amplitude for
each event increased as can be seen in Figure 4. An indirect implication ofFigure 4 is that the
input energy during the test prior to ultimate failure is much higher than the absorption/dissipation
by the rock results in AE generation. A summary ofthe results ofthe experiments is presented in
Table 1. From Table 1 it can be seen that failure characteristics of rock depend on mineral
content and petrographic characteristics of rock. Very brittle and stiff igneous rocks like ROA-G
and O-G fail violently under compression tests. The characteristics of ringdown counts per event
for both ofthe granites (ROA-G and o-G) are presented in Figures 5 and 6. Similarly the
distribution ofringdown counts per event for ROA-G and O-G under indirect tension test, as
presented in Figures 7 and 8 and are similar to the compression tests, however, the numbers such
as ringdown counts per event, total number of AE recorded, compressive strength, tensile
strength, Young's modulus (in compression and in tension and Poisson's ratio) are higher for
ROA-G than O-G (see Table 1). It is reasonable to say that both ofthese rocks have similar
mineralogical content but different texture and mean gram size and their higher values are
associated with larger grain size (courser grain size for ROA-G) and density (reflected by higher
Poisson's ratio). The strength and AE characteristics ofROA-G and O-G are more or less similar
to each other, however, the above characteristics for ROX-S and O-S are quite different. The AE
and strength characteristics for ROX-S is much higher than O-S and in fact the ROX-S rock type
has similar characteristics as the granite type of rock. Figures 9a-b shows AE characteristics
under uniaxial compression tests for ROA granite, Figures 10a-b for ROX sandstone, and Figures
11a-b for Original sandstone. A comparison ofFigures 9-11 indicate that the mean peak
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Table I. Physical and Mechanical Properties orRock Type Tested

Parameters

Mineralogical
Contents
%

Rock
Type

Grains
Size Range
Mean Size
rom

ROA
Granite

Quartz
29
Feldspar
58
Other Min. 13

Original
Granite

Quartz
36
Feldspar
50
Other Min. 14

0.5 - 28

Quartz
64
Iron
Nodule
3
Matrix
18.7
Other Min. 14.3

0.12 - 0.33

Quartz
51.4
Rock
Fragments 13.3
Porosity 14.3
Other Min. 21.0

0.05-0.15
and
Dust-Large

ROX
Sandstone

Original
Sandstone

Uniaxial Compression Test

Indirect Tension Test

Strength
psi

Young'
Modulus
xlO' psi

Poisson's
Ratio

AECounts

Strength
psi

Young's
Modulus
x 10'psi

AEcounts

Ave.

24.269

5.07

0.14

1860

1976

1.4

114

23.447

4.77

0.13

960

1360

0.7

67

Ave.

0.5 - 4.0
3.0
o
co

1.0

U)

20.939

4.29

0.14

1030

1969

1.4

111

7,786

2.58

0.12
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0.4
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amplitude and distribution of ringdown counts per events have the highest number for ROA-G
and the lowest for O-S. while these numbers for ROX-S is close to ROA-G. A similar result can
be obtained by observing Table 1. Figures 9a-Ila also exhibits a substantial increase in mean
peak amplitude per event close to the failure stage of rock testing history. Petrographic analysis
ofROX-S and O-S rock type indicate that ROX-S has 13% more quartz than O-S while O-S has
13% rock fragment. Furthermore. ROX-S has 19% matrix and 3% iron module while O-S has
14% porosity. The increase in hardness and stitIhess ofROX-S attributed to the excess amount
of quartz. stiff matrix. lack of pore space and coarse grains.
SUMMARY AND CONCLUSIONS
From the analysis of data the following conclusions can be derived:
1. The harder mineralogic content ofthe rock. stiffmatrix, low porosity. large grain size, the

higher strength and AE values.
2. Stronger and stiffer rock generates higher AE counts. higher AE events, higher ringdown
counts per events, and higher mean amplitude per event.
3. The mean amplitude ofevents increases as specimen reaches failure.
4. Most AE with relatively high amplitude are generated during fracture initiation, propagation,
and coalescence ofthese fractures.
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ABSTRACT
The moment tensor analysis of acoustic emission (AE) can provide quantitative information
on kinematics of crack motion in concrete.
Based on the eigenvalue analysis of the moment
tensor, AE sources are classified into tensile cracks and shear cracks. The direction of crack motion is derived from the eigenvectors. A relation between the direction of crack extension and
the concept of the maximum circumferential stress is applied to estimate the normalized stress intensity factors KI*=KIIKrc and Kn*= Kn/KIC. The criterion for crack classification is confinned from the fracture mechanics. A relation between the damage variable in the damage
mechanics and the moment tensor is clarified. In bending tests of notched beams, the damage
evolution in the fracture process zone is estimated. Then, the crack volumes are quantitatively
estimated in uniaxial compression tests of plates with a slit.

KEYWORDS
Moment tensor analysis; Stress intensity factor; Damage pammeter; Crack volume

INIRODUcnON
Acoustic emission (AE) is an inspection technique to detect elastic waves generated in a
material. In concrete, it was confirmed that AE waves due to cracking could be synthesized by
the dislocation model [1]. Because crack kinematics at AE source is represented by the
moment tensor, a simplified and stable procedure was developed to determine tensor components from AE waveforms [2]. Based on the eigenvalue analysis of the moment tensor, a
generalized treatment for the classification of crack type and the determination of crack orientation is implemented as the SiGMA (simplified Green's functions for moment tensor analysis)
code [3]. In the present paper, crack kinematics are studied in bending tests of notched beams
and uniaxial compression tests of plates with a slit.
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Since the first application of fracture mechanics concept to concrete [4], numerous workers
have studied .in order to investigate the modes of mechanical failure in concrete. An inelastic
zone is distinctively created under crack extension around a crack tip and is called the fracture
process zone. Concerning mixed-mode cracking, the maximum circumferential stress in the
fracture mechanics [5] was successfully applied to crack-trace prediction in concrete [6]. Because the maximum circumferential stress concept dictates a relation between the direction of
crack extension and the stress intensity factors, the crack orientation analyzed by the SiGMA
can be applied to estimate the normalized stress intensity factors. Here, the criterion for cracktype classification is studied from the variation of the stress intensity factors estimated.
In the continuous damage mechanics (7], a relation between the damage variables and the
moment tensor components is studied. In the bending tests of notched beams, damage evolution in the fracture process zone is estimated from the moment tensor. Then, the crack volumes
are quantitatively estimated in the uniaxial compression tests of plates with a slit.

SiGMA PROCEDURE
From the generalized theory of AE [8], crack motion vector b(y,t) at AE source point y at
crack surface F is set to be equal to b(y)IS(t), where bey) represents the magnitude of crack displacement, I is the direction vector of crack motion, and Set) is the source-time function. Then,
elastic displacement u(x, t) corresponding to AE wave detected at sensor location x is represented,
Ui(X,t) = Gip,q(X,y,t) mpq ·S(t).

(1)

Here Gip,q(X,y,t) is the spatial derivatives of Green's functions and the asterisk • denotes the
convolution operation.

mpq is the moment tensor and is equal to [Cpqktlknl] 1!1V, where Cpqkl

is the tensor of elastic constants and 1!1 V is the crack volume [ J Fb(y) dS].
In the SiGMA
code, eq. 1 is simplified, taking into only the amplitude of the frrst motion A(x) of AE wave as,
A(x) =Cs J R Ref(t,r) rp mpq rq,

(2)

where Cs is the calibration coefficient. R is the distance and rp is its direction vector. Ref(t,r)
is the reflection coefficient.
A multi-channel observation of the first motions at more than six
sensor locations can provide sufficient information to solve eq. 2. Then three eigenvalues are
normalized and uniquely decomposed into three ratios X, Y, and Z [3],
1.0 = X + Y + Z,
the intermediate eigenvalue/the maximum
= 0 - Y12 + Z,
the minimum eigenvalue/the maximum
= -X - Y!2 + Z,

(3)

where X, Y, and Z denote the shear ratio, the deviatoric tensile ratio, and the isotropic tensile
ratio, respectively. AE sources for which the shear ratios X are smaller than 40% are classified
as tensile cracks. AE sources of the shear ratio X greater than 60% are referred to as shear
cracks. In the case between 40% and 60%, AE sources. are classified as mixed-mode. In the
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SiGMA code, unit vectors el. ez and
I - D are also determined.

e3 corresponding

to three eigenvectors I +

D,

I x 0 and

NORMALIZED STRESS INTENSITY FAcrORS
As given in Figure I, the direction 8 of crack extension from 8 pre-existing crack can be detennined from the direction of the maximum circumferential stress 8s[5],

Klsin8+ Ku(3cos8 -1) = O.

(4)

Here, KI and Kn are the stress intensity fadors of the mode I and the mode II, respectively.
Then, nucleation of crack extension is governed by,
cos8/2 [KI cos28/2 - 3/2 Kn sinO]

=KIC,

(5)

where Klc is the critical stress intensity factor. Crack kinematics of a new crack are prescribed
by crack motion vector (Burgers vector) bland unit vector 0 1 normal to crack surface F.
From Figure 1, it is derived that cosO = nO -0 1 . Provided that these two normal vectors to the
cracks are known, the normalized stress intensity factors, KI* (=KJlKlc) and Ku* (=KoIKlc),
can be detemined from eqs. 4 and 5.

Figure 1. Configuration of Crack Extension from Pre-Crack.
In Figure 1, crack kinematics are described in the two-dimensional space. As the direction
of vector ez corresponds to the x3-axis in the new coordinate system, the base vectors eland
e3 are transformed into new vectors et* and ez *, respectively. Then, new two vectors and
0* are obtained as,

.*

(6)

Setting 0* =
SiGMA.

01,

eventually the normalized stress intensity factors can be estimated from the
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DAMAGE VARIABLE AND CRACK VOLUME

In an isotropic material, the moment tensor is derived as mpq = [Cpqk11knl ] AV= [Alknk +
J.llpnq+J.llqnp]AV, where A and J.l are Lame constants. In the damage mechanics, a product of
the crack motion vector and the crack normal is referred to as the second-order damage tensor [
7]. Taking into account one crack in the representative volume V·, the damage tensor Elk) is,

(7)
Taking the trace component: mkk = (3A+2J.l) IknkAV, the scalar damage v~able D is obtained
as,

D =nk Elkl nl = AVN* lknk

=1/ [V* (3A+2J.l)] m kk.

This implies that the damage evolution process is
the trace components of the moment tensors.
determined as,

(8)

estimated ~latively from the accumulation of
Further, the relative crack volume can be

(9)

EXPERIMENTS
Specimens and Fracture Tests
For notched beams, mortar and concrete were cast into molds of dimensions 10 em x 10 em
x 40 em. These specimens were moisture-cured in water for 28 days in the standard room (
2QoC). Plate specimens of dimensions 10 em x 10 an x 1 em were also made. Mechanical
properties were obtained from cylindrical specimens of 10 em diameter and 20 em height at the
age of 28 days. These compressive strengths, Young's moduli and P wave velocities are summarized in Table 1.
Table 1. Mechanical Properties of Concrete and Mortar.

Mix

Specimen
Type

Compressive

Young's

P-Wave

Strength(MPa) Modulus(GPA) Velocity(m/s)

Beam

52.8

32.5

4730

Plate

34.8

27.9

4709

Beam

53.7

23.4

4130

Plate

20.6

20.6

4139

Concrete

Mortar

For the beams, tests of three-point bending were conducted. At the age of 28 days, a pre-
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cracked notch of 3 em depth and 1 nun width was introduced by sawing in each specimen.
The types of specimens include a center-notched beam under center-loading (type CC), and an
off-center-notched beam under center-loading (type OC). Experimental set-up and AE sensor 10eations for type OC are shown in Figure 2 (a). Six AE sensors are arranged to cover the area
of the fracture process zone nucleated ahead of the notch. Open circles indicate AE sensors
located on the back and solid circles are those on the top. For the plates, uniaxial compression
tests were carried out. A slit 45° inclined to the loading axis was made inserting a plate of 1
nun thick and 2 em wide during casting.
Experimental set-up and AE sensor arrangement are
given in Figure 2 (b). Because it could be referred to as a two-dimensional problem, four
sensors are attached in the in-plane direction [9).
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Figure 2. Experimental set-up and AE sensor locations in (a) beam and (b) plate specimens.
A servo-valve controlled machine was employed for loading. Loading speed of 0.01 nun!
min was applied to the beams of type CC, whereas the loading speed applied to the beams of
type OC was 0.02 mmlmin. This is because crack extension of the type CC was faster than
that of the type OC. In the uniaxial compression tests of the plates, the loading speed was set
as 59 N/sec.
AE Measurement and Data Analysis
AE sensors employed in the beam tests were of the resonance frequency 150 kHz (pAC;
R15). In the measuring system, the frequency range was from 10 kHz -1 MHz and the amplification was total 60 dB gain. AE waveforms under crack extension were detected and recorded
by using LOCAN-TRA system (PAC). In the tests of the plates, it was attempted to estimate
the crack volumes. It was, therefore, necessary to cab1mrte broad-band AE sensors (UT-1000).
By employing the Davis bar technique [10], these sensors were calibrated. One example of the
calibrated responses is shown in Figure 3.
To select reliable solutions, a post-analysis [11] was conducted. AE sources, of which
crack kinematics in the post analysis were in good agreement with those of the SiGMA analysis,
were selected as reliable solutions. The differences of the solutions from original SiGMA solutions were within 1 mm on the location and within 5 % on the shear ratio.
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RESULTS AND DISCUSSION

Crack Kinematics in Beam Test~
The flaw location procedure was successfully applied to identify the fracture process zone in
concrete[12]. Because the SiGMA procedure provides infonnation on crack types and crack
orientation, in addition to crack location, crack nucleation in the fracture process zone was
investigated. Results of the post-analysis in type DC of mortar are plotted in Figure 4. AE
sources classified tensile cracks are indicated by "arrow" symbol. Other sources of the mixedmode and shear cracks are indicated by "cross" symbol. AE sources are plotted at their locations with directing the two vectors I and D. Previously, the first eigenvectors el was plotted
for the tensile cracks [3]. The recent study, however, demonstrates that the angle between the
two vectors I and D could be over 500 even in the case that the shear ratio is smaller than 40% {
10]. Consequently, the directions of the two vectors are plotted in these figures.
In the elevation view, surface cracks are created diagonally from the notch to the loading
point. Along the final crack surface, intense AE cluster is found. Under mixed-mode cracking
in mortar, the fracture process zone corresponding to AE cluster is observed only close to
surface cracks. It is found that tensile cracks are mainly observed far from the surface cracks.
Thus tensile cracks are nucleated at the outer of the fracture process zone, while shear cracks
are generated close to the final crack surface.
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Figure 4. Locations of AE sources and their crack kinematics in type OC of mortar.
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Crack Kinematics in Plate Teste;
During uniaxial compression tests of the plates, loading and unloading were repeated to deteet AE events as many as possible. Then, loadings were classified into four stages. Results
of the mortar plate are given in Figure 5. At stage I, AE cluster is observed in the right portion
of the specimen. Some of AE events are clearly associated with surface crack which was fIrst
observed in the stage. At stage III, another AE cluster is found in the top left portion. Again,
intense AE events are observed close to the new crack extended from the left tip of the slit. It
is confirmed that the fracture process zone is nucleated ahead of the tip in cementitious materials.
(a) Plate of mortar: stage I

(b) Plate of mortar:stage III
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Figure 5. Locations of AE sources and their crack kinematics in the plate of mortar.
Stress Intensity Fadors
Calculating cosS = DO -D· from eq. 6, KI* and Kn* were computed.
The cases of type
OC of concrete and of mortar are given in Figure. 6. Only the absolute values of the nonnalized stress intensity factors are plotted against their shear ratios. It is clearly observed that AE
events for which the shear ratios are less than 40% have obviously the larger KJ* values and
Ku* is dominant in AE events of which the shear ratios are larger than 60%. These results confinn that the criterion for classification of crack types is reasonably decided in the SiGMA
based on the shear ratio.
Damage Eyolution and Crack Volume

In the beams, damage evolution was estimated from eq. 8, and the accumulation of crack
volumes was also estimated from eq. 9. In Figure 7, results of type CC of concrete and type
OC of mortar are plotted. The accumulating processes of both relative scalar damage mll and
crack volume mkkAknk are given against the number of AE hits. Although cracks are classified,
three types of cracks are generated so mixed-up that the dominant type can not be identified in
the accumulation process. As seen in Figure 7 (a), the damage evolution and the accumulation
of crack volume are discontinuous in concrete. In contrast, the damage evolution in mortar is
fairly continuous as given in Figure 7 (b).
The step-like increases of the damage in concrete
possibly correspond to the bonding failure between coarse aggregate and mortar matrix.
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and (b) type DC of mortar.
The crack volume can be absolutely estimated in the case that the calibration coefficient is
absolutely determined. From the results of Figure 3, the calibration factors were detennined as
averaging the response up to 100 kHz. Then, the absolute values of the moment tensors were
estimated from eq. 2. Based on eq. 9, crack volumes were determined in the tests of the plates.
The crack volumes detennined in mortar and concrete are shown in Figure 8. Although some
AE events of the large crack volume are observed, the crack volumes estimated are mostly of
the volume of 10-3 mm3 order, which is equivalent to the size of mortar particle. It is noted
that the crack volumes of mortar are estimated as larger than those of concrete. It possibly
reflects the crack arresting effect of coarse aggregate in concrete. Cracks nucleated in mortar
matrix could be arrested by the presence of coarse aggregate, while mortar matrix made of only
fine aggregate is so homogeneous that cracks could readily extend.
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CONCLUSION
Applying the moment tensor analysis of AE, the crack kinematics, the stress intensity factors
in the fracture mechanics, and the damage evolution in the damage mechanics are studied in
cementitious materials. Conclusions obtained are summarized as follow:
(1) Spatial distrIbution of the fracture process zone in cementitious materials is mostly
dependent on the size of aggregate. The larger aggregate is mixed in, the wider fracture process
zone is nucleated. Tensile cracks are nucleated at the outer region of the fracture process zone,
while the shear cracks seem to be generated close to the final crack surface.
(2) Crack-type classified in the SiGMA code is in reasonable agreement with the dominant
mode of the stress intensity factors K.* and Ku*, which are detennined from the eigenvectors
of the SiGMA code.
(3) In concrete, the damage evolution in the fracture process zone is step-like discontinuous,
while that of mortar is considerably successive. This implies that the damage evolution in
cementitious materials is associated substantially with the size of aggregate and nucleating
mechanisms of microcracking.
(4) The crack volumes estimated in mortar are larger than those of concrete. It again implies the
presence of aggregate affects the mechanisms of microcracking. Cracks nucleated in mortar
matrix could be arrested by the presence of coarse aggregate, while mortar matrix made of only
fine aggregate is so homogeneous that cracks could readily extend.
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ABSTRACT
Acoustic Emission (AE) was applied in order to ensure the safety of an arch dam under
construction in severe climate conditions. AE was monitored during the secondary cooling while
the construction was suspended in the winter time due to low temperature and heavy snow.
Monitoring was also made during grouting between dam blocks in the spring time just before the
construction restarted. A multi-channel digital signal processing AE system was used to perform
quantitative AE waveform analysis based on the moment tensor analysis as well as conventional
AE parameter measurement Low frequency AE sensors (15kHz resonant) were employed to
detect AE signals attenuated greatly during the wave propagation in concrete of the dam.
Twelve sensors were installed at the dam surface and four of them were mounted on the floor of
an inspection gallery inside the dam blocks. Neither critical AE activity nor intense AE cluster
was found during the AE monitoring. It was concluded that the dam was safe during the
secondary cooling and the grouting. AE was shown to be very useful to ensure the safety of the
dam during construction under severe conditions.
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KEYWORDS
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safety.

INTRODUCTION
Since acoustic emission (AE) is very sensitive to critical state such as the initiation and
growth of cracks in the materials and structures, it has been widely utilized for materials studies
in laboratory and evaluation of structural integrity in different types of structures. The
applicability has been intensively studied in both concrete specimens[1] and structures[2][3][4].
There are two ways to analyze data acquired by conventional AE instrumentation. The first
one, which has been widely and more frequently employed, is parameter analysis. It analyzes
relative AE activities based on the measurement of such parameters as hit, count, energy,
amplitude and so forth. The second, which has made a remarkable progress for the last ten
years, is quantitative waveform analysis called moment tensor analysis[5][6]. Quantitative
information on AE sources is derived by applying theoretical treatment to the waveforms recorded
by a multi-channel transient recorder.
It has been shown that the moment tensor analysis using a SiGMA code[5] is very effective
to analyze fracture processes of concrete members[3][4]. The most distinct feature of this
analysis is that the procedure can give quantitative information on three-dimensional location of
cracks, crack types, crack orientations, and directions of crack motion.

In the present study AE was applied to an arch dam under construction. Some surface
cracks were observed on the ceiling of a bypass at the bottom of the dame. The purpose of the
AE monitoring was to ensure the safety of the dam under stresses during construction. Low
frequency integral type AE sensors were employed to detect signals attenuated greatly during the
wave propagation in the large concrete structure. AE signals were monitored during the
secondary cooling while the construction was suspended in the winter time due to low
temperature and heavy snow. Monitoring was also made during grouting between dam blocks in
the spring time just before the construction restarted. This paper reports the applicability of AE
techniques to ensure the safety of the dam during construction under severe conditions.

TEST PROCEDURE
Structure
Shown in Fig.! is a schematic view of an arch dam under construction. It is located in the
northern district of Niigata Prefecture, Japan. The top of the dam is 244m long and the height
from the bottom is 116m. It can store maximum 125.5 million tons of water at the full capacity.
Concrete placement was completed up to an elevation of 200m when the AE measurements were
performed.
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Figurel Schematic view of an arch dam under construction (view from the downstream).
AE Instrumentation
AE Sensor
PAC Rl.5IU D.B. sensors were employed to detect AE signals in large concrete blocks.
This sensor is designed for underwater use. It has a co-axial cable armored by stainless steel
wire, so that it can be directly buried in concrete. The resonant frequency is at 15kHz and the
operating frequency range is between 10kHz and 50kHz, which is quite low as compared to the
ordinary AE frequencies ranging from 50kHz to lMHz. It is known that the attenuation during
wave propagation is so great in concrete that the ordinary frequencies are not sensitive enough to
detect AE signals in such a large structure as dam. The calibration conducted before the tests
showed that this low frequency range is good enough to detect meaningful AE signals over a
threshold. Detected AE signals were amplified to 40 dB in the integral preamplifiers housed in
the sensor case and input into a MISTRAS AE system.
AE System
A sixteen channel PAC MISTRAS 2001 AE system was employed for the measurement of
AE waveforms as well as conventional AE parameters such as hit, count, energy, and amplitude.
It is a fully digital, multi-ehanne~ computerized AE system, which performs simultaneous
classical AE feature extraction (parameter analysis) and transient waveform analysis. It converts
electrical signals from the AE sensors into digital form and stores the digital data in its memory,
displaying simultaneously the captured waveform sets. These data can be stored on a disk and
analyzed by the system software. The 2 channel AEDSP (AE Digital Signal Processing) boards
employ Analog-ta-Digital converters nmning at 10 MHz and long memory setups (2M samples
on each channel) with the resolution of 16 bit.
Sensor Placement

. In order to carry out reliable measurements, AE sensors were installed at the dam surface in
accordance with the following procedure.
877

1. The concrete surface was drilled at predetermined locations to make a hole for
sensor placement
2. Some mortar was cast into the hole to bond the sensor face with the concrete block.
3. The sensor was inserted into the hole and the hole was filled with mortar.

In this way the sensor was fIxed at the concrete surface permanently under a very stable
condition. Given in Fig.2 is the procedure showing how an AE sensor was installed at the
concrete surface.
Figure 3 schematically illustrates the sensor locations. Twelve sensors were installed at the
dam surface of the block 8 and block 9 (El.15Om -164m) and four of them were placed on the
floor of the inspection gallery inside the dam blocks. Note that each six sensors were placed on
the upstream and downstream sides, respectively. AE signals from nine sensors (CHl- CH9)
placed on the block 9 were monitored during the secondary cooling, while those from all the
sensors were monitored during the grouting.

Figure2 Sensor placement on the concrete surface: (a) An AE sensor and the
drilled concrete surface, (b) Inserting a sensor into the dam concrete
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Figure 3 Sensor locations.
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Moment Tensor Analysis
To classify source type and to determine source orientation and movement direction, a
moment tensor analysis developed by Ohtsu was applied[5]. A computer program called SiGMA
was employed to analyze AE waveform sets recorded during the secondary cooling. Since the
moment tensor analysis requires a set of six AE waveforms recorded by six independent channels
for each event, meaningful waveform sets consisting of six readable waveforms were selected and
displayed in a screen. P-wave arrival times and amplitudes were first identified for each set and
3D (dimensional) source location was done, using the information of the arrival times. Then
moment tensor was calculated on the basis of the P-wave amplitudes. Finally source type,
source orientation and movement direction were evaluated, based on the eigenvalue analysis of
the moment tensor. All this analysis was made by the use of a moment tensor software (SiGMA
code), as a post test procedure.

RESULTS
Calibration
In order to cahbrate source location accuracy, artificial AE events were given by hammering
the gallery floor at five different points. Source location was made by the measurement of
P-wave arrival times at different sensors and the measured location was compared to the original
one where the event was produced
For example, ten artificial AE events were generated at the
location (x,y,z)=(9.8, 8.8, 6.0) between CH 7 and CH 8. The average source location obtained
experimentally was found to be (x,y,z)=(lO.5, 8.3, 4.9). There exists a considerable difference
between the original location and the measured one. Possible causes for this difference are:
1. The artificial events were generated out of the region surrounded by the AE sensors.

2. The sensor arrangement was far from an ideal one for 3D source location. It is well known
that ideally sensors should be placed on a sphere or a cylinder, surrounding the interested
region for the source location.
3. Since there is a gap near the center part of the inspection gallery, it is impossible to measure
accurate arrival times at certain sensors.
However, most of AE events should be produced in the region surrounded by the AE
sensors during the secondary cooling and the grouting. In this case the factors (1) and (3)
become less operative as compared to the case of the artificial events. Therefore, better location
accuracy is expected during the real AE measurements. P-wave velocity was determined by
hammering the dam surface near the sensor positions CH 1, 2 and 3. Since the distances
between the location of the artificial AE source and the AE sensors are known, wave velocities
can be calculated if P-wave arrival times at the sensors are obtained. It was found that wave
velocity varies depending on the different paths which AE waves travel. However, the average
velocity was shown to be 4,577 mls. This velocity was used for the present analysis.

Secondary Cooling
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Parameter Analysis
The construction was suspended in the winter time due to low temperature and heavy snow.
The secondary cooling was conducted for the concrete blocks placed in the previous autumn to
maintain stable condition. Cooling water was circulated in the cooling pipes installed in the
concrete blocks to keep the predetermined temperature. AE monitoring was performed during
the secondary cooling.
The monitoring was first carried out from December 24 to 26 in 1996. The second
monitoring was done from January 20 to 24 in 1997. The temperature decrease of the concrete
block was OAt and 0.7t for those periods, respectively.
AE hit and count histories are given in FigA. It is indicated that the AE activity
represented by the above AE parameters increases almost lineally as a function of time. This
tendency was observed all through the monitoring periods. It is well known that AE sources are
usually related to mechanical or extraneous noises if the AE activity increases linearly as a
function of time. In contrast, it has been shown that the structure is in a critical state such as the
initiation and growth of cracks if AE activity increases exponentially under constant stimulus.
Such critical AE activity was not observed during the monitoring. Accordingly it is concluded
that the concrete block was not in a critical state during the cooling. It is very likely that the
detected AE signals were due to mechanical noises such as frettings or frictions between cooling
pipes and the concrete block.
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Moment tensor analysis
The number of waveform sets to which the analysis was applicable was limited because
many of them did not have six clear P-wave portions due to high noise, excessive attenuation or
limited length of recorded waveforms. Though 507 waveform sets were obtained during the first
monitoring, 8 sets could be analyzed. The analysis was possible for only 11 waveform sets out
of 1,517 sets recorded during the second monitoring. An example of waveform sets to which the
analysis was applicable is shown in Fig.5.
Indicated in Table 1 are the results of the moment tensor analysis for the first monitoring.
It is shown that the number of AE events for each source type Le. tensile, shear and medium
type, is almost identical. Therefore, there is no particular source type that gave significant AE
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activity during the secondary cooling.
It is known that intense AE clusters are observed in small regions by source location when
the structure is in a critical state under constant stimulus. There are no such clusters found in the
table. Accordingly, the dam block was safe during the cooling.
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Figure 5 An AE waveform set applicable to the moment tensor analysis.
Table 1. Results of the moment tensor analysis during the secondary cooling.
Event No.
161
162
245
248
292
301
378
501

Location (m

x
5.673
11.184
4.631
4.853
6.772
3.490
12.350
13.672

y

z

11.367
13.359
12.001
6.457
2.048
8.261
13.079
17.454

-5.236
5.954
-35.468
-13.230
-16.235
-4.138
3.010
4.016

Type
Tensile
Tensile
Shear
Medium
Medium
Medium
Shear
Tensile

Angle to
X-axis
0
32.1
0
77.1

Angle to
Y-axis
0
60.1
0
83.1

-

-

-

-

-

-

-

-

-

71.7

0

9.0

0

Grouting
Grouting was carried out for the joint (J-8) between block 8 and 9 at the elevation of 150164m on March 20, 1997 after the secondary cooling was terminated The area of the joint was
206.0 rri. Cementlwater (CIW) ratio was 112 when the grouting started. It was changed to 1/1
after 20 minutes and 1/0.8 after 1 hour 20 minutes. Then this ratio (1/0.8) was maintained until
the grouting was completed. Pressure and density of the cement milk were monitored at the
supply and vent valves and opening displacement of the joint was measured by two displacement
transducelS installed in the joint.
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The two neighbor joints were filled with water to prevent the joint from opening further
when the opening displacement reached 0.22 mm at 1 hour 47 minutes after the initiation of the
grouting. All the valves were closed and blocking started at 4 hours 10 minutes. Re-blocking
was done at about 2 hours 20 minutes after the first blocking and the grouting was terminated
when the pressure decrease at the vent valve reached 4.9 kPa.
Most of AE signals were detected by the sensors (CH10-I6) placed near the joint. In
contrast, very little signals were observed by the sensors (CHI ....... 9) placed in block 9. Therefore,
most of AE events were produced in the joint area during the grouting. AE activity in terms of
AE hit, count and energy is presented in Fig.6. Significant AE activities are observed at I hour
47 minutes after the grouting started, which corresponds to the time when the water filling started
at the neighbor joints. High AE activity is also seen at 4 hours 10 minutes, which corresponds
to the time when the blocking started. Some activities are observed at about 6 hours 30 minutes,
corresponding to the start of re-blocking. However, overall AE activities are quite low except
the particular time indicated above.
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Figure 6 AE activity observed during the grouting.
The cause of the high AE activities observed at certain time in Fig.6 can be explained in the
following process. When the neighbor joints are filled with water or the blocking starts, the
whole joint plane is pressurized and cement milk starts to penetrate inhomogeneously, causing
local and temporary instability in the joint. Since AE activity depends strongly on local
instability, high activity is emitted at this time. However, it diminishes as the state in the joint
changes from instability to stability. Though qualitatively, the high AE activities in the present
case can be thus interpreted by the local instability due to the inhomogeneous penetration of
cement milk.
It has been shown that a structure is in a critical state if AE signals with high energy and
amplitude continue to arise even during load (pressure) bold. However, no such behavior was
observed in the present monitoring. Therefore, it is concluded that the grouting was carried out
under a good control.
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DISCUSSION
AE tests have been widely used in the field of metallic and FRP structures and testing has
been standardized by ASTM[7] and ASME(8)[9] codes. Evaluation criteria for classification of
AE sources have been determined and automated grading has been widely applied. Though
configurations and materials of concrete structures are very different from those of metallic and
FRP structures, it should be rational to refer to the experience obtained from the latter and make
use of it for the former.
AE sources are usually classified with respect to their activity. A source's activity is
normally measured by hit, count or energy. A source is considered to be active if its hit, count
or energy continues to increase with increasing or constant stimulus. A source is considered to
be critically active if the rate of change of its activity with respect to the stimulus consistently
increases with increasing stimulation, or if the rate of change with respect to time consistently
increases with time under constant stimulus.

In addition to activity, another characteristic of each detected AE source that should be
considered for source classification is the size of the region of the located source. An intense
AE cluster is usually observed in a small region if the structure is in a critical state. In most
cases, a growing crack is considered to be the more serious defect, which gives an intense AE
cluster.
No such AE activity or cluster described above were found in the present monitoring.
Therefore, it is concluded that the dam was safe during the secondary cooling and the grouting.

CONCLUSIONS
Acoustic emission(AE) was monitored during secondary cooling and grouting of an arch
dam under construction. The following conclusions can be drawn from the results obtained by
parameter analysis and moment tensor analysis of the detected AE signals:

1. It was shown that meaningful AE signals can be detected by low frequency AE sensors
installed at the dam surface. The monitoring was possible for the sensor distance of about

20m.
2. Calibration on the source location accuracy demonstrated that there is a considerable difference
between the original location and the measured one. However, better location accuracy was
expected in the real AE measurement because the factors of inaccuracy were less operative in

this case.
3. Parameter analysis made during the secondary cooling showed that AE activity in terms of AE
hit and count increases almost linearly as a function of time. This result suggests that the
activity is related to mechanical or extraneous noises. Moment tensor analysis found no AE
clusters in the concrete block. Accordingly, it was concluded that the dam was not in a
critical state such as the initiation and growth of cracks during the cooling.
4. During the grouting high AE activities were detected, corresponding to the time when the
water filling started at the neighbor joints, and the blocking and re-blocking started. It is very
likely that these activities are related to the local instability in the joint due to the
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inhomogeneous penetration of cement milk.
5. Neither critical AE activity nor intense AE cluster was found in the present AE monitoring.
Therefore, it is concluded that the dam was safe during the secondary cooling and the grouting.
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ABSTRACT
Hydraulic fracturing tests were performed in a horizontal, 20 m long borehole in the salt mine
Asse. The minimum principal stress and its orientation could be measured using a special hydraulic
fracturing borehole probe. This new-developed probe utilizes acoustic emission (AE) measurements
aimed at monitoring and localizing hydraulic fractures. AE analysis pointed out that at small borehole
depths in the vicinity of the gallery the developing large fracture planes were nearly perpendicular to
the borehole axis. This indicates large deviatoric stresses and a horizontal orientation of the minimum
principal stress. In larger borehole depths the events show sometimes zones of dispersed microcracks
around the borehole. In other cases small transverse fractures are discernible. This may be attributed
to a nearly isotropic state of stress. Stress directions and values of the minimum stress were compared
to the results of finite-element calculations considering thermally induced stresses.
KEYWORDS
Hydraulic fracturing; Salt rock; Microcracks; Stress direction
INTRODUCTION
The hydraulic fracturing method is able to measure the stress in rock directly. During a
hydraulic fracturing experiment the hydraulic pressure in a sealed volume of a borehole is increased
up to fracture initiation in the rock. At the end of the forties the hydraulic fracturing technique was
applied first to raise up the oil or gas output by increasing the permeability of rock. Later on, in the
fifties, a lot of attempts were made to find out the correlation of in-situ stress state and results of
hydraulic fracturing tests. Significant in this field is the work of Hubbert & Willis (1957) {I]. They
were the first to demonstrate the influence of local tectonic stresses on the orientation of hydraulically
induced fractures. They assumed that the fracture propagates in the direction of least resistance, that
means that the pressure to merely keep an induced fracture open is equal to the minimum principal
stress. Kehle's (1964) {2J determinations of tectonic stress through analysis of hydraulic fracturing
agree closely with those calculated using Hubbert's and Willis' model. Kehle concluded that the
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minimum principal stress corresponds to the pumping pressure. Fairhurst (1964) 13) was the first who
suggested to use hydraulic fracturing for stress measurements in rock.
In all applications the orientation of the fractures is of upmost importance for determination
of the in-situ stress state. One possibility for measuring the orientation is the overcoring of injection
well. But this method is limited in borehole diameter and very expensive, in particular for hydraulic
fracturing tests in greater borehole depths.

Figure 1: Test Site of the Hydraulic Fracturing Tests at the SQO-m Level in the Asse Salt Mine.
A lot of papers show that AE is suitable to measure crack orientation and extension utilizing
three-dimensional source location. Lockner and Byerlee 14) located AE events during hydraulic fracturing experiments in small Weber sandstone specimens. Eisenblatter [5J located microcracks during
hydraulic fracturing tests in a salt mine. Manthei et al. [6) applied AE measurements during a hydraulic fracturing test on a large specimen of rock: salt. Ohtsu [7J used the moment tensor analysis
to study crack types and orientations of AE sources detected during in-situ hydraulic fracturing tests
in siliceous sandstone. Manthei et al. 18J demonstrated that macroscopic crack orientation depends
on the orientation of the tectonic stress field in the rock. They showed that the orientation of the
fracture planes as measured by acoustic emission agrees remarkably well with the orientation of the
principal stresses calculated using a finite element methode.

In order to measure the fracture orientation the AE transducers are usually positioned in
separate boreholes around a central borehole (Manthei et al. [8]) where the fracturing tests take
place. The purpose of the new borehole probe presented in this paper is to carry out hydraulic
fracturing tests accompanied by AE measurements utilizing only one borehole.
In the present paper hydraulic fracturing tests are described which were performed in a
horizontal borehole in the heated area of a large-scale heater test field, the so-called TSDE test field
(Thermal Simulation of Drift Emplacement), at the 800-m level of the Asse salt mine in Northern
Germany.
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Figure 2: Hydraulic Fracturing Probe Schematically.

EXPERIMENTAL PROCEDURE
The site of the hydraulic fracturing tests is located. in the StaBfurt rock salt (Na2p) in the
center of the Asse salt structure. From the wall of the northern access drift of 3.5 m height and 4.5 m
width on the SOG-m level a horizontal borehole of 20 m length (diameter 101 mm) had been made
(borehole Bo5 in Figure 1). In this region two parallel test drifts were excavated. several years ago.
The pillar between the drifts is 10 m wide. In each drift three electrical heater casks were deposited
simulating high active waste deposition. Heating started on September 25. 1990.
Figure 2 shows the borehole probe schematically. The probe consists of two parts - the
hydraulic pressurization unit in the middle and two AE sensor arrays. The overall length of the
borehole probe is about 4 m. Each sensor array includes four AE transducers in a cross section
perpendicular to the borehole axis. The distance between the AE arrays is 3.1 m. Transducer array,
preamplifiers, inclinometer and coupling mechanics are placed in a steel tube which is screwed to the
pressurization unit. The transducers (with PZT elements of a resonance frequency of about 190 kHz)
were pressed pneumatically against the borehole wall by means of a coupling element, i.e. a brass
cylinder segment adapted to the borehole diameter. In order to improve acoustic coupling, a viscous
grease was applied to the coupling element.
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Figure 3: Pressure Curve for Hydraulic Fracturing and Refracturing Tests Measured in the Injection
Interval (Crosses Indicate Located Events).
The preamplified signals were fed to the measuring device installed in an air-conditioned
container. The signals were supplied to an 8-channel transient recorder (Type TRC 4050, Krenz
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Electronics), which was controlled by a portable personal computer. The transient recorder (sampling
rate 2 MHz, resolution 8 bit, storage capacity 4 kByte per channel) was read each time one signal
passed. the trigger threshold. In order to prove transducer sensitivity and location accuracy, before
starting the test series test signals were generated by heating up a small zone at the wall of the gallery
which leads to spontaneous micr~cracking, or by applying an impact hammer.
Ten fracturing tests and two long-term fracturing tests were performed in borehole depths
from 1.95 m up to 18 m in 1.7 m steps. Before each hydraulic fracturing test the tightness of the
packers used to seal up the injection interval was checked by applying a constant hydraulic pressure
of 8 MFa for half an hour. A high pressurization rate of about 6 up to 32 MPa/min was applied for
fracturing the salt rock. After each hydraulic fracturing test two refracturing tests were performed.
During each test an oil volume up to 500 cm3 was injected for generating and enlarging the fracture.
The hydraulic fracturing and refracturing tests lasted for 60 and 30 minutes, respectively.
Figure 3 shows a typical pressure curve measured. in the injection interval during a tightness
test followed by a hydraulic fracturing and two refracturing tests. It can be seen, that the pressure
increases to maximum values of about 17, 23, and 20 MPa for the fracturing, first and second refracturing test, respectively, and decreases rapidly after fracture initiation. A nearly constant pressure level
(shut-in pressure) is reached when rock stress and injection pressure are balanced. The AE activity
starts immediately after crack initiation and ends after stopping the test.
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Figure 4: Shut-in Pressure Versus Borehole Depth.
RESULTS
Figure 4 shows the measured shut-in pressure after 30 min and 60 min of the hydraulic
fracturing test, at the end of the first and second refracturing test, respectively, versus borehole depth.
This pressure increases up to 6 m borehole depth to a nearly constant value between 16 and 17 MPa.
Applying a long term approximation to the measured shut-in pressure the value of the minimum
principal stress was about 15 MPa. This value includes the thermally induced stress components.
During all hydraulic fracturing tests, 18.500 AE events were recorded. The evaluation of
signals stored in digital form was made in the laboratory. For locating the events the onsets of
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the compressional (P) and/or shear waves (S) were picked manually on the screen of the computer.
Recently, the evaluation of the algorithm for picking the onsets automatically was finished and was
applied to AE sources which were recorded during the fracturing test in 1.95 m borehole depth. A
special localization algorithm has been developed in order to estimate the distance, inclination (to the
borehole axis) and the azimuth of the AE source.
The test measurements showed that the accuracy of distance and azimuth estimations was
about 0.15 m and ±10 degree, respectively.
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Figure 5: Event originated from the hydraulic fracturing test at 18 m borehole depth.

Figure 6: All Located AE Events in Projection to the Three Coordinate Planes.
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Figure 5 shows an AE event recorded by eight channels during the hydraulic fracturing test
at a borehole depth of 18 m. The picked and calculated onsets of the P and S waves are marked
with "Tr" (below the signal trace) and "P" or liS" (above), respectively. In general there was a good
agreement between the indicated and the calculated signal onsets.
Figure 6 gives an overview of the positions of the located events during all hydraulic fracturing
tests in projection to the three coordinate planes (x-y-plane: top view; x-z-plane and y-z-plane: lateral
views). It can be seen that large fractures occurred in the vicinity of the gallery in a zone where the
stress is influenced by the gallery. These fractures were nearly perpendicular to the borehole axis.
On the contrary, in larger borehole depths sometimes the events are distributed in clouds,
sometimes small transverse fractures are discernible. In comparison to hydraulic fracturing tests in
the vicinity of the gallery, much less events could be located in spite of the fact that the sarne oil
volume was injected.
In the following the results of three hydraulic fracturing tests will be described in more detail.
During fracturing test at a borehole depth of 1.95 m, 2552 events were recorded. 1560 of these were
located. In Figure 7 the location of the transducer array and the injection interval is indicated by
means of circles and a rectangle, respectively. The fracture initiated at one end of the fluid injection
interval and propagates in radial direction. After the second refracturing test a maximal extension of
about 3.4 m was reached.
.~-2:.:..:.5~_=--......;;:-XT-)~---,2::.:•.:.!5.:;_

2.5 •

<-2-

-2.5 _

...II'!

•

1ft

~~_ _--L.

--'

Figure 7: Located AE Events in Projection to the Three Coordinate Planes and in a Perspective View
for Hydraulic Fracturing Test at 1.95 m Borehole Depth.
Figure 8 shows the fracture propagation in a rotated coordinate system where the fracture
plane lies in x'-z'-plane. After the first hydraulic fracturing test (left figure) the located events mark a
half circle extending from the borehole position in negative x'-direction and positive z'-direction. The
diameter is about 2.5 m. During the first and second refracturing tests (figures in the middle and at
right) the crack was enlarged mainly to negative x'-and positive z'-direction by about 39 and 42 em,
respectively. At the end of the test the fracture appears to be nearly circular. Most events are located
at the crack tip reached during the related fracture phase. This is due to the fact that during fast
crack propagation at the beginning of each fracture phase AE events are emitted so frequently that
they overlap each other and therefore cannot be located. Figure 9 shows the projection to the y'-z'plane together with the measured gallery profile. It may be recognized that the fracture is parallel to
the wall contour.
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Figure 8: Located Events in Projections to the Rotated Coordinate Planes and in a Perpective View
for the Hydraulic Fracturing Test (Left Figure) and two Refracturing Tests (Figures in the Middle
and at Right).
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Figure 9: Events in Horizontal Projection Parallel to the Gallery Axis.
During fracturing test at a borehole depth of 6.1 m only 170 events could be located. Figure
10 shows that the events are distributed around the injection interval. The extension of the zone is
about 2.2 m along the y-axis. It can be seen that the events occur in clouds. That means that no
macroscopic cracks, but merely zones of small dispersed cracks occurred.
On the contrary, Figure 11 (fracturing test in 16 m borehole depth) shows an example where
the located events (214) mark two macroscopic fractures which initiated at both packer ends and
propagated perpendicularly to the borehole axis. Leaving some scattered events out of consideration,
the distribution clearly indicates that the AE events occurred at the tip of growing circular cracks of
1 m maximal diameter.
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Figure 10: Located AE Events in Projection to the Three Coordinate Planes and in a Perspective
View for the Hydraulic Fracturing Test in 6.1 m Borehole Depth.
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Figure 11: Located AE Events in Projection to the Three Coordinate Planes and in a Perspective
View for the Hydraulic Fracturing Test in 16 m Borehole Depth.
As mentioned before, meanwhile because of the high number of events an automatic location
algorithm was developed and applied to AE events recorded during the fracturing test in 1.95 m
borehole depth. In comparison, Figure 12 shows the located events of manually picked (left figures)
and automatically picked (right figures) onsets in two projections to the rotated coordinate planes.
The extension and orientation of the automatic located fracture are similar but in the x'-z'-plane
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(right figure) better clustering of events can be seen. The slight difference is an effect of picking of
the P-wave onsets. AB mentioned, the P-wave onsets were manually identified. by moving a cursor on
the screen to the beginning of the signal, whereas the automatic picked P waves were identified at
equivalent phases of all signals (in this case the first maximum) .
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Figure 12: Comparison Between Located Events of Manually Picked (Left Figures) and Automatically
Picked (Right Figures) Onsets in two Projections to the Rotated Coordinates Planes.

DISCUSSION OF RESULTS
The presented results show that the new-developed borehole probe is capable to measure
borehole pressure, crack orientation and crack extension. With this borehole probe hydraulic fracturing
tests including measurement of crack propagation could be carried out using only one borehole.
The pressure measurements (cf. Figure 4) indicated that the stress relief zone extends up to
6 m from the surface of the gallery. During hydraulic fracturing tests in this zone, acoustic emission
analysis pointed out that clearly discernible fracture planes lay in nearly transverse direction to the
borehole axis. These fractures were much larger and emitted much more locatable AE events than
fractures in larger borehole depths. This observation can be explained by larger deviatoric stresses
close to the contour of the gallery. At larger borehole depths in some cases the events were distributed
in clouds around the injection interval. This fact may be explained by the assumption that the stresses
are approaching isotropic state of stress.
The value of the measured minimum stress was about 15 MPa in borehole depths from 6 m
up to 18 m. The minimum principal stress was orientated horizontally. To compare the experimental
data with theoretical results finite-element calculations were carried out using the ANSALT/ ANTEMP
code. To calculate the actual thermally induced stress state at the TSDE test site a two-dimensional
model of both test drifts and the heater casks was used. The calculations included the entire history
of the TSDE test, i.e. excavation of the drifts in 1989, starting in 1990, and heating of the host rock
up to now. With reference to results of stress measurements in the non-heated rock the initial stress
was assumed to be 12 MPa.
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The model calculations yielded the following results: In the rock area corresponding to the
location of the borehole used for the hydraulic fracturing tests the maximum thermally induced rock
stress is oriented vertically and the minimum stress is oriented horizontally, perpendicularly by the
axis of the test drifts. The amount of the minimum stress is approximately 16 MPa. Thus, calculated
minimum stress and stress directions are in good agreement with the results of the hydraulic fracturing
tests and the acoustic emission measurements.
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ABSTRACT
It is well known that an AE is premonitorily phenomenon observed prior to eventual
failure on fracture process of materials. It is also known that final failure zone is not formed
immediately, but it is produced as results in coalescence ofthe local fractures along fracture
zone. It is very important to detect AE signals associated with fracture patterns called
"progressive failure". For this purpose, AE sensors should be properly placed in locations where
either AE would be initially generated or AE would be active. In the present paper, model slopes
of aluminum blocks are :fractured by tilting box tests. Various behaviors of slope failure are
studied by changing the array ofthe blocks. Model slopes ofwet sand are also examined in the
tests. Changing angles ofthe slopes, various types offracture are observed. Numbers of AE
sensors are set along the :fracture zone. The :fracture patterns ofeach slope failure are discussed
by using sequence ofAE occurrence comparing with slope displacements. It leads to the
conclusions that the progressive failure due to local fracture could be evaluated by the sequence
of AE activity. The local failure grows upward from the underneath the slope without the
dependence on the fracture patterns such as sliding and toppling. It is clarified that the early
warning ofthe slope failure is possible to set the AE sensors in the underneath the slope.
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INTRODUCTION

Recently in Japan, we have experienced tremendous disasters due to bedrock failure such
as Toyohama tunnel accident, the second Shiraito tunnel accident, and so forth. Establishment of
methods for predicting the bedrock failure becomes in urgent demand. Acoustic emission CAE)
bas been the promising technique to accomplish this task. In the case that the AE is applied to
prediction of the slope failure, a variety of studies on: sensor setups, evaluation offailure states,
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and forecasting time of final failmes should be perfonned in advance of the AE applications. For
the evaluation ofthe failure states, it has been reported that the improved b-value of AE
amplitude distribution provides useful infonnation closely related to the fracture states [1]. For
the forecasting time of final failure, accurate estimation could be obtained by applying such
exponential-function approximation as the rate process theory [2] to AE activity [3]. In the
present paper, model slopes of aluminum blocks and wet sand are fractured by tilting box tests.
In the model slopes ofaluminum blocks, various behaviors of slope failme due to sliding and
toppling are examined by changing contact areas with other blocks. In the sand models, slope
angles are changed as to generate the various patterns offracture. AE monitoring is performed by
placing AE sensors in the vicinity of predicted fracture zones. The fracture patterns of slope
failure are discussed by using sequence of AE occurrence comparing with displacements.

EXPERIMENT
Experimental Procedure QD MQdel Slope Qf Aluminum BIQcks

Model slopes of 800mm length, 500mm height, and 500mm width were made of
alwninum blocks. An aluminum block is 20mm long, 20mm high, and 100mm wide. Two
conditions of dry and wet is approximately 1% by weight were set The wet condition was
adopted, taking cohesion into account. Moisture was given by immersing blocks in water prior to
making the slopes. Angles ofthe slope were made by changing contact areas with other blocks.
Figure 1 shows methods ofpiling blocks in the slope of45°,50°,65°, and 80°. In the
experiments, one side of an experimental box was lifted up with 0.5° Per minute until the final
failure.

Aluminum blocks

/1

Figure 1. Methods of piling Blocks in Each Slope of 45°, 50°, 65°, and 80°.
The whole behavior ofthe slope was observed by video camera. Displacements of the
upper portion and the lower in the slope were measured by laser displacement sensors (LBP-040,
KEYENCE), as shown in Figure 2. AE monitoring was perfonned by LOCAN-AT (PAC). Five
AE sensors of 60 kHz resonance were set on the side of the slope. To clarify the directions of
progressing local failure, two types of sensor setup were adopted as shown in Figure 2.
Arrangement of sensors in horizontal direction is given in Figure 2(a), and that in vertical is in
Figure 2(b). Detected AE signals were amplified by 40 dB in preamplifiers. The signals further
amplified by 40 dB in main amplifiers. The signals over 35 dB were recorded on a hard disk.
Because any AE event could not be detected simultaneously at more than two sensors, AE source
location was achieved by a zone location method. The zone location was carried out by using
Qnly AE arrival sequence. The zones assigned from #1 to #5, corresponding to the number of AE
sensors.
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Figure 2. Configuration ofAE Sensor Setup in Horizontal and Vertical Directions.
Experimental Procedure QD MQdel SIQpe of Wet Sand
River sand Qf 2.3% water content
Direction of lifting

was laid in an experimental box by

cQmpacting with a steel-block rammer in
800mm
every Scm height up to 40cm as shQwn in
Figure 3. Three types of slQpe angles of
40°,60°, and 70° were subjected to the
tests. A steel plate Qf 2mm thick was
inserted intQ the layers with hQlding
o
required angles, then the slQpe was made
o
by removing the soil mass on the plate.
To simulate the fracture process inside
the slope as that estimated from
displacements, plastic plates were placed
LD.S.:Laser DIsplacement sensor
on the elevation sides ofthe slopes prior
Potentio meter
to filling sand. After the construction of
Figure 3. An apparatus QfTiiting Box Test.
the slope, the plastic plates were pulled
out as to induce two-dimensiQnal
fracture. Doe side of an experimental box was lifted up with 1.0° per minute as shown in Figure
3 until the final failure.
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Measuring cQnditions except AE measurement were the same as that Qf alwninum blocks.
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Figure 4. AE Sensor Setups in Each SIQpe.
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(c) SIQpe Qf 70°

Unitmm

Five AE sensors were properly placed as shown in Figure 4, areas where the sensors were
embedded were predicted to be not influenced by the slope motion. The AE monitoring
conditions were identical to that of aluminum blocks.

RESULTS AND DISCUSSIONS IN SLOPE MODELS OF ALUMINUM BWCKS

fmcture Mechanisms by Video Pictures
Because fracture patterns ofthe slopes of 45 0,50 0, and 65 0 were the same, the cases of
500 and 800 are discussed. Photos l(a) and 1(b) show behaviors of the slopes approaching final
failure. Photo l(a) is the case of SOD, and Photo 1(b) is of 80° under dry condition, where the
number of photos denotes the sequence up to the final. Time interval ofeach photo is 1/30
second. For the slope of 500, it is found that a circular slip is clearly observed for the first, then
the fracture gradually progresses from the top to the toe. For the slope of 800 , in contrast, a pillarlike front initially falls forward in respect to the toe as a center of rotation. Afterwards, the
subsequent rows fall down successively. Accordingly, it is confirmed that the sliding pattern of
the fracture appears for the slope of 50°, while the toppling of the fracture reveals for the slope of
80 0 •

(a) Slope of50°
(b) Slope of 80°
Photo I. Behaviors of Slopes approaching Final Failure under Dry Condition.

(a) Slope of 50°
(b) Slope of 80°
Photo 2. Behaviors of Slopes approaching Final Failure under Wet Condition.
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Photos 2(a) and 2(b) show results under wet condition. As similar to that of dIy
condition, the fracture patterns show the sliding for 50° and the toppling for 80°. Under the dry
condition, the behavior ofeach block under the progressing fracture was roughly dependent each
other. Because the blocks under the wet condition coalesce into a mass due to cohesion, the slope
moves as one cluster.
Friction Angle of Aluminum Blocks
Table 1 summarizes results offliction angles obtained by shear tests and the tilting box
tests. For the slope of 50°, the angles offracture by the tilting box test are identical to the friction
angle obtained by the shear test. This implies that the sliding is a main factor for inducing the
fracture. It reflects the results by the video in Photos 1 and 2. For slope of 80°. in contrast, the
angle ofslope could be perpendicular to horizontal by applying 10° increment. The toppling
pattern offracture is estimated, and this is also good agreement with the results of the video.
Table 1. Results ofFriction Angle obtained by Shear Tests and Tilting Box Tests.
Dry condition
Angle of slope e)
Angle at fracture in
tilting box tests (0)
Friction angle (0)

Wet condition

50.0

80.0

50.0

80.0

23.5

11.0

24.5

18.0
24.3

22.4

Progressive Failure from Slape Front to Back

Figure 5 show results of AE zone location under dIy condition. The size of each circle is
associated with the magnitude of AE peak amplitude as shown in the lower right box. The
vertical axis shows the tilting level (%), as setting the :final tilting angle to 100%. The horizontal
shows AE occurrence zone. For the slope of 50°, AE is initially generated in the slope front at
zone # 1 right after onset ofthe tilting. With the increase oftilting, the zone of AE occurrence is
moving toward inside ofthe slope in sequence. For the slope of 80°, the beginning ofAE
occurrence is observed after 50%. although the sequential pattern of AE generation toward inside
is the same as that of 50°.
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Figure 6. AE Zone Location under Wet Condition.
Figure 6 is results under wet condition. For both Figures 6(a) and 6(b), AE is initially
generated in the front ofthe slope. When the tilting level exceeded 80%, AE starts to be observed
at all zones. Due to the existence ofcohesion with the water, the slope would be deformed as one
mass formed by the aluminum blocks with the tilting. This aspect also conforms to the results of
the video. From these results, it is found that local failure progresses from the front to the back of
the slope.
Progressive Failure from Slape Toe to Top
Figure 7 shows results of AE zone location under dry condition. Magnitude of each circle
reflects that ofAE peak amplittlde. Solid lines show results ofdisplacement measured by the
upper l~er displacement sensor, and broken lines show that by the lower one. In the case ofthe
slope of 50° where the sliding fracture could be revealed, immediately after the beginning ofthe
tilting, AE emanates from the lowest zone #1. Afterwards, AE activity shifts to zone #2. With
further tilting of70%, AE having large peak amplitude begins to be observed. Then, over 80%,
AE locations move upward sequentially. Final failure occurred when AE was generated at the
uppermost zone #5. From these results, it is found where the sliding fracture becomes
predominant, local fractures are progressed from the underneath ofthe slope to the upper.
Finally, the final fracture is produced as the results ofthe coalescence of the local fractures. For
the slope of 80° as shown in Figure 7(b), where the toppling fracture would become prevalent,
AE at the lowest zone # 1 is continuously generated after tilting level of 80%. This active tilting
level was not identical to the behavior of the lower displacement, but are in good agreement with
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Figure 7. AE Zone Location under Dry Condition.
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that of the upper displacement. Accordingly, by applying the slight tilt, the zone of AE
occurrence moves from zone #1 to zone #2. AE events at zones 3,4, and 5 reveal immediately
prior to the final fracture. Although the slope of 800 behaves toppling as brittle nature, the same
pattern of the AE activity as the sliding is observed. Therefore, to obtain the early precursors of
the impending fracture, AE should be monitored at the underneath the slopes.
Figure 8 shows results of zone location under wet condition. For the both Figures 8(a)
and 8(b), successive AE events are generated in earlier tilting levels. Because of the wet
condition, each aluminum block would be deformed continuously. As a result, even in the case of
the toppling, emergence of AE at earlier level and upward progress of AE events are observed as
the same as that ofthe sliding.
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AE Peak Amplitude

Figure 9 exhibits results of AE peak amplitude under wet condition. The AE peak
amplitudes with tilting level are plotted along with the upper displacement. For the slope of 50°,
AE events ofamplitude more than 50dB are observed when the tilting level exceeds 70%. For the
slope of 80°, however, the tilting levels generating AE more than 50dB is after 90%. From these
magnitudes of the AE peak amplitudes, it could be estimated easily whether there were fracture
patterns of the sliding or the toppling.
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RESULTS AND DISCUSSIONS IN SNPv SLOPE MODELS

Figure 10 shows results of AE zone locations and displacements with the tilting level.
The number of ringdown-counts is classified into several circles as shown in the Figure. Tilting
angles at fracture were 27.7° for the slope of 40°, 23.1 ° for the slope of 60°, and 18° for the slope
of 80°. For the slope of 40°in Figure 10(a), the upper displacement initially increases at 5% of the
tilting level. Over 80%, it grows accelerately. Appearance of the lower displacement is after
40%, and when it exceeds 80%, the increasing rate becomes larger than that ofthe upper
displacement. Small magnitudes of AE are observed at the lowest and uppennost zone #1 and #5
from the beginning. After 50%, AE events are continuously found at the lowest zone #1. AE at
zone #2 begins to be generated when it is after 75%, then after 85%, it occurs successively along
with onset ofthe AE occurrence at zone #3. AE events at zone #3 are observed continuously
from 95%. Finally, it is right before the final fracture that AE at zone #4 starts to be appeared.
Observed AE at zone #5 from 88% is thought to be an AE due to tensile stress, because the upper
displacement is larger than that oflower. From these results, it is apparent when local fracture
progresses from the undemeath and reaches the upper region ofthe slope, the final failure is
induced. For the slope of 60° in Figure 10(b), the upper displacement begins to increase from
lOOt'o. The lower displacement is initially observed from 30% along with AE at zone #1. It is after
95% that the displacements start to rise exponentially. This tendency of the displacements is
obviously different from that of the 40° slope. AE activity is similar to the slope of 40°.
Sequence of AE occurrence is 1,2, and 3 in series. When AE is revealed at zone #4, the final
failure is generated. For the slope of 70° in Figure 1D(c), the upper displacement is observed
from 10%, although the lower displacement slightly moves to negative side. Later, the lower
displacement starts to rise from 60%. It is noted that this tilting level of 60% is well identical to
the onset ofAE at zone #1. The movement of AE sources is ofthe same trend as the results of
the slopes 40° and 60°. Because the upper displacement is always longer than the lower
displacement, it is estimated that the sand mass is rotated around the toe of the slope. Comparing
the AE activity and the displacements, the upper displacement of the slope is more active than
lower, while the AE activity at the lower ofthe slope is more dominant than the upper. This fact
agrees well with the results of the aluminum blocks.
CONCWSIONS

Model slopes of aluminum blocks were fractured by tilting box tests. Various behaviors
ofslope failure were studied by changing contact areas with other blocks. Model slopes of wet
sand were also examined in the tests. AE monitoring was performed along the fracture zones.
The fracture patterns ofthe slope failure were discussed from the AE occurrence comparing with
slope displacements. The results lead to the following conclusions:
(1) From the video pictures of the aluminum slope, the sliding pattern of the fracture

revealed for the slope of 50°, and the toppling of the fracture was observed for the
slope of 80°.
(2) From the examination on friction angles of aluminum blocks, both patterns of the
toppling and sliding were easily classified, and this classification was also in good
agreement with the results ofthe video.
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(3) Local failure was progressed from the front to the back of the slope in horizontal
direction ofthe slopes.
(4) Although the slope of 80° under the dry condition behaved toppling as brittle nature,
the same pattern of the AE activity was observed in this slope as the sliding.
Therefore, to obtain the early precursors ofthe impending fracture, AE should be
monitored at the underneath the slopes.
(5) In the slopes under the wet condition, even in the case ofthe toppling, emergence of
AE at earlier level and upward progress of AE were also observed as the same as
that ofthe sliding.
(6) From the magnitude of AE peak amplitudes, it could be estimated easily whether
there were the sliding fracture or the toppling in the slopes.
(7) In the slopes of wet sand, patterns ofprogressive failure evaluated by AE occurrence
were the same as the results ofthe aluminum blocks. The patterns ofprogressive
failure in the sand slope, were not dependent on the fracture types of the sliding and
the toppling.
(8) In the sand slopes, it was found by comparing the AE activity and the displacements
that the upper displacement ofthe slope was more active than lower, while the AE
activity at the lower ofthe slope was more dominant than the upper. This fact agreed
well with the results ofthe aluminum blocks.
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FRACTAL DESCRIPTION OF ACOUSTIC EMISSION PRODUCED IN SYSTEMS:
COAL-GAS AND COAL-WATER
ZOFIA MAJEWSKA. ZOFIA M. MORTIMER
Institute of Geophysics
University ofMining and Metallurgy
30-059 Cracow. POLAND
ABSTRACT
The goal ofour current research was to differentiate between physical processes occurring
in systems: coal-gas and coal-water by investigating the nature ofacoustic emission (AE) generated.
AE from coal specimens subjected to sorption of carbon dioxide or flow ofwater in a series
of laboratory experiments has been examined in time and frequency domains. Fractal analysis has
been applied to characterise AE from the experiments. The study was undertaken in hope
ofanswering the following questions:
- Does the AE from these experiments have a fractal character?
- Can the variation of fractal dimension associated with time distribution ofAE energy
reflect the.different origin ofthe AE studied?
The correlation integral method has been used to estimate self-similarity ofthe AE energy
rate. As the estimate ofthe fractal dimension of natural fractal sets strongly depends on the size
sample, the AE data have been divided into samples ofhundred events each, for which
the correlation exponent dimension <02) was calculated.
Fractality ofthe AE energy rate distribution has been confirmed for all specimens tested.
Temporal variations ofthe fractal correlation dimension ~ reflect adsorption-absorption
phenomena in coal. It was also found that ~ is influenced by petrographic composition and pore
size distribution differences for the coals tested.
KEYWORDS
Acoustic emission, Sorption, Coal, Fractal, Correlation dimension.
INTODUCTION
Fractal statistics relates to phenomena governed by chaotic dynamics. There have been
numerous publications and books concerned with this branch in geophysics e.g. in the description
ofnatural and induced seismicity. Most ofthese publications deal with the fractal dimension
variations as indicators of seismic hazard. Fractal statistics have also been successfully applied
to AE generated in rock samples under stress. Lei et al., [1] used the fractal dimension ofAE foci
as a measure ofthe degree of heterogeneity ofthe rock specimen responsible for the heterogeneity
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ofthe stress field. Main et al., [2] used the fractal dimension to monitor the development of damage
during subcritical crack growth. Hirata et al. [3] showed that the fractal dimension of AE source
distribution in a rock specimen undergoing the creep test, changed due to the development
of inelastic deformation. Smimov et al., [4] have investigated the AE pattern for granite specimens
under triaxial compression. The results suggest that following occur together: the fractal correlation
dimension ofAE source locations, Hurst index and b-value ofthe AE amplitude distribution.
Itakura et al. [5] applied fractal analysis to the AE produced during hydraulic fracturing ofrock
specimens. They found that both the time series of AE and the distribution ofAE source location,
(taking a relative AE energy into acco\D1t), indicated fractal properties.
The aim ofthis paper was to examine the variations of fractal dimension ofAE induced
in coal by gas and/or water sorption and to demonstrate how the fractal dimension is reflected
in specific adsorbate - adsorbant interactions.
The current opinion is, that coal should be regarded as a porous copolymer in which sorption
phenomena consist of surface adsorption, capillary condensation, volumetric adsorption and absorption [e.g. 6,7,8]. The presence ofadsorbed molecules of gas or water in coal micropores is associated with an osmotic pressure leading to the expansion ofthe micropores. During absorption, the
sorbate molecules penetrating into the macromolecular fraction ofcoal bring about an expansion
of its structural elements. Expansion causes coal fracturing, manifested as acoustic emission.
Taking into account that both, fracturing and sorption phenomena exhibit some typical
fractal structures, we propose a fractal correlation dimension ofAE energy rate distribution
as a descriptor ofinteractions between the coal matrix and molecules ofthe adsorbate.
The value offractal dimension relates the selfsimilarity ofthe set under examination.
Significant changes in the estimate of this quantity ought to be regarded as associated with changes
in the physical processes which generate the AE signals.
For all coal specimens examined fractality ofthe energy rate distribution was confirmed over
the whole test period. The fractal correlation dimension varied with coal type and the processes
.
taking place.

EXPERIMENTAL
Test Material
The investigations were conducted using hard coal obtained from two Polish coal basins:
Lower Silesia Basin (gassy seams) and Upper Silesia Basin.
Gas sorption tests were carried out on cylindrical specimens (dia 22 mm and length 44 mm)
and granular specimens (particle size 0.0016 - 0.002 m) prepared from coal lumps taken from gassy
seams. The wide particle size range results from the differentiation ofphysico-mechanica1
properties of a particular maceral group. Two types of coal, classified as prone and not prone to gas
and coal outbursts were tested.

Coal from Upper Silesia Basin (seam 510) was used for the study the coal - water system.
The specimens were of the same size and shapes as for gas tests. The coal tested exhibited
petrographic variability.
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Testing Facilities and Procedure
The apparatus employed to monitor AE from coal specimens during sorption of gas
comprised a test cell and associated pressmisation and monitoring systems (Fig. I).
CO2, CH.t

!
manometer

manometer
pressure
valve
coal

specimen

gas
cyHnder
smbWzing

gas c:yUnder

Figure 1. Block Diagram ofExperimental Arrangement Used for Monitoring AE from Coal During
Gas Sorption.
AE was detected by a broad-band piezoelectric transducer (pAC S9223) attached to the side
ofthe upper cap of the test cell. When were granular specimens tested, a stainless steel wave guide
placed coaxialy in the test cell and coming out through a hole in the cell bottom was used
and the AE sensor was fixed to the external end ofthe wave guide. Silicone grease was used
as a couplant. The transducer output signal was fed to a low-noise, high gain preamplifier
and subjected to further amplification of40 dB. The AE data were collected and processed using
a microcomputer based Acoustic Emission Analyser. The AE monitoring system desaibed was
operated in the 100 Hz - 100 kHz range with filter settings 1 kHz - 100 kHz.
Figure 2 shows typical experimental setup used in monitoring the AE from coal specimens
during the flow of water.
Each test specimen was enclosed in a 23 mm dia brass tube and epoxy resin was used
as a binder. The AE sensor used to capture AE signals was externally mounted at a level equell
to half ofthe height ofthe tube. The other elements of AE monitoring system were identically the
same as before.
Specific procedures employed in these studies varied with the objectives of the particular
experiment and details are given in Refs [9] and [10], respectively.
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specimen
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tube - -

AE
analyser

now rate
measuraneot

Figure 2. Experimental Setup for Acoustic Emission and Permeability Measurements.
The basic calculation procedure
The estimate ofthe fractal correlation dimension was chosen as the parameter investigated.
Obtaining this parameter requires a smaller number ofevents in comparison with other technique
offractal dimension estimations (e.g. the box-coWlting or the mass-radius methods) and its estimate
is less influenced by subjective decisions [11).
.
The correlation dimension estimate is obtained by the correlation integral method
as the slope ofthe straight line relating N(r) and r on a log-log scale [12, 13). N(r) is the number
ofpairs ofpoints with mutual distances in appropriate n-dimensional space smaller than a certain
value of r. If the relation:
(1)

is fulfilled over some range of r, the set is fractal in this range. The slope oflog N(r) vs. log r plots
gives ~. the estimate ofthe fractal correlation dimension exponent. This notation is used in the
present paper. The mutual distances between pairs of events are calculated in the energy domain,
so r denotes the range ofvariability ofAE energy rate.
The time series ofAE energy rate have been analysed by calculating values ofestimatesD 2
for overlapping (by 50 events) sequences of 100 event windows and examining the pattern
ofthe variation.
Results ofthe fractal analysis of AE energy rate distribution recorded in coal specimen
during carbon dioxide sorption are shown in Figure 3 a and b: in a) data for the initiale sorption
phase are used (100 registrations) while in b) data for the whole period oftest have been employed
(1084 registrations).
The self-similarity ofthe plots demonstrates that the distribution ofAE energy rate obtained
for coal subjected to gas sorption exhibits fractal properties. Values ofthe estimate ofthe correlation exponent dimension are D2 = 0.61 and D2TOTAL, respectively.
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Figure 3. Results of the Fractal Analysis of AE Energy Rate Distribution Recorded in Coal
Specimen During CO2 Sorption: a) Data for the Initiate Sorption Phase are Used
(100 Registrations); b) Data for the Whole Period ofTest Have Been Employed
(1084 Registrations).
RESULTS AND DISCUSSION
1. AE Induced in Coal by Gas Sorption

AE ofthe coal specimens subjected to sorption ofC~ is characterised by time distribution
of following parameters:
- AE energy rate,
- fractal correlation dimension estimate 0:2.
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Figure 4. Changes ofAE Energy Rate and D:z Dwing C~ Sorption for Two Coal Types:
Prone (NR) and Not Prone (B) to Outbursts.
Eighteen plots have been presented in four groups, in order to show the influence of the coal
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type, particle size and progressive carbon dioxide sorption on the distribution ofmeasured
parameters (Fig. 4 - 7).
Figure 4 shows significant differences both in energy rate and ~ plots for the two coal
types: prone (specimen NR) and not prone (specimen B) to gas and coal outbursts. The AE energy
rate of specimen B shows a gradual increase whilst AE energy rate of specimen NR. changes
non-linearly. The Dz of specimen B shows a marked initial increase which appears to be flatten
out with time at a level about unity, indicating effectively random distribution. In contrast,
the changes in D2 for specimen NR. with time are more complex and irregular, but fluctuations
in its value are limited to decimals. Such limitation is characteristic for clustering ofthe parameter
studied.
The observed differences in AE energy rate and Dz development during the test is interpreted
as due to the complex character of coal porosity and significant differences in petrographic
composition ofthe coal tested.
In the coal matrix pores range in sizes from macropores through meso-, micro- to submicropores. The two types ofcoal tested differ significantly with respect to the ratio of microand mesopores to the volume ofmacropores. This ratio for coal NR is 5.5 whilst for coal B
it is as little as 0.75 [14]. The low value ofthe ratio indicates an open capillary system and C~
can diffuse rapidly through the coal matrix. The carbon-oxygen bond in carbon dioxide is polarised
and the molecule has a large quadropole moment. Therefore, specific chemical interactions between
CCh molecules and oxygen - containing functional groups in coal can have a bearing on the sorption
process. This influence may vary significantly with the petrographic composition ofthe coal
tested [15]. Specime~ NR shows significant enrichment in macerals ofthe inertinite and exinite
groups. The B specimen shows a distinct increase in vitrinite content. The above explanation is in
a good agreement with results of investigations ofcoal-sorbate system [e.g. 8, 14, 15, 16, 18, 19].
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Figure 5. AE Energy Rate and ~ from Twin Coal Specimens Subjected to COz Sorption.
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There are striking similarities between distributions of measured parameters for twin coal
specimens B) and B2 (Fig. 5). The ~ plots show an excellent reproducibility with rapid increase
at the beginning, followed by almost flattening out near unity. Values of ~TOTAL for these two
specimens amounted to 0.59 (BI) and 0.66 (B2). This indicates that the nature of AE signals
is associated with fundamental processes occurring within the system.
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Figure 6. AE Energy Rate and Ih from Solid (WT) and Granular (WG) Coal Specimens
Undergoing C<h Sorption.
Figure 6 shows far fewer and less intense AE for a solid coal specimen (WT) than for
the granular specimen (WG). For both specimens, plots ofDz indicate two basic areas: at first,
initial rise up to a certain stage ofthe sorption process and then a sharp drop. The changes ofIh
for the solid coal specimen are more irregular and smaller than for the granular specimen. For the
latter, the gradual increase in Dz from about 0.2 to almost 0.75 is followed by a significant decrease,
down to 0.4.
The more complex pattern ofIh estimate variations for the solid specimen can be explained
as a resultant effect of low emission and more heterogeneous stress field which produces clusters
of fractures with lower fractal dimension [1]. Such"behaviour was expected as coal fractions
ofdifferent particle size distributions have different properties (e.g. [17]).
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Figme 7. AE Energy Rate and ~ Changes in Coal Specimen During Consecutive Cycles of C~
Sorption.
A declining AE energy rate and DzTOTAL are observed for consecutive gas sorption cycles
(Fig. 7). The DnoTAL values change from 0.86 for the first cycle ofC~sorption, through
0.28 in the second cycle down to as low as 0.04 for the last cycle.
A sharp rise in ~ is observed at the outset of the first cycle of C<h sorption (for about
30 minutes) up to nearly unity. Only slight variations occur later. This indicates switch from selfsimilar to almost random distribution ofAE energy rate with apparent advancement ofclustering
during successive stages ofthe sorption process. In the second cycle, the low initial level ofthe Dz
curve, with a lower gradient, implies progressive stages of"reorganisation". The values of~
during the last sorption cycle are so small, except at the very beginning, as to be insignificant.
Probably this is related to the low acoustic emission.
It appears that the majority of interactions between gas molecules and the coal matrix take
place on first contact and that progressive sorption cycles modify the porous structure ofcoal.
ll. AE Generated in Coal during the Flow of Water.

Figme 8 a and b show the time dependence of AE, permeability and Dz data, for two coal
specimens characterised by different permeability to nitrogen.
These results demonstrate the in:fI.uence ofa network ofmicrofractures on the parameters
measured for the coal. The plots of~ show a sharp initial drop followed by a weak increase
and then platean. There is a decline in the last stages. The less permeable specimen shows local
peaks after the second drop. The ~ plots are similar in fonn to those ofthe permeability.
This can be explained by the intemal swelling ofthe coal matrix due to strong interaction
between water molecules and polar functional groups present in the coal structure.
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Figure 8. Changes ofAE Energy Rate, Ih and Permeability in two Coal Specimens:
a) Specimen M (permeability to Nitrogen = 43 mD) and b) Specimen P (permeability
to Nitrogen =2,3 roD).

CONCLUSIONS
1. AE energy rate distribution observed in coal subjected to gas and water sorption exhibits fractal
properties.
2. Temporal variations of the fractal correlation dimension Ih reflect adsorption- absorption
character of sorption phenomena in coal.
3. The fractal correlation dimension was fOWld to be strongly dependent on differences
of petrographic composition and pore size distribution of the coal tested.
4. The results obtained indicate that phenomena which depend upon surface structure will be related
to fractal descriptors.
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ABSTRACT
Acoustic emission (AE) signal analysis was used to detect local fracture of a PMMA plate
subjected to a steel ball impact. Main AE signal types in a 3-mm-thick PMMA plate are found
to be Lamb waves. Next we examined the Lamb waves produced by impact of flying steel ball
at low velocities. Waveform and relative peak amplitudes of the Lamb waves agreed well with
those predicted from laser- and PZT-based simulation. Major peak amplitudes of the Lamb
waves were quantified as a function of ball velocities. The fracture-produced Lamb waves were
extracted by the time-shift subtraction method from the waves detected at higher ball velocities. This study demonstrates the feasibility of sepa.rating impact- and fracture-induced AE
signals.

KEYWORDS
Lamb Wave; Impact-induced AE; Fracture-induced AE; Time shift subtraction; Brittle thin
plate
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INTRODUCTION
Brittle thin plates such as glass, polymethlymethacrylate (PMMA) and CFRPs suffer
local fracture when they are impacted by a flying object. Cross-ply and quasi-isotropic CFRP
plates used for transportation equipment sustain complicated internal damages such as fiber
fracture, delamination and transverse cracks from the collision with particulate and ice. Although the visualization of such internal damages in CFRP members is possible by ultrasonic
microscopes, our final goal is to monitor the onset of internal damages in impacted CFRP
members by acoustic emission (AE) methods.
The critical condition to cause damages depends on the physical and mechanical properties of flying objects and structural members. AE monitoring for such damages also needs to
account for special conditions. For instance, high velocity and massive flying objects produce
large shock waves, which cause serious damage to AE sensors. Special mounting methods to
protect them from impact/shock are required. However, the damage of sensor and members
may be small when tough members are impacted by low velocity light objects. In such cases,
AE signals from the damage have small amplitudes, and are embedded in large amplitude
impact waves. A special signal processing method is needed to extract the fracture-induced
signals from the impact waves.
The AEs produced by impact and/or internal fracture were detected as Lamb waves
in thin plates. Extraction and classification of the fracture-produced Lamb waves from those
by impact appears to be difficult because of their multi-mode dispersive nature. No such research has been reported so far.
We are exploring the fundamental approach for characterizing the Lamb waves produced
by complicated internal damages in cross-ply CFRP coupons subjected to static point loading.
The Lamb waves produced by different fracture modes were classified by the modal analysis
via wavelet contour maps[I].
In this paper, we characterized first the Lamb waves produced by impact with a flying
steel ball at low velocities in PMMA plates, followed by those due to impact and local fracture
by higher velocity impact. The Lamb waves produced by impact can be simulated by using an
experimental transfer function including the impulse excitation of a Q-switched laser in combination with bell-shaped impact source functions. Finally, we extracted the fracture-induced
Lamb waves from impact-generated large amplitude Lanlb waves by the time-shift subtraction
method. The waveform and frequency components of the extracted waves are analyzed in terms
of local fracture.

EXPERIMENTAL METHODS AND LAMB-WAVE GENERATION
Figure 1 shows an impact test method. A rectangular PMMA plate of 3 mm thickness
with 90 nUll width and 180 mm long was axed by circular steel flanges with an inner diameter
of 50 mm. A 7-11ull-diameter steel ball was accelerated by a high-pressure nitrogen gas gun
and hit the center of the plate. The ball velocity and crack behavior were monitored by a high
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Fig. 1 AE monitoring from PMMA plate impacted by flying steel ball.
speed camera with 27,000 flames/so Initially, we used PMMA plates without slit, and often
observed radial cracks hitting AE sensors, damaging them. Crack behavior was unpredictable,
making it difficult to monitor AE signals. Therefore, we made a shallow straight slit (6 mIll
length and 0.3 mm depth by cutting with a razor blade) on the opposite surface of an impact
point such that the slit direction is normal to the AE sensor. The AE waves propagated along
the length of the plate. As the length is twice the width, the wave reflection from plate edges
was separated from the segment of interest.
Sensor mounting needed special attention, since the sensors tend to fly out upon impact. A small AE sensor (PAC PICO) was affixed on the impact plane at 20 mm from the slit.
It was pressed to the plate via a screw on a slender aluminum beam, whose ends were firmly
attached to the flange. Sensor's outputs were attenuated by 20 dB using a high impedance
attenuator and digitized by an A/D converter at 100 ns sampling interval with 4096 sampling
points at 10 bit. Digitized data were analyzed using·a signal processing system we have developed previously [2],[3).
'Wave types in a PMMA plate were examined using the laser/AE system shown in Fig. 2.
vVe launched broad-band AE signals due to the break-down of a silicon grease film by a pointfocused Q-s"'itched YAG laser at the plate center, and monitored the transmitted waves by two
PICO sensors on both surfaces of the plate at 20 mm from the source. Two typical waveforms
are shown in Fig. 2, which are triggered by the laser pulse detected by a photo-diode. The first
arriving wave with the positive polarity was at 7.8 J.lS (corresponds to the P-wave velocity of
2.74mm/J.ls), and was followed by So-mode Lamb waves at 8.36 J.lS (with 2.39 nun/J.ls velocity)
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and Ao-mode Lamb at around 13 ps (note the opposite phases of the Ao-waves). Arrival times
agreed well with those calculated from the velocity dispersion data except the Ao-arrival time
(faster than the calculated one of 14.5 J..lS). Signal characterization in the following sections was
mainly performed for the So-mode Lamb waves because the trailing So·waves were overlapping
with the Ao-mode waves.
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Fig. 2 Characterization of AE signals in 3 mm thick PMMA plate

RESULTS AND DISCUSSION
AE Signals by Ball Impact
We first examined AE signals produced by a steel-ball impact at the ball velocities below
13 mis, during which no fracture occurred. Six waveforms detected at ball velocities from 7 to
13 mls are compared in Fig. 3(a).
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Fig. 3 Comparison of waveforms produced by ball impact (a) and simulated one
for a bell-shaped impact source function of 16JLs long duration (b).
The time a.xis was shifted so that P-wave arrivals were matched. We observed weak noise before
the P-wave arrival, possibly due to the high-pressure gas blast since its amplitude increased
with the gas pressure (or ball velocity). Waveforms by impact agree well from 10 to 20 JLS
where P- and So-components arrived, but developed velocity-dependent differences at longer
times when Ao-waves arrived. It is noted that the frequency components of the Lamb waves
are unchanged over the velocity range studied. As shown in (b), the waveform simulated to
bell-shaped impact source fuction of 16JLs long duration agrees well with the measured ones
in (a). The squares of major peak amplitude of the Lamb waves (indicated by So, Ao-1 and
Ao-2) shown in Fig. 4 increased almost linearly with the ball velocity. However, the slope for
So peaks is much smaller than for Ao-waves. These relations can be utilized for predicting the
wave amplitudes at higher ball velocities. Above 14 mls ball velocity, local fracture occurs.
Thus, we can obtain fracture-induced AE signals by subtracting the predicted impact waveform
from the actual measured wave.
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Signals Produced by Local Fracuture in Impacted Plate

'Ve extracted the fracture-produced wave components from the signals monitored at ball
velocities of 14 and 21 mls by the time-shift subtraction method. Figure 5(a) represents the
signal detected at ball velocity of 14 m/s. This contains two overlapping signals from impact
and local fracture. The signal shown in (b) is the impact signal at ball velocity of 13 m/s.
Ignoring the peak amplitude changes of impact-based Lamb waves, we matched the P-wave arrivals and subtracted the wave (b) from (a). The subtracted wave (c) is expected to represent
the fracture-produced wave component. In this case, a 15-mm-Iong crack was produced by the
impact.
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Fig. 5 Extraction of fracture-produced waveform at ball velocity 14m/s by time-shift
subtraction method.
(a) Signal detected by ball impact at 14m/s
(b) Signal detected by ball impact at 13m/s
(c) Extracted waveform due to local fracture
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Figure 6 shows another example of detected waves at. ball velocity of 21 m/s. Here, a
32-mm-Iong crack was formed upon impact. The impact waveform (a) to be subtracted was
constructed by using the peak amplitudes extrapolated by the data of Fig. 4. As a comparison,
the 13m/s-impact wave is shown by broken line. The wave in (c) is the result of subtraction
representing the waves generated by local fracture.
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Fig. 6 Extraction of fracture-produced waveform at ball velocity 21m/s by
time-shift subtraction method.
The present results indicate that we ·can separate the wave components from two
different sources. The waves generated by local fracture are delayed by 6-7 p,s following the
impact.

Simulation of Impact Waves

In order to simulate a crack opening, a dipole source is needed. This is provided by
a PZT element, excited by a ramp function and sandwiched between a larger plate and the
subject plate, as shown in Fig. 7.
8121

(a)

Detected wave

40

60

80

100
(b)

5

Cross section
25mm

.JIi~mm ~m

PMMA plate PZT Element

80

100

Fig. 7 Overall transfer function for dipole source.
The source displacement was determined by a laser interferometer. The transfer function
inclusive of the PICO sensor is shown in Fig. 7(c), while the detected wave and source volumetric displacement (accounting for the contact size of 2 x 6 mm) are given in (a) and (b).
With this transfer function and a ramp input of 12 J.LS rise time and crack volume of 2.0 x
10- 10 m3 , we obtain a simulated waveform illustrated in Fig. 8. The broken curve also shown
in Fig. 8 is that of the extracted fracture wave given in Fig. 6(c).
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Fig. 8 Comparison of simulated waveform due to crack generatiion
and extracted one (Fig. 6(c)).
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The initial part matches very well and the peak positions at around 18, 21 and 28 p,s agree
with experiment. However, the experimentally observed peak amplitudes at the third peaks are
lower than the simulated waveform. In spite of some differences, the present simulation procedure provides an excellent result, giving the quantitative description of the underlying fracture
process of the fracture wa,:,e extracted. Note that the crack length was 32 mm in this case.
The average crack propagation speed is 1.3 mm/ J1.s, assuming that the crack extends in two
directions over the rise time of 12J1.s. This speed is about one-half of the P-wave velocity and is
comparable to the Ao- Qr shear wave velocity. The observed velocity is two to three times faster
than those found in PMMA by Schardin [4]. Our high-speed camera results also indicated the
crack velocity of 0.4-0.8 mm/J.ls in the above experiment. Thus, more detailed analysis of crack
propagation and AE generation is clearly needed to resolve the observed discrepancy.

Disucussion

The procedures developed here with the aid of laser instrumentation and the use of a
piezoelectric element allow one to characterize fracture-induced AE signals hidden in overlapping impact waves. This method will be useful for analyzing more complicated fracture
phenomena expected in CFRPs subjected to impact. Such a study has been initiated.
We have also examined AE signals due to quasi-static fracture of similar PMMA plates.
In these cases, the fracture induced plate vibration and we were unable to separate fracture
waves. Further work is needed to ascertain why fracture-induced AE cannot be singled out in
the quasi-static cases.

CONCLUSION
Fracture in 3-mm-thick PMMA plate impacted by a flying steel ball was detected and
analyzed using quantitative AE methods. The AE signals due to impact and local fracture in
impacted plates were separated by the time-shift subtraction method following the characterization of impact-only signals. AE signals produced only by ball impact are dominated with low
frequency Lanlb waves and can be simulated by using a bell-shaped source function of 16 J.lS
duration. Fracture-induced waves due to local fracture in an impacted PMMA plate correspond
to the ramp-type source function of 12 J1.S rise time, according to the simulation analysis with
the aid of laser interferometer. The estimated crack velocity of 1.3 mm/J.ls was faster than
those in other experiments and points up the need of detailed crack radiation modeling. The
present method can be applied to the fracture analysis of various composite materials subjected
to impact.
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ACOUSTIC EMISSION AND MAGNETIC FLUX LEAKAGE ASSOCIATED WITH
MAGNETISATION OF CRACKED AND UNCRACKED FERROMAGNETIC MATERIALS
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ABSTRACT
Acoustic Barkhausen Emission (ABE) is generated from magnetostrictive changes within
magnetic material as they pass the coercive point. This emission is, however, more complex
than the conventional electromagnetic Barkhausen emission signal (BBE). Studies have been
undertaken on the sources of these signals, showing the effect oftransducer design and sample
shape, using associated magnetic field modelling.
Flux leakage from cracks is associated with the geometry of the system and the bulk
properties of the solid, which controls the nature of the acoustic emission. Electromagnetic,
magnetic and acoustic measurements provide different information and the relationship between
these diverse measurements is discussed, identifying the potential of acoustic emission within
magnetic NDE.
KEYWORDS
Barkhausen emission, ferromagnetic materials, magnetic modelling, comparison.
INTRODUCTION
When a magnetic material is taken round the magnetic BIH hysteresis cycle, magnetisation
moves from saturation in one direction to saturation in the other. This change occurs by a process
of magnetic dipole relaxation followed by domain wall nucleation propagation and annihilation
and finally magnetic dipole alignment in the opposite direction ofmagnetisation. [1]

Within any given ferromagnetic material, sites will exist for domain wall pinning and it is
the release of stored energy as the domain wall is released which gives rise to Barkhausen
Emission (BE). Domain walls can loosely be characterised as 180 degree and 90 degree domain
walls. The motion ofan 180 degree wall has no net elastic deformation associated with it and the
8125

change can be detected as a step in the magnitude ofthe magnetic field with no known associated
acoustic signal. In contrast, 90 degree domain walls have an associated magnetostrictive
deformation and the impulsive break away of 90 degree domain walls will release an impulsive
stress wave which can be detected as acoustic emission. [2]
For the current phase ofwork, it was clear that no clear understanding existed concerning
the state ofthe magnetic material subject to the changing magnetic field. This information would
lead to more effective interpretation of Barkhausen signals. The aim ofthe work here was thus,
to develop a better understanding of the origins of the Barkhausen envelope derived from the
noise like Barkhausen signal when geometrical effects are taken into account.
EXPERIMENTAL SYSTEM
The measurement system used to detect acoustic emission is shown in figure 1.
Barkhausen emission could be detected using either acoustic emission transducers with associated
preamplifier and post amplifier (to detect Acoustic Barkhausen Emission (ABE» or surface
contact coil detectors with associated amplification to detect Electromagnetic Barkhausen
Emission (EBE). The noise like signals were produced as the magnetisation reversed impulsively
around the coercive point. In the case ofboth ABE and EBE, the profiles ofthe emission varied
depending on taetors such as material condition, magnetisation system, transducers used [3] and
the presence ofdefects within the material. [4] The noise like Barkhausen signals were rectified
and filtered to provide a Barkhausen noise envelope which could be captured, stored and
analysed. An example ofBarkhausen enveloped is seen in figure 2.
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Figure 1. Experimental system for measuring Barkhausen Emission
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Figure 2. Barkhausen Emission (ABE and EBE) envelopes from nickel.
ORIGINS OF BARKHAUSEN EMISSION
It is often stated that Barkhausen emission arises from domain wall motion, with ABE
resulting from the bulk material and EBE arising from the surface ofthe test material adjacent to
the EBE transducer. The origin of these differences is the low acoustic attenuation present in
metallic materials which allows the ABE produced throughout the test material to be detected at
the ABE transducer. The test material simulates an acoustic cavity with a noise field generated
by acoustic sources dispersed through out the volume ofthe material.
In the case of EBE, eddy current damping means that -the transient component of the
magnetic field change are only detected close to the detection transducer.
These characteristics of ABE and EBE mean that these emissions carry infonnation about
microstructure and magnetisation changes within the bulk and surface ferromagnetic material
respectively. Typically the properties of these materials are different and Barkhausen emission
provides the possibility to monitor these differences.
While the origins ofthese emissions have been stated in publications, to our knowledge,
no clear demonstration ofthese origins has been made.
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MAGNETIC FIELD DISTRIBUTION WITIflN THE TEST MATERIAL

The materials tested for Barkhausen Emission have typically been 100mm x 30mm x
26mm. The magnetic field is applied to this material via a magnetic yoke (see figure 1). The
applied field was a slowly varying single triangular waveform, offrequency O.IHz. Although the
applied waveform was known, previous work was undertaken by us without any exact knowledge
of the magnetic field distribution. Magnetic field could be measured on the surface of the test
sample using a Hall probe, but the internal field distribution was unknown.
To determine the distribution ofthe magnetic field, a finite element simulation of the field
was undertaken using ANSYS5A operating in transient mode. The effect of a single triangular
waveform has to be dealt with using a transient method of solution.
The finite element (FE) mesh was applied to the sample automatically as shown in figure
3.

D Magnetic Test Yoke

Figure 3 Finite element mesh for the Scotsil magnetic yoke (1), the magnetisation coils (2) and
the test material (3) surrounded by air (4).
A plot of the magnetic field distribution is shown in figure 4. The FE simulation is for
5.41 s into the lOs triangular magnetisation waveform and the time corresponds to the peak in the
EBE. The parameter plotted in this case is Hsum which is the summation field due to the x and
y components. Since the model is two dimensional, no z component is calculated.
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Figure 4. Hsum field distribution in a "Nickel 200" test sample at 5.41 seconds according to
ANSYS5A FE simulation of magnetic field.
What is interesting about this simulation, is the non-uniformity of the magnetic H-field.
The field is significantly reduced towards the edges ofthe test sample being 16705 Am-I within
the centre region and only 4000 Am-I toward the edges. Since ABE is generated throughout the
volume of material and domain wall mobility is triggered at a fixed value (nominally), the time
smearing of the ABE envelope would be expected as the volume of test material progressively
passes through the critical field for domain wall motion. Mathematic expressions for critical fields
for nickel are given by Mackersie [5].
The validity ofthe simulation can be checked by extracting the surface values of magnetic
field from the simulation data file and doing surface magnetic measurements. These comparisons
are shown in figure 5, which appear to confirm the validity of the model. Difference in the
absolute values are to be expected depending on the validity ofthe magnetic parameters used in
the modelling. Standard values were used but no attempt was made to measure them for the test
samples used.
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Figure 5. Comparison of experimentally measured magnetic field and simulated magnetic field
using FE modelling for "Nickel 200" .
The fall in the magnetic field towards the edges of the sample is clearly demonstrated by
the fall in the measured and modelled surface values. As the test material is taken around the
hysteresis cycle, the material at the centre of test sample reaches critical field for domain wall
break away and this domain wall activation region spreads towards the edges of the sample as the
field is taken to saturation.
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BULK ORIGINS OF BARKHAUSEN EMISSION
Acoustic Barkhausen Emission is assumed to be produced throughout the volume of
material being tested. Within this volume, ABE is generated due to impulsive magnetostrictive
changes at the individual domain walls. These sources should be distributed throughout the
volume oftest material. Within the test material, a transient diffuse field will be generated which
is sampled by the ABE transducer [6].
Although these acoustic sources may be delayed in time, one with respect to
another, they will give an overall contribution to the acoustic field. As the volume of the test
sample is reduced, then it would be expected that the overall integrated magnitude ofthe ABE
will fall.
Experiments were carried out where the volume of the test sample was progressively
reduced, the material heat treated to remove any surface effects due to machining and ABE and
EBE integrated amplitude measured. EBE would not be expected to be volume independent since
it is described as a surface effect while the integrated magnitude of ABE would be expected to
fall with sample volume.
A 25mm thick test sample was progressively reduced in thickness and the effect on ABE
and EBE is shown in figure 6. The data indicates the constancy ofEBE and the fall of ABE with
sample volume confirming the expected relationships.
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FIELD INTERACTIONS WITH DEFECTS AND BARKHAUSEN EMISSION
Previous work by us [4] has suggested that Barkhausen emission has a sensitivity to the
presence of defects in the test material. Defects in ferromagnetic materials can be detected by
radiographic methods, ultrasonic testing and eddy current testing.
EBE can be detected in the way it was originally reported by Barkhausen via the use of
an encircling coil. This method is not good as the demagnetising effect influences the shape ofthe
BE envelope. All the work undertaken by us has used a surface mounted coil wound on a
concentric ferrite core. This has the effect ofproviding a parallel ferrite magnetic circuit through
the detecting coil. As the applied magnetic field increases in the direction of magnetisation, the
magnetic material has a reluctance due to the pinning of domain walls which initially bow but do
not break away. When break away occurs within the test sample, the reluctance falls, magnetic
field surges and this is reflected in an impulsive signal surge in both the test sample and the
detecting transducer. This signal is detected as EBE.
The presence of a surface breaking crack in a material can be represented by a free
magnetic dipole at the crack surfaces. This dipole produces leakage flux within air adjacent to the
crack.[7] This additional leakage flux will have ver little effect on the ABE transducer, but since
flux is diverted by the EBE sensor, this additional flux and an associated reduction in
magnetisation leve~ will affect the EBE profile in the region adjacent to a surface breaking crack.
As previously indicated ABE monitors the volume of material under test and this volume,
and the ABE, would be unlikely to be affected to any extent by the presence ofa surface breaking
crack, except that where the crack occupies a significant part of the cross sectional areas, the
active volume will be reduced with less acoustic signal reaching the sensor.

SUMMARY AND CONCLUSIONS
Electromagnetic Barkhausen Emission
i)
ii)

Monitors the material surface adjacent to the EBE transducer.
Is sensitive to the presence of the leakage flux adjacent to any surface breaking
crack

Acoustic Barkhausen Emission
i)
ii)

Monitors the test material volume and is largely independent of surface effects.
Unlikely to respond to the presence of surface breaking cracks unless the crack
extends through a large proportion of the test material cros~ section.

In considering BE as an NDE tool, it is useful to consider how the method might be
applied practically. Practical NDE requires the use of surface mounted sensors. Considering the
surface of the solid to have been modified and differ from the bulk, in many cases, then EBE is
unable to yield information concerning the magnetic behaviour of the bulk solid for surface
mounted sensors.
For the bulk solid, ABE extends from the creation to the annihilation of 90 degree walls,
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with 180 degree wall motion between. This region corresponds to the straight part of the
hysteresis curve with the applied field rising. Modification to the hysteresis curve, associated with
decreased or enhanced domain wall mobility will clearly be reflected in the ABE signal profile.
For the surfilce ofthe solid, ABE is unable to respond to this, since the surface represents
a small fraction ofthe volume ofthe solid. EBE provides infonnation on the coercive point since
the EBE envelope is often well defined and sharp in this region. However, since ABE infonnation
is lost for this region, the time (H-field) for domain wall motion to commence and finish is not
available. Direct comparison of hysteretic infonnation for these two regions is not possible.
When the material is cracked, changes in the leakage field into the EBE sensor will occur,
which can be detected. The EBE profile differs close to a defect and the differentiation would be
useful if it occurred within a reasonably large range close to the defect. Where a region of weld

metal exists, disturbance in the EBE signal due to the weld metal must be clearly differentiated
from the presence of say a crack in the heat affected zone.
Work has been done by other workers studying such effects as the effect of stress on ABE
and EBE and the use ofBE to measure the penetration depth of the modified surface.
In terms ofthe application ofBE, the potential applications often complement the parallel
technique ofeddy current testing, where a localised high frequency magnetic field is applied, in
contrast to the low frequency magnetic field in this case. Eddy currents transducers measure the
impedance changes in the transducer, associated with electrical conductivity and magnetic
permeability whereas BE transducers for ABE and EBE detect the high frequency transients
associated with domain wall mobility.

Crack related signals from eddy currents are more complex and need probe motion to
present crack like signals for identification. It appears possible that BE will yield a simpler yes/no
signal for crack identification in the vicinity ofthe probe. The issue for consideration is then one
concerning the probability that a crack is present.
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ABSTRACT
The discontinuous motion of magnetic domain walls in ferromagnetic materials during
magnetization produces acoustic emission (MAE). MAE behavior shows a sensitive dependence
on the change of the structure in ferromagnetic materials. In this report, a possibility of a method
for the stress measurement by Wavelet transform of MAE signal is described. The MAE signals
of carbon steel were measured with a displacement sensor at each tensile stress during the elastic
region. From the data of the wavelet transform of MAE signals, it was clear that the contour map
and the 3D-projection of wavelet coefficients in the time-frequency illustrate the characteristic
features of the signals and we can separate the different signals by applying tensile stress at a
glance. Therefore, we could find out a possibility of which the accurate stress of the structure's
member parts will be evaluated by monitoring the information of the mapping of wavelet
coefficients and the standard AE features.

KEYWORDS
Magnetomechanical acoustic emission; Wavelet transform; Displacement sensor;
Elastic tensile stress

INTRODUCTION
It is important for evaluating the safety of the structure to measure the stress of the
structure's member parts with nondestructive testing(NDT). For measuring the stress, several
techniques have been developed, and used for industrial applications. However, these methods
are generally quite complicated and often can measure the stress only at the extreme surface layer.
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Magnetomechanical Acoustic Emission (MAE) is one of the useful method for NDT. The
discontinuous motion of magnetic domain walls in ferromagnetic materials during magnetization
produces MAE. The characteristics of MAE has been studied because MAE behavior shows a
sensitive dependence on the change of the structure in ferromagnetic materials. The stress
measurement by means of MAE as a special technique has been widely used. However, in order
to utilize MAE as the technique for measuring the accurate stress, it is required that we should
advanced the study of more elaborate instrumentation and information processing method.
Recently, Wavelet transform(WT) is the center of attention at the analysis of AE signals.
The resultant mapping of wavelet coefficients in the time-frequency coordinate plane provides
more informative characterization of AE signals than the power-density spectra from usual
Fourier transform. As for a new transducer, displacement sensor has been developed and the
validity ofthe sensor is published.
In this report, the MAE signals of carbon steel specimen (0. 1% wt carbon) were recorded
with a displacement sensor under the tensile stress during the elastic region, and the signals were
processed by wavelet transform. On the basis of these experimental results, a possibility of a
method for the stress measurement is described.

MAGNETOMECHANICAL ACOUSTIC EMISSION AND WAVELET TRANSFORM
When a ferromagnetic sample is placed in a solenoid powered by the alternating current,
the discontinuous and a rapid motion of magnetic domain walls in the materials produces acoustic
emission. MAE applies to ferromagnetic materials only, but has a greater depth of penetration
than other common methods of stress analysis such as X-ray diffraction. The intensity of MAE is
dependent on materials, chemical compositions, stress, micro-structures, plastic deformation, etc.
Kanji ONO et al. have researched various kinds of alloy steel materials, and provided theoretical
model of MAE to explain the micromechanism after systematic analysis and research works[ 1-3].
In the previous studies, it was shown that MAE intensity is maximum at zero stress and is reduced
by applying stress.
For recognizing the character of AE signals, Fourier Transform(FT) is utilized often. It is
ideal for the analysis of the signals whose statistical properties do not change with time.
Therefore, another method that transforms a signal into a joint time-frequency domain is needed
for analyzing the non-stationary or transient signal. WT is a direct alternative to the windowed
Fourier transform(WFT) and has been applied to a number of fields. It allows the determination
of frequency spectrum as a function of time using short waveform segments or wavelets as the
basis functions that are short waves with limited duration. The WT of the signal s(t) is defined
by[4):
m

[WTs](a,b)=

J W*",6(t)s(t)dt

(1)

-m

where W· is the complex conjugate of the wavelet function 1V ",6 (t). The function lIT D,b(t) is
defined by I a 1-112 1V[(t-b)/a]. The function lIT(t) is the mother wavelet(i.e. Gabor wavelet in
this report) with the scale parameter a and the shift parameter b, and provides a set of localized
functions both in frequency and time. The parameter a gives the width of window and
S13S

consequently frequency as the mother wavelet is expanded or compressed in time(cf Figure 1).
The parameter b determines the position of the window in time and thus defines which part of the
signal s(t) is being analyzed (cf Figure 1). Results of WT of a signal are a collection of wavelet
coefficient(i.e. spectral intensities at a given time). The results are often represented as a contour
map on a log(a)-b plane with the each levels representing the wavelet coefficients or respective
intensities of the transform at points in the log(a)-b plane.
SPECIMEN AND MEASURING SYSTEM
Carbon steel (0. 1% wt carbon) have been used for investigating the MAE behavior during
tensile loading. The specimen was machined to a shape with the dimensions such as shown in
Figure 2, and was annealed in the vacuum for removing the residual stress.
The measuring system of MAE during the tensile loading is shown in Figure 3. It consists
of a multifunction synthesizer(NF Electronic Instruments Co. LID., 1940), a power amplifier
(Takasago Co. LID., BPSI20-5), a magnetizer, a displacement AE sensor(Sekisui Plastics Co.
LID., 0239-1), an amplifier, a digital oscilloscope(LeCroy Co. LID., 9314AL) and a computer.
The displacement AE sensor with a conical PZT element is attached to a specimen. The
characteristic of frequency band of the sensor is flat below 300kHz. The detected signals by the
sensor are amplified by a 60dB amplifier, and are recorded on the digital oscilloscope. The
sampling interval of the recording is 2 J1. S and 4096 sampling points are recorded to every signals.
After then, these data are used for obtaining the results of FFT analysis, WT and the standard AE
features of MAE signal. The magnetic field strength H at the center of the solenoid is 12kA/m,
where magnetizing current is SOmA and frequency of sinusoidal wave is 72Hz.
Expansion a

1

t

Shift b

Shift b'

Figure 1. Expansion, Compression and Shift of Mother wavelet
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RESULTS ON WAVELET TRANSFORM OF MAE WITH DISPLACEMENT SENSOR
Figure 4 shows the FFT spectrum analysis of the MAE signal at zero tensile stress, where
the sampling interval is 0.5 JJ.S. In this figure, it indicates that the frequency range of the signal's
main power is below 150kHz. This result is different from the previous studies of which the main
frequency range was nearly 250kHz.
Figures 5, 6, 7 and 8 show the detected waveforms, their FFT analysis and WT results at
four levels of tensile stress(i.e. 0, 50, 100 and 150MPa) during the elastic region. It is clear from
the waveforms that the intensity ofthe signal becomes maximum at zero stress and is reduced by
applying tensile stress. The main power spectrum in the FFT analysis of the signals is 100kHz,
50kHz and below 20kHz. It is difficult that we recognize the characteristic features of the signals
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by monitoring these information at a glance. The wavelet profile is represented in the third row as
a 3-D projection and in the fourth row as a contour map. Here, the following procedure was
done for the wavelet transform of a MAE signal in this report. The center frequency CJ.) p of the
mother wavelet as (2il%n l6.t$ was selected, where n l6.t$ is angular Nyquist frequency of which
the sampling interval is.6.t s (i.e. 2p.s in this report). For the frequency range of2 to 250kHz(cf
FFT analysis in Figures 5, 6, 7 and 8) to be covered with adequate resolution, we used the scale
parameters a n (n=3 .......45). The scale parameters were selected as a n= a ~ with a =2 1/6 • The shift
parameters bm(Le. m.6.t s ) were chosen as a multiple of the sampling interval of 6.t s. Frequencydefining parameter n in the wavelet transform can be converted to frequency by 1 1=2 (n+2)166.t s ,
since the n-th daughter wavelet has the center frequency of (J) pi an.
From these current data, we can obtain the results such as follows: (l) The frequency
range of the high level wavelets coefficient is between 3 and 20kHz, and the range does not move
by applying tensile stress; (2) The wavelet coefficient is reduced by applying tensile stress; (3) The
wavelets of which the frequency range is 50 and 100kHz are noise because it's coefficient is
constant during the tensile loading.

CONCLUSIONS
Stress measurement of the structure's member parts is very important subject for NDT.
MAE is sensitive to the change of the character in ferromagnetic materials. In this report, the
MAE signals of carbon steel were measured with a displacement sensor at each tensile' stress
during the elastic region, and were processed by wavelet transform. As the results, it was clear
that (1 )The frequency range of the main power spectrum of the detected signals by displacement
sensor is different from the previous results with ordinary AE sensor; (2)We can separate the
different signals by applying tensile stress at a glance because a contour map and a 3D-projection
of wavelet coefficients in the time-frequency illustrate characteristic features of the signals.
Therefore, we could find out a possibility of which the accurate stress of the structure's member
parts will be evaluated by monitoring the information on the mapping of wavelet coefficients and
the standard AE features ofMAE signal.
.
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EFFECT OF BORON ADDITIVE ON ACOUSTIC EMISSION BEHAVIOR
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ABSTRACT
Tensile test of NisAl intennetallic compound single crystals with no additive, 0.2S and 0.50 at. %
boron has been performed using acoustic emission method in order to make clear the interaction
between boron atoms and mobile dislocations. Boron increases the yield strength of NhAi by 276
MPa per atomic percent Acoustic emission event rate has two peaks which are at yield point and in
work-hardening region. These two peaks increase with increasing boron contents. Thus, the total
event counts of acoustic emission near yield point including the first peak increase with increasing
boron contents. Acoustic emission active strain at yield point increase linearly with increasing Luders
strain. Yield strength increases linearly with increasing the acoustic emission rms voltage at second
peak. Consequently, dependence of boron contents on acoustic emission activity at yield point
revealed that boron atoms act as interstitials in NhAi and frictional drag of boron atoms on mobile
dislocations is considered as one of the acoustic emission sources. Furthermore, the generation of
cross slips appears to be consistent with that of the acoustic emission during work-hardening where
the acoustic emission event rate has shown the second peak.

KEY WORDS
NisAl single crystal~ Tensile test~ Boron additive~ Yield

strength~

Work-hardening

INTRODUCTION
We can make clear dislocation motion, the interaction of dislocations with inclusions and
precipitates, and the dynamic behavior of microcracking by acoustic emission generated during
deformation in materials. For example, the acoustic emission behavior during yielding of agehardened copper alloys and aluminum alloys have been investigated[l-S]. When dislocations by-pass
precipitates, the diameter and distribution of precipitates affect the acoustic emission behavior. When
dislocations shear and pass through precipitates, the anti-phase boundary energy and the frictional
resistance to dislocation motion in precipitates mainly affect the acoustic emission behavior[S].
However, no information is available on the acoustic emission behavior during deformation of
precipitates themselves that are often intermetallic compounds[6].
Intennetallic compounds have been considered as heat resisting alloys in future. That is partly
because their yield strength of some intermetallic compounds increases with increasing temperature in
a certain high temperature range. NhAi is one of such intennetallic compounds, but polycrystalline
NisAi fails by intergranuJar fracture because of the brittleness of grain boudary[7]. Addition of a
small amount of boron[8] or some third elements[9]. and directionally solidifieation[lO] have been
found to reduce the grain boundary brittleness. In the case of boron doping, several studies from
basical point of view have been conducted to make sure solubility of boron atoms in NhAl, effect of
boron additive on yield strength, lattice parameter change and interaction between boron atoms and
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dislocations and deformation mechanism of NiJAl including boron additives[II-14].
Besides, several in-situ straining experiments in a transmission electron microscope have been
performed to determine dynamical dislocation mechanism in stoichiometric NiJAl [15-17]. However,
there is no data on the acoustic emission behavior of NbAl single crystal during tensile deformation.
In this paper, the effect of grain boundaries on the acoustic emission behavior during tensile
deformation has been investigated using NhAl intem1etallic compound single crystals with no
additive, 0.25 and 0.50 at % boron. The interaction of mobile dialocations with boron atoms has
been discussed analyzing the acoustic emission behaviors obtained.

EXPERIMENTAL
-j

Ni-24 at %Al (........ NhAl) with no additive, 0.25 and 0.50 at % boron was prepared from pure
nickel(99.97wt%), pure aluminum(99.9wt%) and pure boron(99.9wl%) by a high frequency
induction melting method under argon atmosphere at 1823 K. Melting and casting were carried out
twice to make ingots homogeneous. Single crystals were grown from such ingots by a modified
Bridgman technique. Tensile specimens with a gage size of Immx3mmxl2mm were spark-machined.
All of specimens was annealed under argon atmosphere at 1473K for 20 h and cooled in furnace.
Mter their surface layer was removed by mechanical polishing and electropolishing in a 10% sulfuric
acid and 90% ethyl alcohol solution, ECP micrographs to analyze crystallographic orientation of each
specimen were taken by a JSM-6400 model scanning electron microscope accelerated by 30 kV.
Tensile tests were performed by an Instron type testing machine at strain rate of 2.8XIO~ S·l. At the
same time acoustic emission was measured.
Two channel system(PAC: MISTRAS-2001) was used to obtain acoustic emission data which
consisit of acoustic emission rms(root mean square) voltage, accumulative event counts, event rate
and peak amplitude. Acoustic emission during tensile deformation was transformed into electrical
signal by acoustic emission transducers with 200 kHz resonant frequency, and the signal was
amplified by a total gain of 60 dB and was passed through a bandpass filter with the range of O. 1 to
1. 2 MHz. Threshold level was 31. 6 tl V at the input voltage of preamplifier. Acoustic emission data
were input on a pen recorder and a microcomputer. Only acoustic emission events generated between
two transducers within time interval of 2 p s were sent into the acoustic emission data memory to
detect the acoustic emission in the deformed part.

EXPERIMENTAL RESULTS AND DISCUSSION
Only NbAl X-ray diffraction peaks were observed for all the single crystals. All the tensile tests
have been performed to a strain of 0.25. After tensile tests, we could not find any macrocracks, and
thus all specimens used were considered to be ductile.
Figure 1 shows stress-slrain curves and acoustic emission activities ( acoustic emission event
and acoustic emission rms voltage) of NbAi single crystals with no additive, 0.25 and 0.50 at %
boron during tensile deformation. "'ensile axis of each crystal is also shown in Figure 1. The
behavior of acousticemission event rate is similar to that of acoustic emission rms voltage. Acoustic
emission activities increase with ·increasing boron contents. They have two peaks during tensile
deformation of NbAl single crystals regardless of boron contents. The first peak which locates near
yield point is more active than the second peak which exists in the work-hardening region.

rate

The deformation in NhAl single crystal without and with boron is macroscopically uniform over
the specimen as shown in Figure 2. Only primary slip system acts in NhAi intermetallic compound as
well as in the fcc materials, partly including the cross slip system. That is so different from the results
obtained by the directionally solidified specimens [18].
The yield strength increases linearly with increasing boron contents as shown in Figure 1 and
Figure 3. Also the flow stress at a strain of 0.25 increases with increasing boron contents as well as
the yield strength as shown in Figure 1 and Figure 4.
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Figure 2. Surface appearances of NhAl single crystals after tensile doformation to a strain of 0.25:
(a) SC-2. no additive (b) SC4. 0.2Sat %B and (c) SC-8. 0.5 at %B
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The slope 6 (J 16 C, where 6 (J is the change in yield slreDgth and 6 C is the change in
concentration, indicares a very large streDgtheoiog effect of 276 MPalat. 9£ boron. This value is
smaller than that estimated by Baker et a1. [14] who used coarse-grained ( d= 0.5-2 mm )
stoichiometric NbAl. Therefore. this value is reasonable in NiJAl single crystal. The same value in
(f us is 497 MPalat. fJ6 boron. The work-hardening rate appears to become larger with increasing
boron contents.
Total acoustic emission event counrs detected at yield point ina-ease with increasing boron
contents as we11as the yield streagth as shown in Figure 1 and Figure S. The more the doped boron
contents increase, the more the event counrs seatter.
The acoustic emission activity in yielding region is .mainly related to yield point slrain which is
known as Luders strain. Figure 6 shows the relation between acoustic emission active strain at yield
point and Luders strain. The acoustic emission activity increases with increasing the Luders strain.
Thatmeans the more breakaway of pinned boron atoms from mobile dislocations.
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Re1aI:ion between acoustic emission active strain at yield point and Luders strain

We consider the acoustic emission activity in work-hardening region. Figure 7 shows the
relation between the yield Slrength and the acoustic emission rms voltage at the second peak. The
yield strength inaeases with increasing the rm.s voltage. That means the increase in rms voltage with
increasing boron contents. The dependence on boron contents is consistent with that at the yield
point. These acoustic emissin activities are considered to contain. the same source of acoustic emission
during plastic emission.
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Amplitude distributio.l1 during tensile deformation has been examined to derermine the source of
acoustic emission. Figure 8 shows an example of amplitude distributio.l1S of acoustic emission i.n
specimen SC-8 with 0.50 at. % boron in sbJge 1 and sbJge 2 whicb mean the region of £ = 0 to O. OS
and £ = 0.05 to 0.25, respectively.The amplitude in both sbJges have a peak between SOdB and
60dB. However, another peak in the stage 1 can be observed between 70dB and 80dB. Itis apparent
that a different acoustic emission source is included at yield point.
We try to discuss the acoustic emissio.l1 sources. Boron acts as interstilial i.n NhAl because a
boron atom IS much smaller than the Ni atom Or AI atom. Plastic deformation is reported to be mainly
performed by anti-phase boundary-coupled. APB-coupled, dislocations within boron contents used
[14].
Though it is not clear whether APB energy lowers by boron addition or not. the yield strength is
enhanced by the increase in lattice parameter. It may be that the increase in yield strength promotes
microscopically inhomogeneous plastic deformation. Therefore. the increase in yield strength arises
from the frictional drag of boron atoms on mobile dislocations. This is one of the acoustic emission
It is considered that the acoustic
sources. In this case. the amplitude may be comparatively low.
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emission acbVltles at yield point and in work-hardening region corresponds to the source.
Furthermore, the generation of cross slips appears to be considered with that of the acoustic emission
during work-hardening where the acoustic emission event rate has shown the second peak.
On the other hand, the binding energy of a boron atom to an edge dislocation is considered to be
very large (- 0.7 eV) and is similar to that calucu1ated for carbon in iron (-1.0 eV)[14]. This
magnitude indicares a strong interaction between a boron 810m and an edge dislocation. In the case of
this soody, one suggestion is that larger amplitude acoustic emission eveDIS can be detected when
more Luders strain occurs. The more scattering of acoustic emission event counts at yield point with
increasiDg boron contents suggests dlat the boron produces an asymmetrical strain field, possibly by
some of dle boron aroms occupying interstitial sites on the NbAJ unit cell edge as mentioned by Baker
et aI [14].

CONCLUSIONS
Acoustic emission measurement and tensile testing of boron-doped NhAl single crystals have
shown that:
(1) Boron activates the acoustic emission activity.
(2) Boron has a large strengthening effect at yield point of 276 MPalat % boron.
(3) Acoustic emission activities have two peaks which are at yield point and in work-hardening
region.
(4) The flfSt peak is due to a frictional drag of boron atoms on mobile dislocations, including the
interaction between boron atoms and mobile edge dislocations as shown in a solute atmosphere
model.
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ABSTRACf
Acoustic emission (AE) signals generated during deformation in semi-crystalline polyether ether
ketone (PEEK) have been analyzed to investigate the micromechanism of deformation process. Two
types of AE sensors with different frequency responses (50 kHz wide range type accelerometer and
140 kHz resonant type transducer) were attached to notched specimens, and AE signals were monitored
during tensile loading. AE events begin to observe before the peak load during tensile test, and to
increase just before failure of the specimen. Two types of AE signals were observed during tensile
loading. One type of AE signals is measured only by the 50 kHz type sensor, and the peak offrequency
spectra of these signals is approximately 2 kHz. The other type of AE signals is burst type, and these
signals are observed by both the sensors used. The former type of AE appears to be associated with
the splitting between molecular crystallites or spherulites at the notch tip and the laner type of AE
appears to correlate with crack extension by linkage of microcracks formed by the splitting. These
results suggest that the AE technique seems to be promising method for analyzing the microdeformation
mechanism in this polymer.
KEL\'lO.RD.S
Polyether ether ketone (PEEK); Polymer; Acoustic emission; Deformation mechanism; Crack
propagation; Frequency spectrum

INIROnUCIlON
Polyether ether ketone (PEEK) is a semi-crystalline thermoplastic polymer and has been used in
a wide range of applications such as aerospace, automotive, medical and electrical/electronics industries
because of its good chemical resistance, high strength, excellent fatigue property and high temperature
capability up to 260 °C [1]. PEEK polymer is also used as a matrix material for advanced composite
material [2]. For service application of this material, the evaluation of the mechanical properties is
important The mechanical properties including fracture and fatigue of fiber reinforced PEEK have
been widely investigated [3]. The deformation mechanism of matrix material has a pronounced effect
on the mechanical properties of such PEEK matrix composites. However. there are relatively few
studies to date which have examined the micromechanism during deformation of PEEK it self [4].
Acoustic emission (AE) is an elastic wave emission associated with transient phenomena in
materials. The AE technique has been applied to investigate micro deformation, micro fracture and
transformation events in materials. AE signals are also expected to be generated during deformation
8150

in PEEK material. Since AE signals contain information on source phenomena, the AE technique has
potential for analyzing each deformation event in the material by suitable waveform analysis. Therefore,
the AE technique seems to be one of the most promising methods to quantify deformation process in
the material. However, within the authors knowledge, there are no studies to date which have been
applied the AE technique to investigate the micromechanism of deformation process in PEEK material.
In this study, AE signals generated during deformation of PEEK were analyzed to investigate the
micromechanism of defonnation process.
EXPERIMENTAL

Material

The material used in this study was polyether ether ketone (PEEK; produced by Victrex pic.,
UK and supplied by Mitsui Toatsu Chemicals Inc.), and is available commercially. Specimens for
tensile tests with dimensions shown in Figure I were prepared by injection molding technique. A
notch was introduced in the center of the specimen as shown in Figure I to restrict deformation area
during tensile tests .

C\I
....

0-:U)

60

187

Figure 1. Specimen geometry (in mm).

NFAE9502

Anrlt8u
FFT Anayzer

NFAE-922
~----t NF AE-932
Counter

Figure 2. Block diagram of measuring system.
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Mechanical testio~d AE measurement
Figure 2 shows an experimental set-up and block diagram of AE measurement system. Tensile
tests were carried out using an electric-mechanical testing machine (Shimadzu AGS-5kN). Loading
rate was set 0.1 mm/min in all tests. In the tensile tests. two types of AE sensors with different
resonant frequencies were used in this study to analyze dominant frequency content of AE signals.
One AE sensor was an AE-901 (NF Electronic Instruments). and its resonant frequency is approximately
140 kHz. The other sensor was an accelerometer (Fuji Ceramics Co.) with wide frequency rage from
0.5 to 50 kHz. These sensors were attached near the notch using silicone grease. AE signals detected
by the 140 kHz type sensor were amplified by a pre-amplifier (AE-912) and then analyzed by an NF
9502 AE measurement system. The gain of the pre-amplifier was 40 dB and the threshold voltage was
100 J.LV at the output of the sensor. AE signals detected by the SO kHz type sensor were amplified by
80 dB using a pre-amplifier (9917. NF Electronic Instruments) and a main amplifier (AE-992, NF
Electronic Instruments). The threshold voltage for event counts was set SO J.LV at the transducer
output AE signals measured by both the transducers were recorded on an FFf analyzer (Anritsu
Corp.) and then saved on disks. Sampling rate of AE waveforms for the 140 kHz transducer was set
100 kHz and that for the 50 kHz sensor was set 20 kHz. Frequency spectrum of each AE signal was
obtained by the FFf analyzer after the tests. Specimen surfaces near the notch and the fracture surfaces
after tensile tests were observed by a laser optical microscope (Laser tech).
RESIILTS AND-.DlS..CUSSION

AE.characteristics duriog..tensile tests
Figure 3 shows a typical load-displacement curve. Cumulative AE event counts measured by
the 140 kHz transducer are also plotted in Figure 3. The load - displacement curve starts to deviate
from linear relationship after 500 N. AE events are initiated at this load and increase with increasing
load. After the peak load. AE events are observed continuously and increase rapidly just before final
failure of the specimen. Figures 4 (a) shows the specimen surface before the test and Figures 4 (b)(d) show the specimen surface at various load levels indicated by points b - d in Figure 3. A region
ahead of the notch begins to deform as increasing load (Figure 4 (b», and AE events are observed
associated with it After the attainment of the peak load, the ligament of the notch seems to cause a
general yield (Figure 4 (c» and then a crack propagates progressively (Figure 4 (d» in the deformed
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region.
and..their..spe.ctra
Figures 5 (a) (b) show typical AE wavefonn and its spectra observed at a load of 700 N. In this
load level. AE signals detected only by the 50 kHz sensor are often observed as shown in Figure 5 (a).
The amplitude of these signals is relatively low and their waveforms can be classified into continuous
type. Typical frequency spectrum of this type of AE signal is shown in Figure 5 (b). A distinct peak
at approximately 2 kHz is found in the frequency spectrum. When this type of AE is observed by the
50 kHz type sensor, no signals are detected by the 140 kHz type sensor as shown in Fig. 5 (c). This
may be due to the frequency content of this type of AE is too low to be detected by the 140 kHz type
sensor. Although. burst type of AE signals were also observed in this load level. but the number of
burst type AE events is relatively small.
A E wayefonns

Figures 6 (a) - (f) show typical AE wavefonns observed near the peak load in Figure 3. In this
load level. burst type of AE signal (Figure 6 (c) and (d» is often observed in addition to continuous
type of AE signal (Figure 6 (a». Continuous type of AE signal is similar to that observed at lower load
levels, but several peaks are found in the frequency speCb11m. The main peak is found at approximately
2 kHz which is the same peak shown in Figure 5(b), and the other peak at approximately 5 kHz is also
seen. The difference of the frequency spectta seems to reflect the change in the deformation mechanism
of the specimen. Burst type of AE signal is detected by both the sensors used in this investigation.
Figures 6 (c) and (e) are typical burst type AE signals detected by the 50 and the 140 kHz type sensors,
respectively. These two AE signals are measured simultaneously.
a)

b)

c)

d)

Figure 4. (a) Specimen surface appearance prior tensile test.
(b)-(d) Specimen surface at various load levels
indicated by b - d in Figure 3.
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Figures 7 (a) .. (d) show typical burst type AE waveforms measured after the peak load. The
number of burst type AE events increases with crack extension in the deformed region. Continuous
type AE signals are also detected, but their number decreases compared to before the peak load region.
Two distinct peaks at approximately 1 kHz and 3.5 kHz are found in the frequency spectrum of AE
signal measured by the 50 kHz type sensor. The former frequency peak seems to correspond to the
wave portion after peak amplitude and the latter frequency peak seems to correspond to the first rise
portion of the waveform.
Relation betw.een Alisignals and def.ormation..b.eha.'lior

In order to correlate AE signals with deformation process in this polymer, specimen surface in
the deformed region was observed by a laser microscope. Figures 8 (a) - (c) show specimen surface
appearance near the notch rool Many microcracks are visible in the deformed region as shown in
Figures 8 (a) and (b), and the crack seems to extend by connecting these microcracks (Figure 8 (c». In
crystalline polymer, crystallites or spherulites are formed during processing. The interface between
these crystallites or spherulites are likely to split during deformation [5]. The splitting has been observed
under even small strain [5], and AE signals appear to generate with these splitting. The size of the
microcracks in Figure 8 (b) is comparable to that of the crystallites or spherulites in this polymer.
Therefore, the AE events observed at low load level are considered to be associated with the splitting
between crystallites or spherulites. The frequency spectrum of AE signals observed at low load level
has a peak at approximately 2 kHz (Figure 5 (b». This suggests that this AE source event is low
velocity phenomenon. Hence, the split between crystallites or spherulites may occur at relatively low
velocity.
(b)
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level of approximately 2000 N and its Fourier spectrum.
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Fourier spectrum. Waveforms (c) and (e) are measured simultaneously.
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After the peak load, a crack extends in the deformed region where many microcracks are formed
by the splitting. The crack is deduced to propagate by connecting these microcracks, and this may
cause burst type AE signal. Therefore, the AE events observed after the peak load appear to be
associated with the linkage of the microcracks. The shape of waveform in the first rise portion of the
burst type AE event is slightly different from that after the peak amplitude. This difference seems to
reflect the crack extension mechanism, but the detail is not clear.
The results obtained in this investigation suggests that the AE technique, in particular low
frequency measurement, seems to be promising method for analyzing the micromechanism of
deformation process in this polymer. However, further investigation is required to elucidate the
deformation and fracture mechanism in this polymer.
CONe• .I J5100

Acoustic emission (AE) signals generated during deformation in semi-cryatalline polyether ether
ketone (PEEK) have been analyzed to investigate the micromechanism of deformation process. The
following conclusions are obtained.
(1) AE events begin to observe before the peak load during tensile test, and to increase just before
failure of the specimen.

(2) Two types of AE signals were observed during tensile loading. One type of AE signals are measured
only by the 50 kHz type sensor, and the peak of frequency spectra of these signals is approximately 2
kHz. The other type of AE signals are burst type, and these signals are observed by both the sensors
used.
(3) The fonner type of AE appears to be associated with the splitting between molecular crystallites or
spherulites at the notch tip and the latter type of AE appears to correlate with crack extension by
linkage of microcracks formed by the splitting. These results suggest that the AE technique seems to
be promising method for analyzing the microdeformation mechanism in this polymer.
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PRINCIPLES OF STATISTICAL AND SPECTRAL ANALYSIS OF ACOUSTIC EMISSION
AND THEIR APPUCATION TO PLASTIC DEFORMATION OF METALLIC GLASSES
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Kodatsuno 2-40-20, Kanazawa, 920-8667 Japan

ABSTRACT
The mechanism of inhomogeneous plastic deformation of metallic glasses (MGs) is stiD unclear.

A complex statistical and spectral analysis of acoustic emission (AE) during plastic flow of MGs
is performed in the present work with the aim of classification of AE sources. The ideas of
optimization and enhancement of reliability of AE analysis are briefly descnbed in terms of factor
and cluster analysis of AE parameters in both time and frequency domains. It is shown that the
AE signals in MGs naturally fall into two categories (clusters) differed by their amplitude and
spectral characteristics. This allowed concluding that two mechanisms of inhomogeneous plastic
flow, i.e. two AE sources, exist in MGs. One mechanism is simply associated with shear band
formation, while identification of the other mechanism is not quite straightforward A possible
nature of that second AE source and the mechanism of plastic deformation of MGs is discussed.
KEYWORDS
Statistical analysis, spectral analysis, source classification, metallic glasses

INTRODUCTION
Plastic deformation of metallic glasses
Many experimental investigations have shown that depending on testing conditions one of
two flow modes occurs in MGs: 'inhomogeneous' flow which is highly localized in the slip bands
similar to those in crystalline metals or 'homogeneous' viscous flow which does not reveal any
signs of strain localization [1,2]. Despite many efforts the nature of inhomogeneous plastic
deformation of MGs remains unclear. Difficulties of direct structural investigations have led to a
fairly large number of structural models employed to account for the mechanical behavior and
other properties of MGs. One approach comprises several dislocation-disclination models [1,2],
basing on experimental results that show a poSSIbility of localized flow by formation and motion
of linear .defects with long-range stress fields. Alternative understanding is possible if one takes
into account the existence of a large fraction of the excess free volume in MGs, which can
significantly facilitate atomic mobility and provide strain localization upon loading [1]. Neither of
models is commonly accepted and more experimental evidence is needed for verification of the
mechanism of plastic flow in MGs. Localization of plastic deformation in the narrow shear bands
of less than 1 JA,m width at sufficiently low temperatures is typical for most MGs. Shear plastic
deformation in MGs is accompanied by rather powerful AE as has been found in former studies
[3-5]. The present work is directed towards further clarifying of the AE origin in MOs.
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AE during plastic deformation of metals and AE signal processing
Although it has long been recognized that the AE signal contains information about the
dynamics of defect motion [6], the problem of AE analysis is still how one can extract this
information? Early AE studies had a simple descriptive character, trying to establish some
qualitative correlations between the AE signal, macroscopic stress-strain curve and dislocation
behavior. The situation is still very puzzling in attempts to relate AE and micro-structural
characteristics of materials and their defects. A progress achieved in this area is largely due to the
works of Kishi et al and also Scrubyet al (see for example, refs.[7-S]). They have developed a
quantitative approach for AE source characterization by a moment tensor which components are
determined by the deconvolution technique. This way is rather effective for evaluation of fracture
processes, but it faces obvious difficulties in application to plastic deformation. Within the
frameworks of continuum mechanics, Natsik and Chisbko have considered the fundamental
theoretical aspects of AE caused by various dislocation reactions [9-10]. They showed that
different sources produce different AE signals in the wave zone. This could serve as a physical
basement for source identification. However, precise verification of their calculations is stID
difficult even when a weD-calibrated measuring system is used.
AE is a random process [11], which reflects the stochastic nature of the defect movement
the in random stress fields of microscopically inhomogeneous media. Thus, it seems obvious that
the statistic methods developed in the theory of random processes are natural for quantitative
characterization of AE fluxes. Four main quantities are commonly used to descnbe the basic
properties of random data: mean square values, probability density functions, autocorrelation
functions and power spectral densities. Since AE can be regarded as a multi-variative process the
problem of the "most informative" parameter is rising up. A total count, peak and root mean
square (RMS) voltage, energy and many other time-domain parameters are often measured by
different equipment. This often provides very doubtful information about AE sources and makes it
extremely difficult to compare and rationalize the results obtained by different investigators unless
the same conditions of data recording and treatment have been met. More detailed information
on the AE sources can be derived, in principle, from the broadband power spectral density
function. Although the shape of AE spectra is affected by many experimental factors [12], we
should always bear in mind that for the stationary data its spectral presentation is equal to the time
domain picture by Wiener-Khintchine theorem [13] and the difficulties of spectral analysis are just
masked but not solved in time domain. Moreover, many disturbing factors can be taken into
account by cahbration and proper filtering in spectrum analysis [13]. References [14-16] show
successful examples of the AE source discrimination by means of Fourier spectral analysis. The
Fourier transform is fast, vivid and, therefore, convenient for AE depiction. However, other kinds
of spectral orthogonal expansions or data representation can be equally (or even more) useful to
explore the AE structure. During the passed decade. the impressive development of the pattern
recognition technique has provided new opportunities for classification and identification of AE
signals. For example. the wavelet transform with further nearest neighbor clustering [17],
autoregressive analysis [18] and neural networks applications [19] were shown to be very
effective for this problem.
Thus, the purpose of the present work is twofold The first is discrimination between the
AE sources during plastic deformation of such a complicated material as a metallic glass,
anticipating further identification of emitting defects. This is supposed to shed some light on the
microscopic mechanism of MG inhomogeneous flow. At second, we aimed at showing that the
systematic use of mathematical statistics provides a powerful tool for quantitative AE source
discrimination without any a-priory assumptions on the nature of emitting defects. To achieve
this goal we employ the complex data treatment involving general descriptive statistics, Fourier
analysis of individual pulses. factor and cluster analyzes.
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EXPERIMENTAL
Specimens
Rlbbon shaped CoS7FesNi1oSiuB17 (15 J.UIl thick, 14 mm width) and a bulk-like Zr-Ti-Ni-Cu
amorphous alloy (280 J.lIIl thick, 1.9 mm width) with a high glass forming ability were obtained by
melt spinning technique. The mechanical behavior of the Co-based alloy has been extensively
studied [1,5] in contrast to the Zr-based glass. The gage length was varied from 60 to 120 mID.
The tensile tests were performed on an Instron-type testing machine at a constant strain rate
(7.0±O.4)xIO·s S·l and room temperature. The surface of the deformed specimens was observed
with a help of scanning electron microscopy (SEM) to reveal the traces of plastic deformation.

AE agparatus
AE monitoring was carried our using a
computer-controlled AE set-up (Fig.1) [5,20].
A
broadband (50-1000 kHz) AE sensor AE900M (03 mm)
was securely mounted on the specimen surface 15 mID
apart from the lower grip. The AE signal was amplified by
60 dB with a low-noise broadband preamplifier «10 IlV
peak-to-peak noise level) followed by the 50-1000 kHz
bandpass filter, 40 dB main amplifier and built-in
integrating circuit for RMS voltage measurements. For
data acquisition we use two synchronized channels: one is
for recording 'slow' AE- parameters such as RMS voltage
UIlMS and activity m (a number of pulses per unit time) and
the other is for high-speed AE sampling. In the "slow"
channel we use a 12 bit analog-to-digital converter (ADC)
with a built-in 16-cannel multiplexor and 12 bit digital-toanalog converter (DAq. This ADC was also set for
recording external parameters (strain, stress, etc.). In the
"fast" channel we employ a 12 bit ADC having a pretriggering mode with a sampling rate up to 4 MHz and
on-board FIFO memory of 16 Ksamples, which allows
temporary storage of 4 ms single realization.
The
threshold was set of 2 dB higher than the peak noise level.
Several noise signals were detected before each test
anticipating further identification of "false" signals by
quantitative characterization of noise cluster.
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Data processing
1) FD'Stly, time histories of various time-domain parameters are obtained and plotted with the
stress-strain curve. By visual evaluation of the recorded realizations one can determine the type
of AE events: continuous, burst or mixed. In the case of burst type AE we plot, for example, an
activity and peak amplitude Up(t) as a function oftime (strain) while for continuos AE the plot of
U IlMS (t) appears to be an almost unique characteristic of the AE flux in time domain.
2) During the next step we determine general statistical properties of AE fluxes. Since the way of
data treatment depends on the type of process, a test of stationarity should be carried our. If the
process can be regarded as a stationary one, then it is natural to descnbe it via the probability
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distnbution functions of peak amplitudes h(Up), time intervals between pulses h('t), etc. Otherwise
we should use special methods developed for non-stationary processes [11,13].1
3) The details of AE spectral analysis have been reported in refs.[15,20]. The standard 4096
points digital fast Fourier transform of the AE signal gives a periodogram which is not a
consistent estimate of the power spectral density G(J). In the present work we use a rectangular
Daniel smoothing window with a width from 10 to 40 kHz to decrease a variance of G(j)
estimate. The spectral density of electrical noise is subtracted from AE spectra before calculation
of AE parameters. The following spectral characteristics are computed numerically: E is the total

=t,rxxJ G(/)dl , Ie is the fundamental frequency corresponding to the maximum of G(j),
G_ =G(fJ is the magnitude of G(j) at the fundamental frequency It:' fmal is the median frequency
and f ofJ is the effective width of spectra that equals to the width of imaginary rectangular spectra
with the maximum density G_ and energy E, i.e. E=G_ xf., With the time domain parameters
energy E

such as Up and UIlMS they form a complete set of descriptive variables we utilized. In principle, one
can expand this set by adding extra parameters such as a rising time, duration of pulse, etc
4) Since we measure many parameters called to describe the same AE phenomenon, the problem
how to reduce a number of variables becomes important for optimal description of AE with a
minimized set of variables. It seems impoSSIble to say a-priory, which variables are to be used.
We employ a principal component analysis as a data reduction method [21,22]. The question is
how many factors to extract? Although the nature of this decision is arbitrary in general case, it is
reasonable to suppose that the number of factors should be two because all variables differ
substantially in two respects: those which are measured in time domain (Up, UJM$, etc.) and those
which are related to the shape of spectrum in frequency domain (~ (., E). As wiD be shown
below, extracting more than two factors does not significantly change variability indeed
5) The goal of clustering is to reduce the amount of data by grouping similar data items together.
The so-called partitional clustering attempts to decompose the data set into a set of disjoint
clusters. The criterion function, that the clustering algorithm tries to minimize, may emphasize
the local structure of the data, as by assigning clusters to peaks in the probability density function,
or the global structure. Typically the global criteria involve minimizing some measure of
dissimilarity in the samples within each cluster, whDe maximizing the dissimilarity of different
clusters. A commonly used partitional clustering method is the so-called K-means clustering [23],
where the criterion function EK is the average squared distance of the data items Xt from their
nearest cluster centroids IDe
(1)
EK = ~I~. -mC<Z

t)1r

where c(xJ is the index of the centroid that is closest to Xr
6) After clustering one can obtain statistical descriptions for the populations of signals belonging
to different clusters. Estimating the distnbution functions, characteristic spectra and their
parameters is supposed to be useful for conclusions about the nature of emitting defects and for
further comparison with theoretical models of AE.
7) Once the each signal has been associated with a certain cluster it is easy to separate the
contributions of signals from different clusters to resultant AE. Plotting a time history for
individual clusters shows how do different AE mechanisms behave with time (strain).
The data processing algorithm used in the present work is not limited to MGs and can be
widely used for various applications both for laboratory experiments and for in-field inspections.
ITbe process is said to be stationary (or strongly stationary, or stationary in the strict sense) if its statistical
properties, i.e. distribution functions do not change over time. When the mean value does not vary and the
autocorrelation function is dependent only on the time displacement, the process is called weakly stationary. In
practice, verification of weak stationarity often justifies an assumption of strong stationarity.
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EXPERIMENTAI.. RESULTS
AE ap,pearance in metallic glasses
2l5CIO

The stress-strain curves of MGs under
investigation at room temperature are almost
linear, Fig.2. In contrast to continuous emission
in pure single- and poly-crystals. AE in MGs is
of burst type (Fig.3), reflecting a strongly
localized character of plastic flow at relatively
low temperatures. Typical AE time-history is
given for both MGs in Fig.2 in terms of Upcak
and~.
The Co-based MG shows pretty
uniform AE time series with some spread out
points and the Zr-based alloy reveals a high
scatter and a slight linear trend in the AE
appearance. These two kinds of AE behavior
are common for most MGs [13-5] that largely
generalizes the findings discussed below
without limitations to a particular glass. Let us
note also that for any AE time-history in MGs it
is possible to find the parts which can be treated
as weakly self-stationary processes. All results
that we shall discuss refer to this kind of
stationary process.
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Fig.2. AE time history in Co-based (a)
and Zr-based (b) MGs

Means and variances (standard deviations) of the parameters measured age given in
Table.!. From these data it is pretty difficult to conclude how many types and what kind of AE
sources were operating during the test. The amplitude distnbutions for both alloys under
investigation are shown in Fig.3. They also do not differ substantially from those are usually
observed in other MGs [3,4] and cannot be fitted by a simple statistical function because of a long
tail in the high-amplitude region. It seems possible that the Up distnbution is bimodal and consists
of a low-amplitude fraction and a high-amplitude fraction, which are produced by different
sources. In Co-based alloy the second mode in the amplitude distnbution is more pronounced
Even so, simple amplitude discrimination is not effective enough for source characterization
neither in general case nor in particular case of metallic glasses because of ambiguity in the
discrimination threshold and in the statistical significance. The features of AE fluxes on different
stages of deformation of different MGs have been discussed in details in the above-cited papers.
whereas in the present work we deal predominantly with the AE sources.
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6QO
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Table 1. Statistical parameters of AE signals in the metallic glasses under load

Co-/Zr- MG
Parameter

UP.IJ,V
U..U<l. IJ.V
E

fe, kHz
flNld , kHz
f..,. kHz

Total AE, N= 167/409
Cluster1, N=155/151
Mean
Std.Dev.
Mean
Std.Dev.
113/101
127/91
81/49
42/32
16.4/12.3 27.0/14.2 10.7/7.6
6.6/3.6
486/256
2420/769 72/62
350/130
201/351
182/207
168/98
126/45
301/389
113/129
2n /261
69/68
178/121
37/28
178/124
37/34

Cluster 2, N= 12/258
Std.Dev.
Mean
529/126
132/90
91.2/14.0 61/12.1
5831/345 7331/933
629/503
246/75
616/467
92/85
1n /120
32/24

Shear bands as the An sources in MGs
Using direct in-situ AE monitoring with simultaneous SEM image recording we have
shown that the shear bands such as those shown in Fig.5 produce elastic waves during
inhomogeneous plastic deformation [4]. Formation and growth of these bands is accompanied by
the release of elastic energy from local plastically deforming regions, resulting in the AE pulse of a
specific shape. The in-situ experiments have also revealed that some signals appear, while no
changes in the surface morphology could be noticed within the limits of SEM resolution.
Moreover, the shape and amplitude of these signals was different than those of the signals coming
from the shear bands. Taking into account that the first AE events are usually observed at the
stresses much lower than those required for the formation of the first shear bands, one can
suppose that two kinds of AE source may operate in MGs during inhomogeneous plastic flow.
Digitizing individual waveforms makes it poSSIble, in principal, to distinguish precisely between
these two kinds of signal and to trace their behaviors separately.

Flg.4. Shear bands on the surface of Co-based (a) and Zr-based (b) metallic glasses

Shapes and spectra of individual signals
All signals were first visually evaluated in both time and frequency domain. This resulted
mainly in two distinct types of signals. Typical waveforms and power spectra of AE in MGs are
represented in FIg.5. The signals do not overlap usually and the burst type AE is evident. The
type-! events have relatively small amplitudes, short durations and the spectra with dominant low
frequency component 120 kHz and smaller. Sharply rising and decaying waveform of relatively
high peak amplitude and strong high-frequency component of 600 kHz characterize the signals of
the second kind. Although many. spectral features are attnbutable to the sensor frequency
response, the two types of spectra are clearly distinguishable.
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Flg.5. Typical AE signal waveforms and power spectra In metallic glasses

To compare the shapes of spectra, the normalized spectral densitYt G"t for each signal was
computed as G,. (f)=G(f)/E. No significant evolution of spectral components with time is
revealed The shapes of spectra of individual signals at the end of deformation are essentially the
same as those at the beginning. Thus, the process meets the requirements of the weakly selfstationary random process and, thereforet it can be simply treated in terms of distnbution
functions, means and variances of respective variables. Statistical characteristics of AE fluxes are
given in Table 1. Visual classification is a very time consuming task providing only qualitative
information and the use of semi-automatic data processing is much more rigorous and convenient.
Factor and cluster analysis
The correlation matrix for variables, which are listed in Table It is given in Table 2. It
shows that some correlations are of substantial magnitude (E-UJtMS are correlated at the level of
0.85) while other are just weakly correlated (f-.t - Up). Calculation of eigenvalues [39] yields that
two factors are to be extracted with respect to tbe Kaiser criterio~ which states that we have to
retain only factors with eigenvalues greater than 1. These two factors cover 78% of total variance
and their loadings are presented in Table 2 for Co-based alloy. Factor loadings can be interpreted
as correlations between the respective variables and factors t providing most important information
for understanding of factors. Factor 1 is marked by the highest loadings for amplitude-related
parameters such as Up, URMS and E while, in contrastt Factor 2 shows the highest loadings for
frequency domain items such as t-s, fc and felf. Choosing two variables with the highest loadings
for Factor 1 and Factor 2 correspondingly, we reduce the number of measured parameters to a
pair of (Up - Ut which promises to give most clear description of the AE structure in MOs. We
should notice that the attempt to call a greater number of variables for "better" AE description
does not change the results but substantially complicates both calculation and interpretation.
Table 2. Correlation matrix and factor loadings for some AE parameters in Co-based MG (below
diagonal) and Zr-based MG (above diagonal). Factor loadings are shown for Co-based alloy only.
Variable

Up
UAlLCl
E
f~

f.......
f""

Up

URMS

E

Fe

f....d

fell

1
0.78
0.65
-0.02
-0.01
-0.59

0.81
1
0.85
-0.07
-0.06
-0.46

0.74
0.88
1
-0.17
-0.24
-0.47

0.03
-0.05
-0.21
1
0.48
0.04

-0.01
-0.06
0.38
0.50
1
0.24

-0.76
-0.46
-0.36
-0.04
0.78
1
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Factor Loadlnas
Factor 1 Factor 2
-0.25
0.89
0.81
0.2
-0.42
0.82
0.81
-0.04
-0.27
0.87
-0.71
0.42

Applying K-means clustering algorithm to the array of AE records from the same
specimen, one can find that all signals naturally fall into two categories with respect to their peak
amplitudes and median frequencies. Clustered structure of AE data can be easily recognized from
the scatterplot in Up-t-s coordinate, Fig.6. Ouster 1 consists of signals with relatively low
amplitudes and low median frequencies whereas Cluster 2 includes the signals of high amplitude
and high median frequency, Table 1. Let us note that the signals are nearly normally distnbuted
within each cluster as is proved by the Kolmogorov-Smirnov test. The result of clustering agrees
with visual signal evaluation discussed above: the type-1 signals fonn Cluster 1 and the type-2
signals belong to Cluster 2. Similar, but not the same, classification procedure was earlier adopted
by Woodward and Harris [16] and also by Muravin and co-authors [24].
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Fig.6. Clustering of AE events in Up-Fmed space in Co-based (a) and Zr·based metallic glasses.
Scattering ellipses and regression lines at 0.05 level of significance are plotted with respective clusters.

DISCUSSION
Thus, we have experimentally shown that the resultant stochastic AE {~t)} is
caused by two random stationary processes {Xl(t)} and {~(t)} characterized by their own
distribution functions and different shapes of waveforms and power spectra of their constitutive
events. Thus, we deal with a typical example of an additive random process:

{XUp.F......,(t)}:=I {Xl (t)} + {X 2 (t)}

(2)

To take account of the linear trend in the Zr-based MG we should assume a model of an
evolutionary process such as (in its simplest form):

{XUp,FrMtl (t)}

<::

a1 (t){X 1(t)} + a z (t){X z(t)}

(3)

with al(t) and ~t) deterministic functions, which are supposed to be linear in our case. a1 and 8z
can be easily defined by standard trend removal procedures. The AE trend in some MGs is
determined by the linearly increasing stress so that if the number of stress concentrators is fairly
large we expect the greater amount of plastic events, i.e. AE sources, involved into
inhomogeneous plastic flow with loading. Indeed, SEM observations (Fig.4) show that the
density of shear bands in Zr-based alloy is higher than that in Co-based MG and their distnbution
is more unifonn (in the Co based alloy most shear bands are concentrated near the fracture area).
More active localized flow in the Zr-based alloy is also reflected by a larger number of AE signals.
In the first order of approximation it is possible to neglect the trend and consider only the
stationary parts. Having a certain type of cluster assigned to each signal we obtain the AE time
history as a sum of these two processes as shown in Fig.7. Thus, the structure of the total AE
flux shown in Fig.2 becomes more clear. One can see that firstly AE in MGs appears usually as a
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flux of type-1 signals. Then another process comes into play. This second process can be easily
identified: Ouster 2 is formed by the signals emanating from the shear bands. Interpretation of the
Ouster 1 signals is more difficult since no structural investigations can help to solve this problem.
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The results of AE studies undoubtedly show that inhomogeneous plastic flow in MGs
cannot be entirely associated with the shear bands visIble on the surface. The other "hidden"
mechanism acting in addition to shear banding is expected. In the literature a few arguments exist
in a favor of poSSIble presence of some plastically deformed regions with significantly smaller
scale than the shear bands. For example, in agreement with our observations, it has shown that
irreversIble plastic deformation have started long before the first shear band could be noticed
during bending of Ni~i8B17 MG [1]. Rolled up to 30-40% MGs may not reveal any shear bands
on relatively wide regions of the surface while the microhardness of these regions is higher than
that of initial material [1]. The nature of this mechanism is not clear yet. It seems plausible to
suppose that the small shear events may nucleate inside the MG. This can occur at relatively low
applied stresses because the strong heterogeneity of microscopic structure of multi-component
MGs results in the significant fluctuations of internal stress fields. These stresses are arbitrary
distnbuted within the sample and as they attain the high enough magnitude, the shearing occurs in
the small local volumes of the nbOOn. The stress relaxation with the rapid latent energy release
results in AE. The shearing does not necessary reach a free surface due to the structural
heterogeneity which plays a dual role in plastic deformation: on one hand, it assists shear initiation
but, on the other hand, it provides high barriers to be overcome during shear band propagation.
Thus, the propagation of shear requires higher stresses than nucleation. Indeed, the type-l signals
always precede the type-2. The small area swept during shearing inside the glass body leads to
the smaller amplitudes of acoustic emissions and modifies their spectra.
Let us try to take further advantage of spectral expansion. The system of the specimen and
sensor is assumed to be linear, resulting in a spectral representation of the sensor output as
G(w) = H T(w)H s (w)Gs (w)

(4)

where HT> Hs are the transfer functions of the sensor and the specimen respectively and Gs is the
source function. The sensor and electronic equipment including filters do not change during
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experiments and do not produce differences in power spectra among the signals in the same test.
The transfer function of the specimen, in principle, may not be constant because AE events come
from different locations and the AE spectrum may be affected by this factor. However, as follows
from the results of conventional location of AE events in MOs [3-5] and SEM observations, the
sources are either rather homogeneously distnouted within the nohon length (Zr-based alloy) or
localized near the fracture area (Co-based alloy). Hence, in both cases the statistical treatment of
spectral characteristics provides consistent information about the AE sources. The averaging
over a large number of AE signals of the same kind significantly eliminates the effect of time
variation of Hs(w). Consider the sources of type-! and type-2, having G15 and G2S initial spectra
correspondingly. As follows from eq.(4), their relative resultant spectral density
G1 (01)/G 2 (w) = GlS (w)/G 2S (w)
(5)
is entirely determined by the properties of the sources and does not influenced by experimental
factors. This is an interesting feature of spectral decomposition that is particularly useful when
the sources in the same specimen are clearly discriminated After averaging of the normalized
power spectrum densities for each kind of sources over their populations within respective
clusters in both alloys, we obtain the relative spectra as shown in Fig.S.
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They appear to be rather smooth and similar for both samples (remember that the geometry of the
samples, i.e. the specimen transfer functions are different). The peaks around 350 kHz are not
identified yet and, possibly, they are not attnoutable to the AE sources. Now make some
assumptions on the nature of emitting defects in MOs. The type-2 source has been proved to be
the shear band If we adopt that the type-! source is the simple shearing inside the nohon, then
these two sources do not differ in the microscopic mechanisms but differ mainly in the scale and
degree of correlation of elementary events. A general concept of mutual relationships between
individual and collective AE sources has been developed by Braginskii [25] on the basis of
stochastic nature of emitting defects. Starting from the premise that the ensembles of defects in
solids can be descnbed in terms of characteristic length, radius and degree of correlation, he has
shown that, in the simplest case, the co-operative movement of microscopic defects results in a
Lorentz type of AE spectrum 010 /(01 0 2 + w2 ). The simple shear occurs by co-operative motion
of a great number of atoms and can be tenninated by structural inhomogeneity as has been
discussed above. The macroscopic shear band can be viewed as a set of elementary shears. Each
shear event results in a local stress relaxation, i.e. in AE, and, hence it can be characterized by a
certain relaxation time "t. As was argued above, the propagation of shear through the nohon
implies multiple overcoming of internal stresses. Consequently, the elementary shears should be
distnbuted over relaxation times during the band growth. Let F("t) be a distnbution function of
relaxation times which are determined by their activation energies E by ordinary relationship:
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T = TO

exp(E / leT)

(6)

where 'to is the pre-exponential factor and k is the Boltzmann's constant. Following Braginskii let
us write F(t) as
F(T)'" (kT I r:)F (E)
(7)
The spectral density of the co-operative AE source takes the form
..

G(oo) ex

f

oT

T
_2

-I

2

+W

F(T)dT

(8)

In the case of uniform distnbution of shears over their activation energies F(E)=const. Combining
eq.(7) and (8) and integrating yields that
G(w) ex 1/w
(9)

The details of calculations for the non-uniform distnbution function F(E) are given in ref.[2S].
Thus, for shear band propagation, i.e. for the AE source of the type-2, one can expect a model
spectral density corresponding to 11m noise. Taking
lIJ0
1
G1(lIJ) ex
2
2
'
G 2 (w)cc(10)
W o +w
oo Y
where y is a constant 0<ys2 we obtain
G1(w)

wow- r

--:..~=a-~-

(11)
+w2
where a is a proportionality constant. With a good accuracy the relative spectra (Fig.9) can be
fitted by the function which is defined by eq.(ll) with a and y fitting parameters. The results of
non-linear curve fitting are shown in Fig.9. The best fit is obtained when y equals 0.5%0.1.
Although the proposed fit is likely not the only possible one, we could not find any better
approximation functions then (11).
G 2 (w)

2

Wo

To gain a better understanding of semi-intuitive model spectra (11) let us remind some
fundamental properties of both kinds of spectra. The process with values which are completely
independent of past values is white noise. This is the only process having no memory of the past.
In contrast, the process with Lorentz spectrum, i.e. the process with the exponentially decaying
auto-correlation function R(t)=exp(-1I;t), is characterized by the influence of the past on current
events. This influence is determined by the relaxation time "to=lf).. or the time of autocorrelation
in R("t) and, consequently, by the width of Lorentz spectrum ~=lfto=A..: the wider the spectrum
the shorter the memory. 11m noise is a random process with a very long memory of the past [26].
This can be easily understood from the above discussion, where we have shown that 11m process
can be represented by a sum of Lorentz spectra with all poSSlble widths ~ (8-9), Le. with all
poSSIble memories of the past. The autocorrelation function of 1/aJ decays as a power of time,
slower then any exponential. All these properties of the model spectra (10) which are employed
to account for the AE features in MOs, are in agreement with the two-level model of plastic flow
of MGs by elementary shear formation and subsequent shear band propagation. The deviation of
y from unity can be explained by the non-uniform distnbution of elementary shears over relaxation
times or by the limiting time of shear propagation due to a small thickness of amorphous nbbon.
The latter results with a necessity in the limitation of long-time (low-frequency) correlations. On
the other hand, the closeness of y to 0.5 may have one more important physical meaning. As has
been calculated by Natsik and Chishko [9], the energy spectrum of elastic waves emitting upon
dislocation emergency to a free surface should be exl/wcu • This can be a strong argument in a
favor of dislocation-like mechanism of inhomogeneous plastic deformation of MGs.
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SUMMARY AND CONCLUSIONS
A complex statistical and spectral analysis of acoustic emission (AE) during plastic flow of
two metallic glasses (MOs) is performed with the aim of classification of AE sources. A special
attention in this study is paid to quantitative characterization of AE features peculiar to individual
sources. AE is considered as a multivariate stochastic process. Factor (principal component)
analysis is employed to optimize a set of descriptive variables. The algorithm of AE data
processing is descnbed details. Two parameters were found to be most useful for the purpose of
this study: the peak amplitude measured in time domain and the median frequency calculated from
the power spectral density. With a help of cluster analysis (K-means clustering) it is shown that
the.AE signals in MGs undoubtedly fall into two categories (clusters in Up-f-ct space) differed by
their amplitudes and spectral characteristics. 1bis allowed us to conclude that two mechanisms of
inhomogeneous plastic flow, i.e. two AE sources, should operate in MOs. One mechanism is
simply associated with shear band formation during inhomogeneous deformation, whDe
identification of the other mechanism is not so easy. A possible nature of that unknown
mechanism of plastic deformation of MGs is discussed in terms of relaxation processes and is
argued that it could be a nucleation of elementary dislocation-like shear events inside the MG.
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MICROFRACTURE PROCESS IN CERAMICS UNDER THERMAL SHOCK
FRACTURE CHARACTERIZED BY ACOUSTIC EMISSION

SHUICHI WAKAYAMA
Department of Mechanical Engineering
Tokyo Metropolitan University
I-I Minami-Ohsawa, Hachioji-shi, Tokyo 192-0397, JAPAN

ABS1RACf
Microfracture process in ceramics under thermal shock fracture was characterized by
acoustic emission technique. The specimen was alumina disk with O.5mm thickness and 20 rom
diameter. The disk specimen was heated to the required temperature (410 - 470 ·C) and the central
part of disk was quenched by means of contacting a metal rod. An AE transduce~, in which
amplifier is instrumented, was attaChed on the opposite side of the metal rod and used for detecting
the AE signals due to microcrackings during thermal shock fracture with excellent sensitivity. The
temperature distribution on the specimen was measured by the spot-type infrared thermometer and
then the 2-dimensional thermal stress field was calculated analytically. The thermal stress field was
also analyzed by FEM calculation and the experimentally estimated stress field was verified.
Macroscopic fracture behavior was observed using a video system and the initiation of macroscopic
maincrack was observed before maximum stress. On the other hand, the remarkable increase of
AE signals was detected when the maincrack was initiated. From these results, it was understood
that the thermal shock fracture process consists of microcrack initiation immediately after contacting
a metal rod, maincrack formation due to the coalescence of microcracks and the subsequent crack
propagation. Furthermore, the microfracture process during bending tests of alumina specimens
were also investigated by acoustic emission technique. Consequently, it was. understood that the
critical stress for maincrack formation during thermal shock was equivalent to that of mechanical
loaded tests.

KEYWORDS
Thermal Shock Fracture; Acoustic Emission; Microfracture Process; Maincrack Formation

INTRODUCTION
The thermal shock behavior of ceramics has been investigated using many traditional
thermal shock testing method.. One of the most popular thermal shock tests is the quenching tests,
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especially the water quench [1-3]. The critical temperature difference, where samples are subjected
to severe damage, is used as the thermal shock resistibility of ceramics. Recently, new
experimental methods to evaluated the macroscopic stress intensity factor are investigated [4,5].
However, it is important to understand the microscopic process during the thermal shock fracture
because the fracture process is caused by the accumulation of microscopic damages such as
microcrackings due to thermal stress.

On the other hand, the authors [6] evaluated the fracture process during 4PB test in A1 20:1
ceramics using AE method and fluorescent dye penetrant technique and confnmed that AE increase
suddenly when the maincrack is formed before the final failure. And the stress at the increase in
AE is estimated as the critical stress for maincrack formation.
In this study, the microcrack initiations and the maincrack propagation during thermal shock
fracture were detected by AE method. The temperature fields in the specimen were measured and
used to calculate the 2 dimensional thermal stress field. Consequently, the microscopic fracture
process during thermal shock was evaluated using these results and the observation of specimen
after thermal shock fracture. Furthermore, the critical stress for maincrack formation during
thennal shock fracture was discussed and compared with the results of bending tests.

EXPERIMENTAL PROCEDURE
Fabrication of Specimen
Al20 3 ceramics were fabricated from alumina powder (purity ~99.99%, average diameter
0.23 J.lIl1) using a hot-press in Ar atmosphere without any additives. Sintering temperature, time
and pressure were 1600·C, 2 h and 40 MPa, respectively. Disk specimens with 20 mm diameter
and 0.5 mm thickness were cut from sintered blocks (grain size 12.2 Ilm) and surfaces were
polished by diamond paste. In order to avoid the influence of the corrosion by the water, disks
were dehydrated at l50·C for 2 h in vacuum.
Thermal Shock Test and Acoustic Emission Measurement

It may be impossible to prevent the noise generated by boiling during water quenching
tests. Therefore, the thermal shock test was carried out by mean of contacting a metal rod of 4 mm
diameter at the center of the heated disk specimen. The apparatus of thermal shock test and AE
measuring system are shown in Figure 1 schematically. The disk was heated to the required
temperature ( 400·C - 470·C ) by an infrared lamp and only the central part of disk was quenched
by a metal rod. Contacting speed was controlled by an air damper to restrain the generation of AE
noise due to contacting. And temperature distributions on disk surface was measured by infrared
thermometer.
AE signals during thermal shock test were detected by AE sensor attached on the bottom
end of metal rod in order to prevent the heating damage to a sensor. The AE sensor, in which
amplifier is instrumented, with resonant frequency of 180 kHz was used, then the initiations of
microcracks could be detected with excellent sensitivity. The total gain of the AE system was 75
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Figure 1. Schematic Diagram of Thennal Shock Test Apparatus.

dB (main amplifier; 20 dB and pre-amplifier with sensors; 55 dB) and the threshold level was 40
dB. i.e.18 J.1V at the input terminal of the pre-amplifier. AE signals were measured by AE analyzer,
sent to a personal computer and analyzed.
Analysis of Thermal Stress
When the heated disk specimen was quenched at the central part, the specimen was
subjected to thermal stress due to the temperature difference between the central and surrounding
parts of the disk. In this study, the thennal stress was calculated analytically from the temperature
distribution on the disk because it is difficult to measure the thermal stress directly. The axisymmetric temperature field was assumed in order to facilitate the calculation and a least-squares fit
of the temperature data was used to describe the temperature field T(r, t) by an even fourth-order
polynomial,
(1)

For the symmetry, odd power terms have to be zero. The time-dependent coefficients 30.
a4 are the fitting parameters. r denotes the radius, and t is the time.

~,

and

The thermal stresses are calculated under plane stress conditions because the ratio of the
thickness to diameter is very small ( < 0.03). The linear elastic solution for radial and tangential
thermal stresses orr and 0ee has the following fonn [4],
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Figure 2. Temperature Distribution during Thermal Shock Test ( Initial Temperature = 450 ·C ).

(2)

(3)

where the radius of the disk, Young's modulus and thennal expansion coefficient are denoted by R,
E and a, respectively.

RESULTS AND DISCUSSION
Thennal Stress Fields
The trcmsient temperature distribution in the disk specimen was measured by the spoHype
infrared thermometer during thermal shock tests. The negligible difference between upper and
lower side of the disk was confirmed by preliminary tests. The thermal shock must be repeated
several times in order to obtain the information of the entire temperature fields. The example of
obtained temperature field (initial temperature = 450 ·C ) is shown in Figure 2. It was understood
from the figure that immediately after the contacting of a metal rod, there were the large temperature
gradient in the disk, but it decreased gradually and temperature became almost uniform at 90 s.
Figure 3 shows the thermal stresses calculated from temperature fields of the disk surface
(initial temperature=450'C). Radial stress is tension in whole of the disk, whereas tangential stress
has the transition point from tension to compression at 4 mm from the center of the disk. Both
radial and tangential stress show the maximum (175 MPa) at 3 s, and vanish at 90 s. The stress
analysis by FEM calculation was also carried out and the stress distribution obtained experimentally
was verified.
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Figure 3. Calculated Thennal Stresses from the Temperature Distribution by Equations (2) and (3)
(Initial Temperature = 450 ·C).

Macroscopic Fracture Behavior due to Thennal Shock
In this study, fracture behaviors of the disks were classified into three types. At the lower
initial temperature, maincrack was invisible but a number of microcracks were observed by SEM (
Type A). When the defects pre-existed, e.g. pore, mainerack were fonned from the defect along
both radial and tangential direction ( Type B ).
At the higher initial temperature, tangential maincrack was fonned along an contour of the
metal rod, and propagated to the edge of the disk along radial direction as shown in Figure 4 ( Type
C). Therefore, it was understood that the maincrack fonnation was caused by the radial stress at
the point of 2 mm from the center.

Figure 4. Crack Origin and Crack Path due to Thennal Shock ( Type C ).
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AE Generation Behavior
In order to examine the AE activity due to the contacting of metal rod, the imitating thennal
shock test and AE measurement using an unheated specimen were carried OUL The AE generation
behavior during the imitating test is shown in Figure 5. From the figure, it is understood that only
a few signals were measured until 0.2 s after the contacting of a metal rod. Therefore, it can be
concluded that AE signals generated by contacting is negligible comparing with those due to the
thermal shock fracture.
When the maincrack was not formed ( Type A), a small number of AE signals were
detected until 5 s after the contacting of a metal rod. On the other hand, when the maincrack was
formed from pre-existed flaw ( Type B ), a large number of AE were detected until 5 s after
contacting of a metal rod.
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Figure 6 shows typical AE generation behavior and radial stress at the point of 2 mm from
the center during thermal shock fracture with the initial temperature of 450 ·c ( Type C). A large
number of AE were detected as thermal stress increased and AE generation decreased after that
Although AE generation stay at about 15 s, there is the remarkable secondary generation past 20 s.
Fracture Process during Thermal Shock Fracture
From the view point of the application of ceramics in elevated temperature, it is important to
understand the thermal shock fracture process of ceramics without any defects, Le. Type C.
Figure 7 shows the AE generation behavior and the thermal stress until 5 s during thermal
shock fracture with the initial temperature of 450 ·C. It can be seen in the figure that the cumulative
AE event increases remarkably at 1.1 s. On the other hand, the maincrack formation was observed
at that time by the video system. Therefore it was understood that the maincrack was formed
before the maXimum stress and detected by the remarkable increase in AE evenl'\.

In this study, the thermal stress was calculated analytically from the measured temperature
distribution without concerning the interaction of crack. Although the obtained tangential stress
was compressive in the outer area (Figure 3), the radial crack was observed as shown in Figure 4.
On the other hand, it is interesting that there is the incubation period of AE while 16 s to 22 s
(Figure 6). Because the redistribution of thermal stress due to maincrack fonnation occur
instantaneously, it is inconsistent that the incubation time over than 5 s was caused by the
mechanical redistribution of stress field. Therefore, it is suggested that the stress redistribution was
caused by the redistribution in temperature due 10 the disturbance of heat flow by a maincf"ack.
Consequently, thermal shock fracture process in this study was understood as followings.
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(1) Microcracks were initiated by increasing thennal stress.
(2) The maincrack was formed due to the coalescence of microcracks.

(3) The maincrack propagated around a metal rod by radial stress and arrested by the compression
of radial stress in outer part of the disk.
(4) The temperature and the thermal stress were redistributed and maincrack restarted to propagate
radially by tangential tensile stress.
The authors determined the critical stress for maincrack formation during bending teste; of
alumina ceramics (grain size:12.2 J.Llll) as approximately 120 MPa elsewhere [6). On the other
hand, the critical stress during thermal shock fracture was estimated as 100 - 150 MPa in this study.
Therefore it was understood that the critical stress of the maincrack formation during thermal shock
was almost equivalent to that of the mechanically loaded test.

CONCLUSIONS
Fracture process in the Al2~ ceramics disk during thermal shock contacting of a metal rod
was investigated by AE method. From the observation of the crack path and the AE generation
behavior, the following conclusions were obtained.
1) AE signals during thermal shock fracture could be detected with excellent sensitivity.
2) AE events detected in the earlier stage of test corresponded to microcrack initiation and
maincrack formation.
3) The remarkable secondary AE generation was observed past 20 s. It was suggested that rhe
secondary AE events corresponded to maincrack propagation along radial direction.
In this study, the interaction of maincrack was neglected in the calculation of stress field. In
order to discuss the crack propagation process in more detail, the further investigations are needed.
However, the important knowledge was obtained on understanding the thermal shock fracture
process.
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.AE STUDY OF STRESS CORROSION CRACKINGMECHANISM OF STAINLESS FOIL
USING QUANTITATIVE LAMB WAVE ANALYSIS AND VIDEO IMAGES
MIKIO TAKEMOTO, OKIHARU TAMURA. and HIROAKI SUZUKI

Faculty of Science BJlliEngineering
Aoyama Gakuin University
6-16-1, Chifnsedai. Setagaya, Tokyo, 157-8572 JAPAN

To study fimdamental mechanisms of the active-path-corrosion-type stress oorrosion
cracking of thin AISI 304 stainless steel fDils, we cbara.cterized their AE as Lamb waves while
observing video images of cracks. We estimated the dynamics of Mode-I fracture in thin fuils by
the source simulation of the zero.th order symmetric (80-) mode Lamb waves. The wavefurm
simulation ofthe Lamb waves were perfurmed by oonvoluting assumed fracture dynamics with the
experimental transfur function of the overall system determined previously by utiJjzing a slender
PZT element, fullowed by iteration to fit the observed. The transfer function fur Lamb waves was
obtained by deconvolution in the time domain using the Gauss-Seidel iteration method. We also
propose a method to estimate the crack normal by the radiation pattern analysis ofSo-mode waves
excited by a line focused laser. We examjned the fracture dynamjcs of poIytbioDic (Rj3.0J acid
SCC of sensitized AISI 304 stainless steel fuils from their AE signals. Fast Mode-l type fracture
with source rise times of 1.3 to 1.5 p. B were fuund to be associated with this type of SCC.

KEYWORDS
Lamb waves; Stress Corrosion Cracking; Source simulation; Experimental tran.sfer function;

JNTRODUarIQN
Stress Corrosion Cracking (SCC) is one of the two types of environmentally assisted fracture
of metallic materials. One is the hydrogen-assisted cracking (HAC) commonly fuund in ferritic
steels. Another is the active-path-corrosion (anodic dissolution) type SCC (abbreviated as the
APC-SCC). A number of researchers [1,2] demonstrated that strong AE signals are produced
during HAC. Advanced signal processing of the bulk waves is making it possible to study the
dynamics (kinetics and kinematics) of microfractures in hydrogen charged high strength
steels[3,4].
.
For the APC-SCC, Okada[5,6,7] and Yuyama[8,9] attempted AE monitoring for various
metal-environment systems. The conclusion of their works shows that AE events with sufficient
amplitude could not be fuund during APC-SCC because the SCC was induced by the anodic
dissolution of metals. Another argument against APC-SCC mechanism when SCC propagation
rate is high (of the order of 10 cmfyear or 3.8 x 1()-5 mis, a known fast crack velocity in chemical
processing plants), is that such velocity cannot be explained by the maximum anodic current
density of 1 Alcm"!. that has been estimated by electrochemical experiments in laboratory.
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Hoar et al [10] suggested that the anodic dissolution and HAC are the competitive mechanism
fur chloride-SCC of 304 stainless steel As the pH of the solution at the crack tip is reduced to 1.5
(strong acidity) by the hydrolysis reaction of the metallic chlorides, the strain-induced martensitic
phase in front of the crack tip is susceptible to HAC. However, no experimental evidence fur this
model bas been obtained so far. Uhlig et al. [11] proposed the stress sorption model fur the
nitride-SCC of carbon steels. in which the fast fractu1'e is caused by the adsorption of specific
anions. More recently, Lichter et al. [12] proposed the corrosion assisted cleavage (CAC) model
fur chloride-SCC of AISI 304 stainless steel. Sieradzki et al[13] observed the correspondence of
corrosion potential changes and AE signals from brass fOils in ammonia solution.

Among the various material-environm.ent combinations classified as the APCSCC, sec of
sensitized 304 austenitic stainless steel by polythionic acid (RJ3.0J is known to cause catastrophic
failures in petro-chemical refinery equipment at ambient temperature (during maintenance shutdown) [14]. Polythionic acid SCC is recognized as a typicalAPC-SCC[15].

In a previous paper[16], we monitored bulk wave AE during polythioDic acid SCC using
compact tension (CT) specimens. We recorded a number of AE events. The source simulation of
the out-of,.plane displacement detected suggested that Mode-I type 1Bst cracking of 4-6 # s
duration is associated with this SCC. However, the 1Bst crack generation could not be observed
visually because of the specimen geometry.
In this paper, we studied the SCC dynamics in thin samples. AE signals in such thin samples
are dispersive Lamb waves with various modes. and cannot easily be correlated to the frequent

potential fluctuation observed. We made the quantitative analysis of Lamb waves, and also
monitored crack propagation by video images. We fimt studied the vibration characteristics of a
small PZT element, and used it to model an artificial Mode-I crack source. We then characterized
Lamb waves produced by the PZT element using the wavelet oontour map. The wavefurms of the
zero-th order Lamb waves were also simulated by using the experimental transfer function. Finally,
we studied the dynamics of polytbionic acid sec by the source simulation and the comparison of
the wavelet oontour maps ofAE signals detected.

CHARAm'ERIZATIONOFTHE LAMB WAVES PRODUCED B¥MODE-I FRACTUIRE
CHARAQTERTZATION OF pzrr ET.EMENT AS MODF,.I FBAaruRE SOURCE
We utilized a slender PZT element (compression mode, resonant frequency of 1 MHz. 1 mm
width. 2 mm thick. 10 mm long) to simulate a Mode-I crack. The out-of- plane displacement ofthe
slender PZT element in the polarized direction was measured by a laser interferometer. As shown
in Fig. I, the PZT element was attached on the edge ofAISI 304 stainless steel full (0.25 mm thick).
As it vibrates in the x-direction excited by a step-wise voltage input, it launches Lamb waves to the
fuil. The rise time of the input voltage step A Tr(V) wuvaried by a function generator to simulate
the fracture with different kinetics (source rise time). The interferometer's output ( out-of,.plane
displacement ofPZT element) was digitized by a fast AID converter at sampling time of 50 ns with
1024 sampling points at 10 bit, and analyzed by a work station (Sun Spare). It is confirmed that
the vibration amplitude of the out-of-plane displacement of the PZT element is uniform over the
entire length (the y-direction).
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Fig. 2 Response of P-wave PZT element (the
middle row) due to the step-wide input voltage
(the top row),and simulated waveform (the
bottnmrow)

Fig. 1 Experimental setup for monitoring
the response oftha PZT element

Figure 2 shows the response of the element (shown in the middle row) excited by a step-wise
input voltage of 300 V with the rise time I:i. Tr(V) of 0.6, 2.0 and 8.0 J.L s (see the top row). The
element produced a pulse response to the step-wise input voltage. Both the maximum amplitude
I:i. h and rise time f). Tr (P) of the element decreased with an increase of I:i. Tr(V). These
wavefurms rompare well with those in the bottom row, which were simulated by the following
scheme.

We determined the transter function of the PZT element E(t) by first exciting the element by a
sharp-rising impulse voltage V(t) with a half-height width of 0.9 J.L s and its response was
measured as P{t) (see top middle and left, Fig. 3)_ The transiBr function of the element E{t) was
obtained by the deconvolution of P(t) by V(t) and is shown at top, right in Fig. 3. The
deconvolution was performed in the frequency domain (see the bottom row of Fig. 3). Using this
transfer function, we computed the vibrations ofthe element to step-wise input and the results are
given in the bottom row ofFig. 2. The detected and simulated displacements agree well except at
times beyond 8 J.L s. This indicates that we can simulate the fracture source having various
kinetics by using the PZT element and step voltage input.
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CHARACTERJZATION OFTBE LAMB WAVES DUE TO MODE-! FRACTURE

Initially, Lamb waves due to a simulated Mode-I fracture were characterized. We attempted
to represent Mode-I fracture by using the PZT element mounted on the foil surfaoo, but this
arrangement apparently simulated Mode-IT fracture. Next, we used the experimental setup of Fig.
4 to simulate Mode-I :fracture. The PZT element was plaood between a stainless foil (thickness of
0.25 mm) and a 10-mm thick stainless steel plate. These are glued together by an epoxy. A small
AE sensor (PAC, PICO) was mounted on the fuil surfaoo at 30 mm from the simulated crack source
(PZT element) to monitor the Lamb waves generated. Figure 5 shows the monitored Lamb waves
(top row) produ~ by the PZT element with their respective rise time [). Tr(P) of 0.8, 1.3 and 2.2
J.I. s of a step voltage input. Both the So- and Ao-mode Lamb waves with large amplitude were
detected for [). Tr(P) of 0.8 J.I. s. The amplitude decreased with an increase in [). Tr(P) (slower
fracture). The So-mode arrived with 6 mmJ J.I. s velocity, while the Ao-mode with 2 mmI J.I. s,
respectively. Diagrams in the second row represent the contour maps ofwavelet coefficients of the
detected signals above. Darker parts indicate higher amplitudes of the wavelet coefficients at
corresponding frequency and time. Broken lines represent the calculated velocity dispersions of Soand Ao-mode Lamb waves using Young's modulus 210 GPa, Poisson's ratio 0.287 and density 7680
kg;'m3. Wavelet components corresponding to the So- and Ao-modes can be seen at round 4 J.I. s
and 15 J.I. S, respectively. The niain features of the contour maps are essentially unchanged with
the source rise time, although the higher frequency oomponents ofaround 1.25 MHz were reduood
with the source rise time. The frequency components of Lamb wave modes will also be utilized
diagnosing the fracture kinetics.
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Fig. 5 Lamb waves produced by
the PZT element with 3
different rise time

Fig. 4 Experimental method for monitoring
the Lamb wave produood by artificial
Mode-1 fracture
SOURCE SIMULATION OF LAMB WAVES

FOR FBAarURE KINETICS

Figure 6 shows a series of functions used fur simulating Lamb waves. The wave in (b) is the
Lamb waves (detected by a PlCO sensor at 30 mm away) produood by the expansion of a PZT
element by a step with 0.3 J.I. s rise time, shown in (a) (measured by a laser interferometer). This
source is approximated by a triangular wave (c) ofcrack volume. The triangular wave neglects the
negative wave components of source wave (a) at prolonged time, but well simulated the first
behavior of the element. The amount of the expansion times the crack area is equivalent to the
crack generation volume [).V Abj , where A and bj designate the crack area and Burgers vector,
respectively. Here, A 2.5 x 10 -6m2 and [).V 1.05xlO"l3 m 3 sinoo all the expansion is directed into
the foil. The overall experimental transfer function, shown in (d), was obtained by the

=

=

=
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deconvolution ofthe wave (b) by the source function (c) in the time domain. We utilized the GaussSiedel iteration to obtain a reliable solution, by minimjzing the divergence. We simulated
waveform (e) by time-domain convolution of functions (a) and (d). It agrees well with the
waveform (b) ofSo-packet.
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Fig. 7 Comparison ofmonitored Lamb wave (the top
row) and computed waveforms (the middle row) for
the source parameter at the bottom

Figure 7 shows the Lamb waves generated by the same PZT element (Fig. 4) with di.flerent
rise times. The values of ~ Tr and the crack volume (calculated from detected displacement) are
given below. Waveforms simulated from the input are shown in the middle row.
Overall, the
detected (the top) and simulated waveforms agree well, except AD components at prolonged times.
Disagreement at longer times appears to be due to triangular wave approximation.

RADIATION

PATrERN OF

THE LAMB

WAVES

FROM

MQDE-I

FRACTURE

We used the adiabatic thermal expansion of a line-focused Q-switched YAG laser beam (0.3
mm width and 3 mm length) fur simulating Mode-I fracture on the surface. Though we can not
control the rate of thermal expansion (or the rise time of a source function) by this method, we
obtain an accurate radiation pattern of the Lamb waves generated. .As shown in Fig. 8, the Lamb
waves are generated by the laser beam at X=Y=O and monitored by a PICO sensor by rotating the
beam focus line at
interval. Amplitude of the first peak of So-mode has the maximum. value
in the direction of focus line (or crack) normal The amplitude is reduced slightly at + ISO , but
decreases sharply at larger angles.

lao

Fig. 8 Radiation pattern ofthe Lamb wave (magnitude profile ofthe first
amplitude ofthe So-modeLamb
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CHARACTER.JZATION OF

LAMB WAVES DUE TO POLYTHIONIC

sec

Figure 9 shows the experimental setup fur SCC test. Type 304 stainless steel foil of0.25 m.m
thickness, sensitized for 6 hour at 6OOC, was loaded to 150 MPa in tension. 0.1 wt % polythionic
acid at pH=2.0 was supplied to the specimen using a cotton wick of 2 mm diameter (actual
rorrosion region had a diameter of 3 m.m as marked on Fig. ll). Six PICa sensors were mounted
on the upper surface as shown. The sensors #1,2,3 and 4 are on a circle of 27 mm diameter and
were used to monitor the radiation pattern and SO'lllm location. The sensors #5 and #fj at 30 mm
&om the rotton wick were used to detect the Lamb waves. Video images were monitored on the
opposite surface (bottom surface), below the rotton wick.
Sensor Layout
Loading

t~

#5

direc:ti

#Son

---.'8--'
3.i i i
I

2

i
I

i

0.1 wt% KZS4 0 6
in
cotton wick of
3mm diameter

I stress

,

150MPa

I

I

30
AE monitoring
system

Loading •

dbection •

Fig. 9 Monitoring system ofthe Lamb wave during polythionic
SCC of AISI 304 stainless steel fuil

We observed 6 events during SCC test &om 15.12 to 17.27 ks (over 36 min.), during which we
also observed the progression ofSCC by the video images. Event rounts during this static loading
test method. were far fewer than we expected, since we observed more than 1000 events over a 30
min. interval during a oonstant extension-rate (dynamic) test.
We here describe how the source dynamics were estimated for some ofthe AE waves. Figure
10 shows waveforms ofthe first two events (D.C.1 and 2). Signals &om Ch. 1 to 4 mainly show the
Ao mode, while Ch.5 and 6 signals show the So as well.. We first focus our attention to the Somode portion. Magnified So-wave parts of D.C.! signals upon arrival are shown in Fig. l1(a}.
The source location and Burgers vector direction (fur D.C.1-3) are shown in (b). For D.C.I, sensors
#2 and #3 have larger amplitude than the others, indicating Mode-I type fracture with crack
normal along the direction between the sensor #2 and #3. The source locations shown in (b) were
determined using the arrival time difference of first arrival of the S-mode using the sheet-wave
velocity (5200 mls). This figure also shows the souree locations of D.C.2 and 3, which were within
the oorrosion region under the rotton wick. However, the positions of D.C.4- 6 rould not be
estimated due to weak So-amplitude.
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(a) Detected wave (D.C.1)
.s
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Time, IJs
(b) Source location and crack normal

1m
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dir.- .-@}.

Fig. 10 Monitoring Lamb waves (D.C.1 ,2)

during polythonic sec ofAISI304 fuil

Fig. 11 (a) So·mode packet of detected
Lamb wave (D.e.l) and (b) source
location and crack normal

We examined the fracture dynamics ofevent D.O.2. Figure 12 shows the detected waveform (left)
and result ofwavefurm simulation (right). The source wave is expressed by a sine'ramp function
with effective rise time ATr*, as Eq. (1).
t ~O

=0

dAbj(t)/dt = AV sin 4 (7t tJ ATr*)
= AV

o~ t

~

ATr*

~

ATr*

(1)

t

For fracture dynamic discussion, effective rise time Do Tr, typically 37% 1:1 Tr* excluding slowly
varying portion, is appropriate. Source parameters chosen for this case are Do Tr=1.5 /.l s and
t1 V=7.OxlO·16 m 3• The fust and second peaks have good match in timing and amplitude, while the
third peak have a good amplitude match, but a slightly slower timing. Agreement at longer times
are poor; in particular, the Ao mode was very strong in the SOC signal, reflecting the surface
initiated cracking. The observed D.Tr of 1.5 Il s is comparable to some of fast fracture found in
fiber reinforced composites. It is incompatible with the concept of crack propagation by the anodic
dissolution ofmetal.
(a) Detected wave (S O"'mode)
3.0 x10-s

(b) Simulated wave
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Fig. 12 Comparison ofdetected Lamb wave (D.0.2) and simulated Lamb wave for the
source wave with t1 Tr =1.5 JL S, AV =7 x 10 -16 mS
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CONCLUSION
To study the fracture dynamics of APC-SCC, we attempted quantitative Lamb wave
analysis. Results are summarized below:
1) We developed a new source simulation method. fur the Lamb waves in a thin sheet using a
small P-wave PZT element. The direct displarement measurement via laser allows crack
volume calibration ofa given Mode-I fracture source and the experimental tran.sfer function.
2) Using the Lamb wave analysis, we estimated the fracture dynamics ofpolythionic acid SCC of
sensitized AlSI 304 stainless foil. An observed AE signal indicates fast Mode-I type fracture
with a source rise time of 1.5 Jl. s. This is incompatible with the conrept of crack propagation
by the anodic dissolution ofmetal
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ABSTRACT
Earlier studies have suggested that the condition of the grain surfaces plays a very delicate
role in creating the peculiar acoustic emissions from so-called musical sands. Indeed, Fourier
t
Transform Infrared spectra of these sands reveal a broad absorption band at 3400 cm- , ranging
t
I
from 3700 cm- to 2800 cm- , due to clusters of water in an amorphous silica layer on the
surface of the sand grains. This leads to the hypotheses that this silica gel type layer on the
surface of these materials may be part of the mechanism for sound generation and that
commercially available silica gel should also be musical. In fact, recent studies have shown that
sharp shaking of silica gel emits loud sounds similar to those of natural musical sands and that
t
its IR spectrum also shows the characteristic 3400 cm- band. Results derived from the beat-like
signals typical of natural musical sand emissions have shown that time parameters of these
signals are related to particle size and sample size. Recent results obtained from similar
acoustic signals emitted by silica gel also show these same relationships. This suggests that
acoustic emission from ordinary silica gel may be very helpful in understanding the musical
phenomenon and in identifying its mechanism for generation. These studies should also provide
more insight in the poorly investigated field of granular flow and lead to many diverse
applications.
KEYWORDS
Acoustic emission, beat, musical sand, silica gel

INTRODUCTION
Over the past decade, our research group has conducted several investigations into the
properties of musical sand. From these studies, it can be concluded that a combination of several
agents is responsible for the musical sand phenomenon. It appears, however, that the most
essential property in determining the musicality of sand is the composition of the surfaces of the
grains. Other parameters typically associated with musical sand serve to enhance this particular
property and are much less critical in determining the state of musical sands. The present study
provides support for this conclusion and examines the acoustic emission from musical sand and
silica gel.
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SUMMARY OF EARLIER RESULTS
Acoustic etnlSSlOn, obtained by hand shaking small samples of musical sand, is
characterized by a rhythmic thrum of a few hundred Hertz and fonns an intense and very distinct
beat pattern when displayed on an oscilloscope. [I] Time parameters of this pattern namely the
carrier and beat periods, were found to increase with grain and sample size. Samples of 1 to 10
million particles of five size fractions, ranging in size from approximately 150 to 300 JlIIl,
produced beat patterns with a carrier frequency range from 153.8 to 400 Hz and a beat frequency
range from 9 to 62.5 Hz. [2]
An experimental procedure, whereby sand samples were repeatedly wet-milled and
periodically drained and dried, was successful in producing musical notes from sands that were
never before musical. [3] This led to the hypothesis that the surfaces of the musical sand grains
were coated with an extremely thin film of salts and water. This hypothesis was supported by the
following series of tests:
a) A comparative study, using x-ray fluorescence, of the grain composition of mute as well as
various musical sands, combined with
b) chemical analysis of milling residues from grinding.
c) Grain surface analysis by Fourier transfonn infrared spectroscopy which revealed the presence
of an opal-like layer on the surface of musical sand grains. [4, 5] One of the significant features
of the spectra of musical sands is a broad band observed at 3400 cm'l, ranging from 3700 to 2800
cm"l. According to theory, this band is due to clusters of water in an amorphous silica layer. The
silanol bending band at 870 cm"1 is clearly shown in these spectra as well.

Further confirmation of the presence of this silanol-aquated layer, and an estimate of its
thickness, were obtained by submitting booming sand to chemical leaching. It was exposed to
various concentrations of NH4F (a chemical etching agent for silica), then dried and submitted to
IR examination. The extinction of the booming effect and simultaneous disappearance of the IR.
absorption band, at high concentration (0.1 molar) of NH4F, would seem to indicate that the
amorphous silica layer is involved in the mechanism of the musical phenomenon. [6]
It then became evident that, if this layer on the sand grains was the cause of the musical
phenomenon, then commercially available silica gel materials should also sing. This idea was
tested using commercial grade silica gel with a nominal size range of 200 - 500 J.1Ill. On sharp
shaking of a 200-gram sample of this material in a glass bottle, a loud sound was emitted.
Furthermore, this material gives the characteristic 3400 cm') IR band and an audio beat pattern
typical of natural singing sands. [7] Further tests, using a scanning electron microscope, revealed
the presence of a layer around the silica gel core. This layer was found to be composed of the
same material as the core but possessing a different density, presumably because of the addition
of water. [8]
The next step in the investigation of the musical phenomenon became obvious: a study
of the acoustic emission from silica gel should be done and its results compared to those obtained
from natural musical sand.
RESULTS FOR Sll..ICA GEL
The silica gel material used in these experiments varied in size over a nominal size range
of 60 to 500 J.1IIl. Optical examination revealed that, unlike musical sand, particles were very
S187

angular and had a large shape variation consisting of mostly triangular, rectangular and cubic
fOnDS, with no predominant shape. One of the effects of this was to produce a very wide
standard deviation in the size analysis of a full-sized sample, as seen in Figure I, and in each of
its sieved size fractions.
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Figure 1. Size distribution of a full-sized sample of silica gel.
For purposes of analysis, the full sample was sieved into ten fractions with average
diameters ranging from 107.7 to 699.2 J.IlD. Of these, six samples were selected for acoustic
analysis, with average diameters of 228,275.3, 305.4,423.9,539.9, and 604.2 Jllll respectively.
In order to obtain reasonably accurate estimates of fIxed numbers of particles, five different
samples of each fraction were counted and weighed in order to obtain an average particle weight.
From these results, 2 different series of samples of each average size were fonned; one series
for insertion in a 120 ml glass jar with particle numbers ranging from roughly one-half million to
5 million, and the other series fItted into a 675 ml jar with numbers ranging from a few million to
up to approximately 100 millions for the sample of smallest particles.
Each sample was then hand-shaken and the emitted sound was captured by a small
microphone and displayed on a storage oscilloscope, following the same procedure as for musical
sand. A typical signal is shown in Figure 2. In spite of the large shape variation, a typical OOatlike pattern, as was the case for sands, occurred with great regularity. The time parameters of the
signals, beat period tB and carrier period tc, were measured and averaged over 25 signals for each
sample. The scaled division in Figure 2 corresponds to 20 ms.
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Figure 2. Typical signal emitted by silica gel.
Results of these data can be presented and interpreted in graphical fonn. Relations
between the carrier period and the average diameter of the particles, as well as, between the
carrier period and sample size, will be shown. In addition, these plots will lead to the
fonnulation of a three-dimensional graph of carrier period versus particle size and sample size.
To begin the analysis, a possible relationship between the carrier period and the average
particle size, for fixed number of particles, will be examined. A theory, based on the property of
dilatancy of granular material has been proposed by Bagnold [9]; it suggests that a linear
relationship between the square of the acoustic carrier period and particle size should hold.
Indeed, this conclusion is supported by the results shown over the size range of 229 to 604 J.1ID,
6
with particle numbers of (0.75 to 3) x 10 presented in Figures 3,4, and 5.
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Except for particles of 305.4 J.1IIl which yield scattered results, this conclusion is also
6
supported by 2 x 10 particle samples with diameter sizes of 275,423.9 and 539.9 J.1IIl. (Figure
6) It is thought that the 305.4 J.1IIl sample may have been unduly biased by the wide variety of
particle shape and this hypothesis should be studied further.
Earlier results obtained on booming sand had also implied that there existed a direct
relationship between the carrier periods of the acoustic signals and sample size. This also seems
to be the case for five of the fractions of silica gel, as shown in Figures 7 to 11.
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Figure 7. Graph of the carrier period versus the number of particles of 228.0 J.LIIl diameter.
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Scatter of the data for the 305.4 J.lI11 sample is again noted and divergence from this
relation of the sample of largest particles (604.2 f.llll). In this latter case, the size of the smaller
jar limits the number of particles that can be accommodated to below 1 million and results are
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inconclusive. Results obtained on larger samples of this size fraction (as well as other fractions)
by inserting them in the larger jar (675 ml) do, however, support the initial hypothesis.
Next, the data from Figures 7 to 11 are replotted in the 3-dimensional Figure 12 which
summarizes all results for the six size samples. This plot is very similar to that published in an
earlier graph for booming sand. [2] Again here. allowance must be made to correct the grid in
cases where there are fewer data points. The whole range of carrier periods for the silica gel
extends from approximately 1 IDS to 4 ms, values which are somewhat lower than those obtained
for booming sand; this suggests that silica gel particles resonate at higher frequencies than do
comparable numbers of booming sand particles of comparable size.
Finally, by sectioning Figure 12 at fixed values of carrier period, a series of contour lines
are produced in particle size and sample size space. One such line is drawn in Figure 13 which
approaches a hyperbolic shape; this trend for other values of the carrier period will be confmned
once more data points will have been obtained. If such is the case, this result will confirm a
statement made with respect to booming sand in our earlier paper [2] which says that "it is
conceivable that booming frequencies could be controlled by simply adjusting the distribution of
the size components of the sand."

Figure 12. Three-dimensional plot of the carrier period versus the number of particles versus the
average diameter.
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CONCLUSION
The present study shows that signals emitted by collisions of silica gel particles are very
similar to those obtained from musical sands. This result, seems to confinn that a gel-like
surface layer on these particles is the source of these peculiar emissions. The jagged shapes of
the silica gel particles also suggests that the contribution provided by shape factors, such as
sphericity and roundness, is much less critical than was previously thought; there may be limits
to shape diversity, but these limits must be broad.
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EFFECTS OF HUMIDITY ON ACOUSTIC EMISSION CHARACI'ERISTICS DURING
ENVIRONMENTAL STRESS CRACKING
IN POLYMEIHYL METHACRllATE (PMMA)
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Tokyo Institute of Technology
4259 Nagatsuta-cho Midori-ku Yokohama Japan 226-8503
ABSTRAcr

Environmental stress cracking(ESC) in polymetyl methacrylate(PMMA) under different
humidity conditions have been measured and AE characteristics have been correlated with crack
propagation behavior. Constant stress intensity (K) specimens were prepared to examine the
relationship between K value and crack propagation rate. An AE sensor with resonant frequency
of 140kHz was attached to the specimens, and AE signals were monitored during ESC tests. At
a relative humidity of 12%, the crack growth occurred gradually until 40,ooOs at a K value of
0.70MPavm, the crack growth rate began to increase after that period and AE events were
observed. Fractgraphic observation indicated that the crack surface was rough and the crack
appeared to extend unstably. AE events were considered to be generated by this unstable crack
growth. At a relative humidity of 97%RH an incubation period, where no crack growth was
observed, existed at a K value of 0.94MPavm, but the crack began to grow suddenly after that
incubation period. Although the crack growth rate at 97%RH was higher than that under 12%RH,
no AE events were observed. Fracture surface was very flat and the crack path was straight. This
may be due to stable crack growth in a craze ahead of the crack tip. This suggests that no AE
events were observed when the crack extended stably.
KEYWORDS

Polymethyl methacrylate; Relative humidity; Environmental stress cracking; Stress intensity
factor.
1NTR000ICDQN

In the last few decades many polymers have been used for engineering applications because
of their lightness or superior moldability. However, the measured data of mechanical properties
of polymers are varied due to their environmental conditions and this leads to low reliability in
strength of polymers. A few number of studies [1-3] have been carried out on the effects of
environmental humidity on the mechanical properties of polymers. Shen et at [1] reported that the
tensile strength and ductility of polymethYI methacrylate (PMMA) changed with water content in
the material.

Considering the effects of humidity, we should pay attention not only to environmental
humidity during testing but also to the humidity in the container in which specimens had been kept
prior to the test, because most polymers sorb water from the atmosphere and the water content in a
polymer is always changing with a change in environmental humidity. For example, PMMA can
sorb about 2wt% of water when it is kept at a relative humidity of 100% over a few months. We
have found that the humidity conditions, under which the material was kept before tests and
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during tests, influenced on the craze initiation and growth behavior of PMMA under tensile
loading [4]. These suggest that the mechanisms of tensile deformation and the fracture of PMMA
may be affected by sorbed water in the material.
Thus, we studies the effects of humidity on environmental stress cracking (ESC) in PMMA,
focusing especially on the humidity in the containers in which specimens were stored. Acoustic
emission (AE) events measured during load application and AE characteristics have been
correlated with crack propagation behavior, in order to clarify the difference in crack propagation
behavior under different humidity conditions on ESC.

ExpERIMENTAL
Material and specimens

The material used for the ESC tests was a commercial acrylic cast sheet, 15mm in thickness,
Sumipex, supplied by Sumitomo Chemical Co.,LID. The average molecule weights are
Mw=1.0X106 , Mn=3.9XloS, MwlMn=2.7. It may be important to know the threshold stress
intensity factor (K) at which the crack begin to propagate for the purpose of making a prediction
about the occurrence of failure due to ESC. Thus, a ring type constant K specimens were used in
the tests to clarify the threshold K value, at which crack propagation can occur in a given time.
This type of specimens can also clarify the correlation between K value and crack propagation
rate. The dimension of the ring specimen machined from the sheet is shown in figure 1. The ring
specimens have a relatively wide constant K region against crack length under a constant loading
condition. Figure 2 shows the relationship between K value divided by applied load (P) and crack
length calaIlated by a finite-element method. K value can be regarded constant with an error of
2.5% in a range of crack length between 3mm and 7mm under constant loading condition, which
is shown in the shaded region in figure 2 [5].

loading direction

AEsensor

(mm)

Figure 1 Schematic drawing of ring specimen
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Figure 2 Stress intensity factor(K) divided by applied load as a function of
crack length calculated by a finite-element method on the ring specimen as
shown fig.1 [51

The specimens were heat-treated in an oven at a temperature of 388K for a period of 12
hours to remove any residual stress. Prior to the tests descnbed below, the specimens were kept
under three different relative humidity conditions (12 and 97%) at a ·temperature of 293K for the
purpose of adjusting sorbed water content in specimens. Three different saturate salt solutions
which produced the constant humidities were put in airtight containers with specimens until the
water content of specimens saturated in the humidities (for about 2 years).
ESC test procedure

Prior to the ESC tests a pre-crack of about Imm was introduced into each specimen by
alternating loading at a stress intensity factor range (AK) of 0.63MPav'm, a stress ratio (R) of 0.1,
and a frequency of 1Hz. ESC tests were performed at a temperature of 293K under the same
humidity condition as that in the container in which the specimen had been kept. An AE sensor
with resonant frequency of 140Hz was attached to the specimen as shown in figure 1. The
conditions of AE event measurement are summarized in table 1. Crack length of the specimen
was measured using a laser diameter measurement device, LS-300l made by Keyence Co.,LTD,
which emitted a laser beam of 40mm wide. As laser light can pass through PMMA specimen
excluding cracked region, we can measure a change in crack length in the specimen by measuring
the width of passed laser beam through the specimen.
The initial applied K value on the ESC tests was standardized at 0.64MPav'm. If no crack
extension was observed in 24 hours at this K value, K value was increased by about
0.05MPav'm. This procedure was repeated until the beginning of crack growth. When the crack
began to grow, the K value at this stage is defined as threshold K value. After that crack length
was measured every 15 minutes and AE events were recorded using an X-Y plotter, at this
threshold K value.
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After the ESC tests cracks on the surface of specimens and fracture surfaces of specimens
were observed using a confocal scanning laser microscope (CSLM). This CSLM produces
surface roughness information in addition to fractography

.:ac

5

weight

accurate
humidity
generator

It"III---ceU

x-Y Plotter

preamplifiert---I

Figure 3 Schematic diagram of the experimental
apparatus for ESC test

Table 1 The AE measurement
condition in ESC tests
transducer:
resonance frequency ;
140kHz
preamplifier:
Gain; 30dB
discriminator:
Gain; 30dB

HPF; THRU
LPF; 0.2MHz
Threshold; 25mV

RESIJI,TS
I 'ndec Jow humjdity condition (12%RH)

Threshold K value, at which the crack began to grow at a relative humidity of 12%, was
0.70MPavm. Figure 4 shows crack length and AE events at this K value as a function of time.
Crack propagation rate was not constant even at a constant K value. At fIrst, the crack
grew much gently at a crack propagation rate of about 3X10-8 m/s and no AE signal was
observed. AE events were detected frequently after 400005, where crack propagation rate was
more than 1X10-7 m/s. Figure 5 shows a fracture surface of the specimen. It was rough and the
largest distance between high and low on the uneven surface was about 760J.lm, which was
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Figure 4 Crack length and AE event rate as a function of time during
an ESC on a specimen at 12%RH

Figure 5 CSLM micrograph of a fracture surface of the specimen at 12%RH, at a
K value of O.70MPavm : the crack propagation direction is shown as CPD with
an arrow
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100/.Lm

CPD

Figure 7 CSLM micrograph of a fracture surface of the spcimen at 97%RH, at
a K value of 0.94MPavrn: the crack propagation direction is shown as CPO
with an arrow
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measured by a CSLM. This indicates that the crack extended zigzag manner. Therefore, the
crack is deduced to propagate with coalescing the crack and a craze which were not on the same
straight line in front of the crack tip. This geometry was also observed on surfaces of PMMA in a
previous research [4].
Under high humidity condition (97%RH)

Figure 6 shows a typical relationship between crack length, AE event rate and loading time
under 97%RH condition. No AE events were measured during the tests at this humidity. The
threshold K value was O.94MPav'm for specimens tested at 97%RH and the cracks seemed to
have grown straight. There was an incubation period where cracks did not started to grow at the
K value on the specimens under this high humidity condition and the length of the incubation
period in each specimen was not constant. After the incubation period the cracks started to grow
suddenly and the crack propagation rate was about 8XIO-7mis, which was much higher than that
at12%RH.
Figure 7 shows a fracture surface of a specimen tested at 97%RH. Comparing with the
fracture surface tested at 12%RH, the fracture surface at 97%RH is much smooth like a mirror
face, and the difference between high and low on this surface was less than S0lA-m.
DISCI JSSION

AE signals were generated when crack propagation rate was not constant at 12%RH and
7S%RH. Moreover the fracture surfaces of these specimens were rough and the crack sometimes
seemed to coalescence with crazes which did not exist on the same straight line where the crack
existed. This suggests that AE signals might be gene~ted by coalescence of main crack with a
craze, which appeared on a different plane from the crack plane. This coalescence may cause the
unstable crack propagation rate and the uneven fracture surface considered.
While no AE events were observed when the incubation period existed before the main
crack started to grow at higher relative humidities of 97%, and for this period a few long crazes
were generated. It is suggested that crazes may grow long more easily at these high humidities,
because sorbed water in specimens should work as plasticizer [1], and craze growth may become
easier with increasing humidity, namely, fibrils at the craze tip oriented toward the loading
direction much easier at higher humidity. This makes the crack propagation to be smooth, maybe
the fibrils might be drawn at the crack tip easily by sorbed water.
CONCLUSIONS

For the purpose of clarifying the effects of humidities, under which specimens were kept in
before tests, environmental stress crack propagation rate were measured using constant K
specimens of PMMA. The following conclusions are reached:

1. The K value for crack propagation starts to occur in high humidity was larger than in low
humidity. A reason for this may be that the crazes at the crack tip were growing much longer
because sorbed water in the material may work as plasticizer.
2. In high humidity, when the crazes were growing into long crazes, the main crack could
not grow. Then the crack started to grow suddenly without any AE signal. Moreover the crack
propagation rate was much higher than that in low humidity, because sorbed water in specimens
should work as plasticizer and fibrils at the crack tip should be drawn much smoother at higher
humidity. Therefor, it is very difficult that the beginning of crack propagation in high humidity
due to ESC could be known by AE signal.

8202

3. In low humidity, the crack propagation rate at threshold K value was not constant
because the crack sometimes propagated in a different plane unevenly, and this may be a reason
for the occurrence of AE signal.
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ABSTRACT
Accuracy of AE location may be limited by numerous possible errors; the impact of each
type of error varies greatly with the specific testing circumstances. From theoretical considerations,
obtaining accurate AE location may seem unduly difficult, time-consuming, limited to special
circumstances or even impossible. Even on a completely unfamiliar structure. however. the simple
measurements can be used to setup and optimize AE location accuracy. For the sake of evaluating
AE location perfonnance. errors that effect absolute. relative and reproducible location are
differentiated. A review of location accuracy is made to highlight the many problems known to
arise. To optimize AE location under on-site testing constraints, it is recommended that the
tolerances for location accuracy and "accuracy-limiting-error" be found.
KEYWORDS

Applied AE Location, Accuracy-Limiting-Error, Location-Optimization, Location Uncertainty
1. INTRODUCTION

Applied AE location can be both intricate and difficult. subjected to apparently
contradicting statements. For instance. one view is that while AE location works in plates in
laboratories, similar methods give poor results in field tests. On the other hand, larger distances on
structures eliminates location problems arising in smaller laboratory specimens. However, highly
accurate AE location has been performed in laboratory studies and recommendations for location in
field work exist [1-6]. Extensive experience on locating within specific test specimens is of great
help. Efficiently developing the experience on unfamiliar test structures is the topic of this paper.
When locating on a structures which is unfamiliar, it is typically more efficient to manage the
inaccuracies involved in specific situation rather than attempting to further generalize the process
of AE location. This paper is concerned with diagnosing and managing the inaccuracies of location
with available methods. Examples in this paper are taken mostly from the AMSY4 digital AE
system and from an AMS3 where noted.
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2. DIAGNOSING LOCATION ACCURACY
In specific test circumstances the accuracy requirements of AE location can be limited in
scope as found in table 1. There are three types of inaccuracies and three stages of analysis
identified. For instance, if AE analysis is to be followed up with another NDT method, only one
position needs to be identified for the recommendation. Here, one can focus on the errors which
affect absolute location and adapt accordingly. The goals oflocation should establish tolerances for
accuracy. For instance, if clustering is being used for identifYing active source, the relative
accuracy should have a tolerance within the cluster size. Section 4 gives examples which defining
requirements for specific AE applications.

Table 1. Examples of goals of location with specific applied scope

i Identification

_._ _ _.__ __ _

!Characterization

.l!!:.'1.t!...~C~(L~g]!.!.£~._.._.l._

j Recommendation

_._.._ _._.__.._._L!~:!..8!:~!!.~!Jg

_ .

Absolute
~ Correlating with sus- i Repeatability of
!Area of follow-up
E2~Hjo'!.on st1JfC~~~ ........__._...._J.E~cted problem areas I source
L __.....__._.__
Relative
Clustering
IConcentration
!Source Intensity
.4jfJj,r!.!J.E!..ftE.~_~!f!_'!.Xent_._1-..
1density ofAE
l ~ysis __"__
Reprodncible
i Tracking sources
!Movement of source i Reoccurrence of
chan es in location arameters 1
!Source owth
!source

!

For the purposes ofgeneralized and routine instrumentation oflocation, several assumptions
are required. The cause of location inaccuracy is typically dominated by the invalidity of one these
assumptions. These assumptions are:
• The AE follows a direct path from the source to each sensor. (The source is isotropic)
• Arrival times at several sensors· must be available. The number of sensors must exceed the
number of dimensions.
• The propagation can be simply described and is uniform. Commonly a single (scalar) effective
velocity is sufficient.
• The arrival measurements can be determined.
• The sensors act as point sources, the AE sources are instantaneous point generators
• Events can be assembled from the bits without overlap (event-on-event interference).
Instrumentation has progressed to better handle diverse situations, however recognizing
which circumstances are valid is a task of the operator. Three questions focus on the problems of
location accuracy, (1) Which problems are actually affecting the tests? (what is the accuracy
limiting error) (2) How large is this effect? (3) How can it be brought within tolerance? For this
purpose, the assumptions are regrouped into the four following categories:

1.
2.
3.
4.

Algorithm
Event assembly. sensor array and location calculation.
Arrival measurements The detemrination of arrival time made for each individual hit.
Propagation Path
Directness ofpath that each AE wave travels.
Source, Sensor and Velocity Parameters
The numerical parameters (velocity, sensor
position) and physical generation of sources.
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3. SPECIFIC ACCURACY LIMITAnONS
3.1 Algorithms

An algorithm for location needs a series of time of arrivals to make any calculation. The
array of sensors and number of hits that the algorithm has to work with will both effect the net
result of caluculation. Practically, this depends on the sensor spacing and array, the instrument
design and acquisition settings and event rate with respect to event lifetime in the structure.
The resolution of an array with respect to arrival time measurements varies from position to
position and the choice of sensor array plays a role here [7]. One can use the velocity as a
comparison the sensors array location accuracy to the velocity. In a planar array, changes in arrival
times affect the calculated position from within the array less than the velocity, while sources
outside are greater than the velocity.
Hit assembly is essential for time of flight location. The number of hits which can be
assembled into events has been used as one measure of hit assembly impact on locatability [1]. A
fraction of the hits can typically be assembled into events, extremely low rates limit the application
of AE location. Two of the most important factors affecting event assembly rates are signal loss
and event rate. When large sensors spacings are chosen (on the order of the sensor discrimination
distance defined as the distance a pencil lead break can be detected), event assembly may approach
zero. In figure la and Ib are histograms of signals per hit in an Aluminum and a GFRP structure
where the sensor spacings are less than half the sensor discrimination distance. More than 20% of
the hits assembled into events here, where 80% of the hits are within 5 dB of threshold. With
transient records of all channels triggered off the first hit, signals on channels below threshold (40
dB AE in this case) can also at seen. In more than half the events with two or less hits above
threshold, the hits on the other channels can be seen below threshold but above the thermal noise
limit. One means to increase the hits per events in small diameter structures is to consider signals
wrapped around a structure as arrivals at virtual sensors [9]. The physical tendency for events to
overlap is controlled by event rate and event lifetime [8]. Instrumentation has been a limitation at
faster data rates because instruments would saturate and buffers were often independent. In figure
1c saturation is reached with an AMS3 instrument, however the ability to assemble legitimate
events remains high and even slightly improves at higher data rates.

,.-

_..

.0" ..

.....' !
•e'

A

B

C

Figure 1. Comparison of Event Assembly (A) Aluminum Beam, (B,C) GFRP Plate
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3.2 Anival Measurements

An ideal arrival time measurement for a location algoritlun matches the propagation
distance between the source and each sensor with the materials velocity. The most practical means
to obtain an arrival time, on the other hand, is to use a first-threshold crossing.
By collecting waveforms from simulated AE at different distances from a sensor, it can be
determined how fast the slope of the front of the signal changes as a function of distance. Simpler
still is a comparison of the rise time as a function of distance, however this may be misleading.
From the waveforms it can be seen how wide (or narrow) the amplitude range of the signal
threshold is, which helps to determine how consistent the signals are for relative accuracy. The
ratio of signal rise-time to propagation time across the array should be smaller than the required
tolerance for absolute accuracy.

An example of arrival time dependence on thresholds is shown in figure 2. Figure 2a shows
the arrival a common signal at four sensors in a steel plate. Two scales are used to stress the large
dynamic range involved. A plot representing the front of signals from this steel plate is shown in
figure 2b. Here, the plot shows the arrival time that would be obtained from selecting different
thresholds. The individual plots are offset so the measured arrival times correspond to each other.
For the steel, there is a range greater than 40 dB. Here a single velocity will and does locate quite
well. Figure 2c shows a similar plot for a GFRP plate. In case 2c, the range of thresholds is greater
than 60 dB, however there is a slight slope to the plot. In both of these materials AE location with
first threshold crossing at these sensor spacings provides accuracy to good tolerance levels.
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For many situations threshold crossing is sufficiently accurate. Alternative arrival
measurements, some listed in table 2, have been studied. These methods offer potential
improvements, at least under specific circumstances where they were studied. It is not certain,
however, if any of these examples are necessarily closer to the ideal case.
Table 2. Some Alternatives to Threshold Calculation of Anival Time

_L _.__._.

_ _.._._

__

J~!~.!!!!1_~~~~~.!.
_._.._
.~J:am~le "
"_,,,_,,_._.,,.
,,__
1. Noise-Intercept
i threshold - signal slope correlation with background noise [10],
__.
._..__._
_._..__.
l!!!..~ump in intepted-square llil1. Laplace .lgl_.__..__
2. Threshold reference
!Floating threshold, Gain applied threshold (Method used in
UT) __. . .
__.
.
3. Visual inspection of waveform !Based on users perceptive of one of the other methods, can
lBJ.~.~.~ .g~od result!113, !:~]J)ut Jl!8..r!!!g..!?~_~~~tive_.._ __
.4. P~ ~f~~~~
_ _.__ Time-to-p~ "X-dB"
_
,.
_
! Phase matchin 15 16
5. Si
cross-correlation

. . . . . . _ . . ._._.. . ._.. . _._

.

. . . . . . . . ._ _ _

__ _.
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_
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3.3 Propagation Path
The propagation path will be inconsistent when: the direct path is blocked (shadowed) to
one or more sensors and it arrives through different paths such as reflections, the AE detected is a
secondary emission or through two or paths of different speeds. If it is possible to make secondary
paths as equal as possible (for instance, waveguides of equal size), this problem can be minimized.
This is mainly a problem when absolute accuracy is required, AE generated from separate events
near one another will typically have to follow the previous path. Adoptive location, simulating AE
until the location matches the measured AE is one option to improve accuracy. Shadowing of
specific sensors can be tested by removing them from the location set (also a post test operation).
3.4 Source. Sensor and Velocity Parameters
Physical parameters (source radiation, rise time) or user selected parameters (sensor
position, velocity) may be a cause of error. For the parameters which are required by the location
algorithm (sensor position, velocity), a quick check on these parameters can be performed as shown
in figure 3. In figure 3a, a grid is within a planar and sensors and simulated AE (pencil leads here)
are made at each point. The skew of the grid indicates an error in a sensor position. A simpler
check is shown in figure 3b and 3c. Location uncertainties (LUCYs, or degree of uncertainty
between different hit sets within an event) are plotted from a series of autocalibration pulses. In
figure 3b the sensor positions are given precisely and the LUCY's are practically identical. In figure
3c, sensor 1 is displaced I em. The highest LUCY is seen opposite the sensor whose position is
incorrect.
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Figure 3. Diagnosing Sensor Placement Problem on a Square Array. (A) Skew of a Planar Test
Grid (B,C) Differences in Location Uncertainty from an Autocalibration Pulse
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Physical limitations on the assumptions may restrict the location accuracies when high
expectations or special circumstances arise. These include source radiation and propagation
differences, although most of these are bounded and the solutions are often similar to the previous
sections. The basic AE assumption is that a scalar between time and space is sufficient. This
situation can be described as a D'Alembert solution of wave propagation, or as f(x ± ct) in
functional form where x is a distance variable, t is time and c is a velocity, typically provided by
the user. Multiple propagation velocities (i.e. different wave modes), directional dependence of
velocity (anisotropic propagation as in fiber reinforced composites) and frequency dependence of
velocity (dispersion) may mean that the value c is inappropriate. When the value of a general c is
inappropriate it's impact on the goal of location may still be limited. This is because the errors,
even when great, are practically bounded. Post test simulation or calculations can be used to sort
out these problems.

4. EXAMPLES OF GOAL-ORIENTED APPLICATIONS OF AE LOACTION
The following are examples of applied location where error tolerances were met through
practical variations in the test set-up.
4.1 Use ofAbsolute Location
A steel construction consisting of flat plates connected to a tapered shell had a single
problem of unknown origin. The total size of all components of less than 6 meters. The part is
loaded with rotary motion and has dispersed noise with respect to the motion. The load could be
applied repeatedly. The task for AE is to identify a defective area, part (bolt) or structural
subassembly. The location accuracy (absolute) required is determined by relative position oflocal
futures and subassemblies. The spacing between subassemblies varied from 5 to 50 em on
different parts depending on where on the structure.
Here, the sensor discrimination distance is greater than the size of the structure and the
event lifetime is greater than 10 ms. AE location is limited by propagation path (a direct path will
be shadowed on areas). Also the algorithm will have limitations due to the array being placed on a
2-dimensional surface with a changing aspect ratio. The location accuracy will typically be limited
by the assumption ofpropagation path or the fit ofthe structure to the specific algorithm, typically
greater than 10-20% ofthe sensor spacing and dependent on the density oflocal subassemblies.
Since reloading is a readily available option, iterative use of testing and post-testing was
possible. Also. the AMSY4 allows simultaneous analysis of data by multiple location algorithms,
so that the planar and cylindrical projections of the location set could be compared for the same set
of data. Once a located area is found, adoptive location (see figure 4) was applied simulating AE in
the vicinity of the location to get a closer estimate of the actual area. The sensor positions are also
redefined to reduce shadowing. The goal could be achieved either by reducing the propagation
distance (by redUcing sensor spacing) orfinding the position at which the simulated AE produced
the same location, a combination ofthe two were used to optimize the time.
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4.2 Use ofRelative Location Accuracy

In AE leak monitoring of above ground tank bottom testing, relative location (specifically
location clustering) is the principle means of evaluation [16, 17]. Compared to other types of AE
tests the absolute position of the leak is of minimum importance. Clusters set to the location
tolerance can identify a leak as the leak is expected to remain at a fixed point. The goal for relative
location accuracy from event-to-event of 5-10% of the tank diameter is typically more than
suffiCient.
Location algorithms, propagation paths and arrival time discrepancies are chief concerns
here. The reason is that the sensors are mounted at the perimeter of the tank and the events are
typically outside most arrival triangles and sensors can have slow arrivals propagating through the
product. In the figure SA there is a relatively broad dispersion of the data from a tank. The slope of
the signals are relatively steep (typically 5-10% of the propagation between sensors) and the
algorithms spatial sensitivity is roughly twice the velocity. Other candidates for errors can be ruled
out, the event rate is slow enough (less than 1 eventls) and hits are grouped to events at a high rate
(25% of bits belong to events with 3 or more hits~ 20% with 4 or more bits). The relative accuracy
ofthe location will be affected by the arrivals ofthe events.
The consistency of location coordinates can be compared for events with at least 4 hits.
Figure 5b and 5c show hits with low location uncertainty. A portion of the data selected on the
basis ofthe higher consistencies also exhibit a higher degree ofconvergence.
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Figure s. Plotting the Highest Consistency Tank Bottom Data: (A) Original data, (B) Location
Uncertainty of Most Consistent Data (LUCY < 1 m), (C) Location Cluster from B.
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s. CONCLUDING REMARKS
For applying AE location to unfamiliar structures, recommendations for efficiently reducing
problems to manageable levels are made based on constraining the scope of the ultimate goal and
detennining the accuracy limiting error of the application. Several measurement based user checks
are described. These include checks on the event assembly statistics, sensitivity to sensor spacing,
timing, adoptive location and pretest checks on simulated AE accuracy.
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SOURCE LOCATION IN PLATES BY USING WAVELET TRANSFORM OF AE SIGNALS

OH-YANG KWON AND YOUNG-CHAN JOO
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ABSTRACT
The accuracy of source location in plates or plate-like structures is greatly affected by the
dispersion characteristics of acoustic emission(AE) waves. In order to improve the accuracy, the
detected AE signals were pre-processed by using wavelet transform to be decomposed into the low
frequency flexural wave and the high frequency extensional wave. Since the flexural wave is highly
dispersive, a decomposed flexural component has been extracted for a single frequency or within a
very narrow frequency band by inverse wavelet transform. The calculation of arrival time
differences was based on the threshold crossing time. The experimental corroboration has been
made for an Al6061 plate and a CFRP laminate.

KEYWORDS
Source location; Plate wave; Flexural wave; Extensional wave; Dispersion; Wavelet transform

INTRODUCTION
Numerous studies of source location have been made since the application of AE technique to
the hydroprooftest of Polaris missile chamber in 1964[1], most of which are well documented in
the literature[2]. When the AE source location technique had been applied for the thick-walled
structures such as nuclear reactor vessels, the conventional triangulation method based on the
simple arrival time difference may have no problem. On the other hand, when it was applied for
thin-walled structures such as composite shells or aluminum panels in aerospace applications, the
conventional method cannot be successful any more. AE in such structures is basically plate wave,
which consists of the nondsipersive extensional component and the dispersive flexural component.
The large difference in amplitude between the extensional and the flexural mode can cause a serious
problem in source location[3,4]. By introducing wavelet transform of AE signals, the low-amplitude
extensional mode can be filtered out. A decomposed flexural component has been selected for the
calculation of source points based on the threshold crossing time. The wavelet transform appears to
have a great potential for AE signal processing[5].
S212

WAVELET TRANSFORM

The continuous wavelet transform(CWT) is defined as the sum of a signal multiplied by
scaled and shifted version ofthe wavelet function 7Jf over all time:

C(scale,position) = [f(I)'¥(scale,poSition)dl

(1)

The result of CWT is a number of wavelet coefficients C, which are the function of scale and
position. If we choose scales and positions based on the powers of two, which are so-called dyadic
scales and positions, then our analysis will be much more efficient and just as accurate. We obtain
such an analysis for actual waveform data from the discrete wavelet transform(DWT).
C(a,b) =CU,k) =

L S(n)g J.k (n)

where, (a =2 ,b = k2 ,j e N, k e Z)
j

j

(2)

""Z

An efficient way to implement this scheme using filters was developed in 1988 by Mallat[6]. The
Mallat algorithm is in fact a classical scheme known in the signal processing community as a twochannel subband coder.

In order to be efficient and useful, a method designed for the analysis should also be able to
perform the synthesis or an inverse transform. The analysis starts from S and end up with the
coefficients C(a,b). The synthesis starts from the coefficients C(a,b) and reconstructs S. Synthesis is
the reciprocal operation of analysis. For signals of finite energy, there are two formulas to perform
the inverse wavelet transform:
• Continuous synthesis:
8(1)=_1 IIC(a,b)_1 ,¥(x-b)da~b
Kif' R
JQ
a
a

(3)

where Kif' is a constant depending on 'fl.
• Discrete synthesis:
8(t) =

L I: CU, k)'fIj,k (1)

(4)

jElkeZ

For many signals, the low-frequency content is the most important part since it is what gives
the signal its identity. The high-frequency content, on the other hand, imparts flavor or nuance. It is
for this reason that we often speak of approximations and details in wavelet analysis. The original
signal, S passes through two complementary filters and emerges as two signals as shown in Figure 1,
which shows the filtering process at the most basic level. The approximation, A is the high-scale,
low-frequency component ofthe signal. The detail, D is the low-scale, high-frequency component.
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Figure 1. Filtering Process
In the above Eqn. 4, let us fix j and sum on k. A detail Dj can be expressed as Eqn. 5. Let us
• Z DJ
sum on j, then the signal is the sum ofall the details: S =

L

J

DJ(t} = :LC(j,k}'Pj.k(t}

(5)

keZ

(6)

Having defined the details as Eqn. 5, take a reference level called J. There are two sorts of
details. Those associated with indices j :S J correspond to the scales a = ~ :S i which are the fine
details. The others, which correspond to j > J, are the coarser details. We group these latter details as
Eqn. 6, which is defined as the approximation.
The decomposition process can be iterated, with successive approximations being
decomposed in turn, so that one signal is broken down into many lower-resolution components.
This is called the wavelet decomposition tree as shown in Figure 2.
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Figure 2. Wavelet Decomposition Tree
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Figure 3. Daubechies Wavelet

EXPERIMENTS

The measurement for source location was carried out on a 1200 x 1000mm x 3 mm Al6061
plate and a 650 x 650 x 4 mm CFRP cross-ply laminate. Four broadband and high fidelity,
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piezoelectric AE sensors (Digital Wave B1025) were positioned to form double triangular sensor
array whose coordinates are given in Table 1. SensorS were mounted on the surface of the plate by
high vacuum grease. The elastic waves were generated by the simulated source ofpencil lead breaks

at five representative locations whose coordinates are given in Table 2. Detected signals were
amplified by preamplifiers then fed into the signal conditioning module (Digital Wave F4000). The
module controlled the filtering and gain for AE signals and the trigger level. Signals were digitized
and recorded at PC through AID boards (Gage CS225). The conventional threshold crossing and the
cross-correlation methods were first performed by using the built-in software (FWD96) in the
instrumentation. A new method of the threshold crossing with wavelet transfonned (WT) signals
has also been performed by using the program available in the Matlab Toolbox.

Table 1. Coordinates of AE Sensor Positions

~

Al6061 plate (x, y)

CFRP plate (J4 y)

1

(0.0,0.0 )

(0.0,0.0 )

2

( 600.0, 0.0 )

( 300.0, 0.0 )

3

( 300.0, 519.6)

( 150.0,259.8)

4

( 900.0, 519.6 )

( 450.0, 259.8 )

Sensor No.

Table 2. Coordinates ofExact AE Source Positions

~

Al6061 plate (x, y)

CFRP plate (J4 y)

1

( 300.0, 173.2)

( 150.0,86.7 )

2

( 375.0, 216.5 )

( 187.5, 108.3 )

3

( 210.0, 60.0 )

( 105.0,30.0 )

4

( 360.0, 330.0 )

( 180.0, 165.0)

5

( 300.0, -87.0 )

( 150.0, -43.5 )

Source No.

The arrival time differences were calculated based on the threshold crossing time by using
one of the decomposed wavelets, i.e. an approximation or a detail. In the present study, the detected
signals from each sensor were decomposed by the Daubechies wavelet[7,8] shown in Figure 3.
Wavelets of dS and as were employed to calculate the arrival time difference for signals detected in
the Al6061 plate and the CFRP laminate, respectively.
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Figure 4. Original Signal and Decomposed Wavelets at levelS Acquired from the Al6061 Plate

RESULTS

AND DISCUSSION

Results of source location in the Al6061 plate based on the conventional threshold crossing,
the cross-correlation and the threshold crossing with wavelet transfonned signals are shown in
Figures 5, 6 and 7, respectively. With the conventional method, the result of source location
appeared to be highly affected by the level of threshold voltage. The results with the voltage set at
O.IV and at 0.2V were fairly successful as shown in Figure 5(b) and (c). On the other hand, the
results shown in Figure 5(a) and (d) appeared to be very poor with such a small change of threshold
voltage as ±O.05V.
In order to minimize the dependence on threshold voltage level, an alternative approach was
developed and instrumented using cross-correlation[3]. The results shown in Figure 6 were obtained
by using the instrument in which the source location by the arrival time difference based on crosscorrelation is available. If one can choose the frequency properly, for example, 100 to 300 kHz for
the Al6061 plate, the result appears not to be affected by the gain or threshold level setting. On the
other hand, the cross-correlation frequency should be selected as low as 30kHz to get a reasonably
good result of source location for the CFRP laminate.
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Another possibility for the arrival time difference to be independent of gain or threshold level
setting has been investigated in the present study. This is based on the principle to minimize the
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error due to the dispersion characteristics of flexural wave. The results of source location by this
method are shown in Figure 7. The results are insensitive to threshold level and comparable to those
by the cross-correlation method with most of the location fall within experimental error bound.
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Wave velocities in the Al6061 plate and the CFRP laminate were experimentally measured at
various directions of propagation from 0 to 90 degree. As shown in Figure 8, the anisotropy of wave
velocity in the [0/90]as CFRP laminate appeared not very significant. The wave velocities employed
for AE source location were 2870 mls and 1480 mls for the Al6061 plate and the CFRP laminate,
respectively.
Results of source location in the CFRP laminate with the conventional method and the
wavelet transform method are summarized as shown in Figures 9 and 10, respectively. As in the
case of the Al6061 plate, the conventional method appeared to be highly affected by the threshold
level whereas the wavelet transform method did not. The result of source location by crosscorrelation method has not been carried out properly nor to be presented at the moment.
With the wavelet-transformed signals, it is possible to trigger the location clocks on the
flexural component with which we may apply the method to large-scale real structures. Although
the problem due to anisotropy has not been solved yet, the problem due to dispersion could be
overcome by using a single frequency or a very narrow band component pre-processed by the
wavelet transform.
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CONCLUSION
The source location in plate or plate-like structures can be improved by introducing the
wavelet transfonn of AE signals. The accuracy of source location appeared to be independent of
threshold level or gain settings if the wavelet-transfonned signals are employed for the calculation
of arrival time differences. The decomposed flexural wave becomes nondispersive if it has a single
or a very narrow frequency band so that the method can be applied to a large-scale real structure,
where the high amplitude of flexural wave should be utilized.
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ABSTRACT
This paper is concerned with the calculation of the acoustic emission wavefield in an
isotropic elastic plate. The calculations are carried out by means of two methods: modal
superposition (MSM) and finite elements (FEM). These two methods are complementary in the
sense that modal superposition is very efficient in constructing the far field response while the finite
element method is most efficient in the near field. It is shown that for the source-receiver distance.
R. larger than five times the plate thickness, 2H, superposition of a small number of propagating
modes gives virtually the same surface motion as that obtained through finite element analysis. For
R == H, MSM requires evaluation of the non-propagating modes and becomes computationally
inefficient. For R » H the FEM requires enonnous computational effort due to the large size of
the discretized model, while the computational efficiency of the MSM remains the same, or even
improves. The two methods can be combined for efficient and accurate calculation of acoustic
emission waveforms and analysis of AE data for source characterization.
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INTRODUCTION
It is well known that flaws and cracks, no matter how small, generate elastic waves as they
extend suddenly under (fatigue or other) loading. In an aircraft structure (e.g., fuselage andlor wing
skin), the signals carried by the waves can be recorded by on-board instruments. The waves carry
information regarding the nature of the flaw and can, in principle. be analyzed based on theoretical
models to reveal the presence. nature and status of the flaw. Acoustic emission (AE) is a
nondestructive methodology that is based on this general concept, and it has been used, with
varying degrees of success, to monitor damage evolution in structures subject to service loads. In
conventional AE analysis, parameters such as the number, amplitude, rise time, and RMS energy
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of the detected signals have been used to establish empirical relationships between these parameters
and damage to the material. In spite of its perceived strong promis~ the method has had limited
success in detecting and identifying sources of AE in structural materials. A major difficulty bas
been the strong dependence of the measured data on the testing environment and the subjective
nature of their interpretation.
In order to realize the potential of this general concept to a greater degree, attention bas
been focused increasingly on the recording and analysis of the individual waves emitted by the
sources. The elastic waves emitted from sudden release of strain energy due to the extension of
cracks or flaws in solids are strongly affected by the detailed nature of the flaws (as well as by the
material and geometry of their propagation path). Thus, observation and analysis of the waves
generated by microfracture events in a loaded structure can. in principle, lead to the detection of the
presence and monitoring their extension in the structure. In this technique quantitative relationships
between the generated waveforms and the physical mechanisms associated with the source are
derived from theoretical models of the various possible failure modes of the structure. The source
parameters are then determined from careful analysis of the recorded waveforms. Early work in
this area (in the late 70's) followed a procedure developed by seismologists (to determine the source
mechanism of earthquakes) by relating the radiation pattern of the bulk waves to the "moment
tensor" components of the source [i, 2]. This approach has also met with limited success in certain
civil engineering applications [2], but it can not be applied directly to relatively thin aircraft
components (e.g., wing or fuselage skin). This is due to the fact that in the frequency range of
interest, bulk waves can not be transmitted in thin plates or laminates. However, plate-like
structures can support guided waves that can propagate relatively large distances along the plate.
Thus, guided wave based analysis of acoustic emission signals has attracted the attention of a
number of researchers in recent years [e.g., 3, 4].

The results presented in [4] clearly show that the plate guided waves carry very specific
information regarding the major microfracture modes in aircraft grade aluminum and composites
and that these modes can be identified from the recorded wavefonns in laboratory specimens. The
wavefonns calculated from the theoretical model developed in [4] show remarkable agreement with
laboratory data. It is clear that guided wave based analysis is potentially a very promising tool for
damage monitoring in aircraft components. However, practical implementation of the technique
will require additional research involving laboratory tests on a wider variety of specimens and
theoretical modeling for more realistic materials and geometries. In particular, it will be necessary
to deal with hidden flaws in two-- or three-layered materials, including riveted andlor bonded lap
joints. It will also be necessary to develop the capability to handle a large number of waveforms, a
large percentage of which is expected to be noise in practical environments. This in tum will
require a systematic treatment of data based on pattern recognition or genetic algorithm. A simple
pattern recognition algorithm was used in [5] to classify the waveforms recorded in aluminum
panels subject to fatigue loads. Alternat~ more robust and effective techniques, need to be
developed for real-world applications.
This paper deals with an important aspect of theoretical modeling relevant for wave based
analysis of AE signals, namely, the efficient and accurate calculation of the waveforms in plate-like
structures. We present two alternative modeling techniques: one is a purely analytical, modal
superposition method (MSM), and the other is a purely numerical dynamic fmite element method
(DFEM). Both methods have advantages and disadvantages for wavefield calculations. MSM can
be used for flat layered plates and it requires calculation of the roots of the dispersion equation in
the frequency range of interest. It is we)) known that the dispersion equation has real as well as
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complex (or imaginary) roots that give significant contributions to the near field motion, and the
calculation of these roots is often difficult. Moreover, several branches of the dispersion curves
give rise to negative group velocity of the guided waves at certain frequencies, and these portions
of the curves need to be replaced by their positive counterparts for correct evaluation of the
associated wavefunctions. Since the identification and replacement of the relevant portions of the
dispersion curves must be done manually, the modal synthesis can not be performed efficiently.
DFEM can, in principle. be applied to problems involving complex geometrical features. but the
method requires large-scale computational effort, especially in dealing with the far field or threedimensional models.
In order to illustrate the major features of the two methods and to compare and contrast
their effectiveness in wavefield calculations we consider two simple examples involving a
homogeneous and isotropic plate. The source is assumed to be a localized dynamic force on the top
surface of the plate in one problem and a double force located in the mid-plane of the plate in the
second problem. In the MSM, the lateral dimensions of the plate are assumed to be infinite. while
in DFEM the plate is of finite but large lateral extent. The calculations are carried out in a
frequency range that is typical of AE signals.
As indicated earlier, in MSM the roots of the dispersion equation associated with negative
group velocity of the guided waves need to be replaced by those with positive group velocity
manually. We describe a technique that allows automatic determination of all appropriate sections
of the dispersion curves with positive group velocities, and detailed manual study of the stnlettlre
of the dispersion curves is not needed.

In the DFEM an axisymmetric, two dimensional code is used. A traction-free boundary

condition is applied on the top and bottom surfaces as well as the outer edges of the plate.
However, the lateral dimensions of the plate are assumed to be large enough so that significant
boundary reflections do not occur during the time of interest Additional details on the finite
element approach and results for two-and three-dimensional modeling can be found in [6. 7].
Recent modeling has also experimentally validated the FEM results for both normal and oblique
reflections from the plate boundaries [8].

MATHEMATICALFORMULATIONOFMSM
The basic fommlation of the modal superposition method can be found in the standard
literature (e.g., [9][10]) and will not be repeated here. A sununary of the main results for the
synunetric motion produced by a surface point f~rce on a homogeneous and isotropic plate is given
below.
Using the cylindrical coordinate system shown in Figure 1, the synunetric components of
the displacement for a vertical point force with time dependence e-iOll can be expressed in the form

(1)
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U,{r,z;OJ) = -[Bkcosh(l1pz) + A711 cosh(711Z)]
Uz (r, Z; OJ)

(2)

=-[B71 p cosh(71 pZ) + Ak cosh(71lZ)]

A= -2771ksinh(71pH)

B

A

(2k'2. -k;)sinh(711H )

A

(3)

A. = (2k'2. _k;)'l. cosh(71pH)sinh(711H)-4k~p711 sinh(71pH)cosh(711H)
where H:, H~ , n =0, I, are the Hankel functions, 71 J
Im(11;) > 0, k,.

=~k;

- k'2. ,j =p, s, with the constraint

ks are the wavenumbers of the P- and S-waves, and A is the symmetric Lamb wave

dispersion function. The time dependence e-illlt in the displacements and stresses has been
suppressed.
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Figure 1. Coordinate system used in the formulation of the displacement due to a vertical point
force on the sudace of the plate.
Taking into consideration the asymptotic behavior of the Hankel functions, the integrals in
Equation (I) can be evaluated by using contour integration with the contour shown in Figure 2,
which includes the real k-axis and a large semicircle on the upper half of the complex k plane. The
contributions to the wave motion come from all the poles, kj , j=I, 2, 3, ... , of the integrand
included in the contour. The poles are simple and the displacement components reduce to the fonn

(4)

OA

where A .=-.
•J

ok.

J

Equation (4) indicates that the wave motion in the plate can be expressed in terms of Lamb
wave modes, and the calculation, therefore, reduces to the evaluation of the displacements
associated with the Lamb waves. Synthesis of the modes requires the calculation of the roots of the
dispersion equation in the frequency range of interest. It is well known [11] that for certain modes
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there are local minima exist away from the cutoff frequencies on the dispersion curves, giving rise
to negative group velocities on one side of the minima. Special care must be taken to choose proper
branches of the dispersion curves, since only the portions having positive group velocity should be
included in the calculation of physically plausible wavefields [12]. Because the sections of the
dispersion curves with positive group velocities do not, in some cases, form continuous curves, it is
not possible to make this selection automatically, without a manual pre-analysis of the detailed
structure of the dispersion curves. In order to develop a technique that avoids this manual preanalysis we make the following observations on the properties of the dispersion curves.

Im{kl

o

-ks

0

Figure 2. Contour in the complex k-plane used in the evaluation of the integrals in Equation (l).
The total motion is the superposition of Lamb wave modes resulting from the poles.
The tracing of the dispersion curves starts from the cutoff frequencies [13]:

kpH

=O.Smn;

m

=1,3,5" •.;

ks H = nn',. n = 12
, , 3,...

(5)

In the contour in Figure 2, consider a pair of complex·wavenumbers with non-vanishing imaginary
parts, kp and -kp*. Equation (5) indicates that the first value of ksH is associated with the resonant
frequency of the shear waves along the thickness direction of the plate. However, for a given
mode, when the frequency decreases below the cutoff frequency. the mode should undergo a
continuous change. Physically. therefore, the motion is expected to undergo continuous change
from a propagating mode to either a decaying mode or a non-propagating mode. Thus, all the
branches should intersect the plane, (iJ = 0 • at the cutoff wavenumbers.

It has been shown (11] that a portion of the dispersion curve corresponding to the second
symmetric mode gives rise to negative group velocity of the guided waves. Instead of using this
portion, its mirror image (with respect to k = 0 in the k - (iJ plane) must be chosen in the
calculations. It has also been shown [14] that at the local minimum the real branch of the
dispersion ·curves is connected to a complex branch. In [9} an artificial attenuation in the material
was introduced to demonstrate that that this connection is the natural result of the solution of the
dispersion equation. Following the same procedure in tracing the dispersion curves we assume that
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the frequency is complex with a small positive imaginary part. i&oo' The diSpersion curves are
traced starting from the cutoff wavenumbers k k;x + ik,. [14]. where

=

k%

=±O.5cosh(2k y),

k,.

=±(n -O.25)1r.

n = 1,2,3,.··

(6)

It should be noted that for the fJISt symmetric mode, kx = k,. = O. but in the antisymmetric case,
there are two branches of the dispersion curves. one starting with lik;x > 0 and the other with
lik). > 0 . As expected, the real section of the dispersion curves of all the modes is recovered and
all the real branches are connected to either imaginary or complex branches. Furthennore, all the
dispersion curves have positive group velocities. This indicates that automatic Fourier synthesis of
Lamb wave modes is straightforward.

For comparison purposes, the dispersion curves in the second symmetric mode for a glass
plate with vp 5.76(mm1~), vs =3.22(mmI~), P 2.3(g1cm~ and H =4.8(mm) as shown in
Figure 3. It can be seen that the real portion of the dispersion curve having the positive group
velocities, which require special consideration in the conventional calculations, is resolved
automatically.
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Figure 3. Dispersion curves for the second symmetric mode for a glass plate. Real part-solid line;
imaginary part-dashed line. Nonnalized wavenumber is kH.
As indicated earlier, the contour of integration includes" the real axis and a large semi-circle
in the upper half of the complex k-plane (Figure 2). For a given frequency there are an finite
number of real poles and a infinite number of complex poles within the contour. As mentioned
earlier. the poles with significant imaginary parts can be ignored in the far field calculation;
therefore, only a limited number of poles needs to be included in the residue calculation.
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Surface displacement normal to the plate for the first symmetric Lamb wave mode is given
in Figure 4, for the glass plate. The displacement is normalized by the factor 7fI(8JlH). The results
for this (and other modes) are identical to these presented in [9]
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Figure 4. The out-of-plane displacement on the surface of a glass plate due to a concentrated
normal surface force with step time dependence.

SURFACE RESPONSE OF A PLATE DUE TO A DIPOLE SOURCE
Numerical Example
We next consider the calculation of the surface motion in an isotropic elastic plate due to a
dipole source using the MSM and the DFEM. The geometry of the problem is shown in Figure 5.
The source temporal dependence is a "cosine-bell' function

0
, for t< 0
T(t) = 0.5 - O.5cos(t I't") , for 0 < t < 't"
{
1
, for t >'t"

(7)

where t is the source rise time. The parameters used in the calculations are: H=lmm, vp=
5.94mm1).1S. Vs= 3.22mm1).1S. p= 7.8g1cm3• magnitude of dipole moment of IN-M, 't= O.3).1S.

In DFEM the out-of-plane displacement was extracted for comparison with modal
superposition results. The EFM code had previously been validated by experiments using an
absolutely calibrated displacement sensor [6]. The lateral dimensions of the plate were large
enough so that significant boundary reflections did not occur during the time of interest. A stressfree boundary condition was used on the top and bottom surfaces as well as the outer edges of the
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plate. Additional details on the finite element approach and results for two-and thr~ional
modeling on 3.1 nun and 25.4 nun thick plates can be found in the published literature [6, 7].
Recent modeling has also experimentally validated the FEM results for both normal and oblique
reflections from plate boundaries [8]. The combination of the cell size 2.5J11l1, maximum source
dimension 30J.lI1l, and rise time 0.3J.lS are such that the dipole can be considered to be a point
source. Displacement results were obtained at 1,2, 5, 10 and 15 plate thickness (measured from the
epicenter position) [15].
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Figure S. Configuration of a dipole source on the middle plane of a plate.
Figures 6, 7 and 8 show the comparison of modal superposition and FEM results at 2, 5
and 15 plate thicknesses. Convergence of the FEM results was demonstrated upon observing that
only small changes in the amplitudes of the signals were found when the calculation was repeated
with a cell size two and also four times the above value. In the modal superposition method, 7
modes were used. For the particular source time used in this paper, we found that the high modes
do not contribute significantly to the total response at source-receiver distance over five times plate
thickness.
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Figure 6. The out-of-plane FEM results (left) compared to modal superposition results (right) for
source-receiver distance of 2 plate thickness.
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Figure 7. The out-of-plane FEM results (left) compared to modal superposition results (right) for
source-receiver distance of 5 plate thickness.
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Figure 8. The out-of-plane FEM results (left) compared to modal superposition results (right) for
source-receiver distance of 15 plate thickness.

Observations from Comparison
Comparison of modal superposition and FEM results at 2 plate thickness (Figure 6) shows
some distinct differences between the two signals. On the other hand the signals from the two
methods at 5. 10 (not shown) and 15 plate thicknesses as shown in Figures 7 and 8 are nearly
identical both in magnitude and fonn up to the peak amplitude. After the peak amplitude, the modal
superposition signal is increasingly attenuated due to artificial damping.
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CONCLUSION
The FEM approach to modeling guided-wave acoustic emission signals has both
advantages and disadvantages. The FEM approach can provide results for small specimens where
boundary reflections significantly contribute to the observed signals. In addition the FEM results
allow the extraction of the spatial displacement distribution at a single fixed time or a nmltitude of
times. The FEM approach also gives the accurate results for both the near and the far-field (up to
20 plate thicknesses for a 25 mm thick plate using the 2-D code for axisymmetrical cases). In the
case of 3-D problems the range of source rise times and plate sizes which can be exactly modeled
is more limited due to the resolution limitations with current workstation resources. Conversion of
the 3-D code to allow parallel processing is underway, but this approach will not be inexpensive. In
contrast the strengths and weaknesses of the modal superposition approach are due to response
close to resonance frequencies and damping coefficient included in the calculation. Modal
superposition method, on the other hand, requires very little in computation resource. It is
particularly efficient for the far field calculation, in which only a few Lamb wave modes are
required. The computations in this paper were done on a lower-end PC, and it took only a few
minutes.

With the inclusion of a small imaginary part in frequencies in modal superposition method
(MSM), all the proper sections of the Lamb wave dispersion curves for Fourier synthesis of Lamb
wave modes are obtained automatically from the dispersion equation. Efficient and accurate
calculations of the surface displacements at source-receiver distance over 5 plate thickness is
demonstrated. The MSM is not very efficient at small source-receiver distances and it can not be
applied to non-planar geometry. The DFEM can be used for arbitrarily complex geometry of the
structures. But it demands extensive computational resources. As shown in this paper the two
methods can be combined for efficient and accurate calculations of acoustic emission waveforms
and analysis of AE data for source characterization in realistic structure.
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SELECTION OF ACOUSTIC EMISSIONS AND CLASSIFICATION OF DAMAGE
MECHANISMS IN FIBER COMPOSITE MATERIALS
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12200 Berlin
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ABSTRACT
Material damages at components, e.g. in fiber composite materials, should be detectable as
well as be qualitatively and quantitatively interpretable by the help of acoustic emissions
[1-7). Therefore, signal characteristics are defined and possible source mechanisms are
identified.
New selection methods [8-11] for transient single acoustic emissions are introduced. Power
spectra of selected emissions from the same kind of source mechanisms are averaged for
statistical significance. The classification of selected emissions into matrix cracks, fiber
breaks and interface processes results from their energy parts in defined frequency intervals
of spectral power density.
The shown methods are applied to different model materials prod ucing well defined source
mechanisms in tensile tests with pure epoxy matrix and in single fiber fragmentation
tests with glass-fiber/epoxy and carbon-fiber/epoxy. The so excited acoustic emissions are
identified by the algorithm and the results are interpretable as acoustic emission reference
pattern.
Methods were transferred to fiber composites like glass-fiber/polypropylene and glassfiber/polyamide in tensile tests and double cantilever beam tests. Acoustic emission power
spectra of composites are compared by reference pattern; Changes from matrix crack
behavior to a multiple mechanism behavior including matrix cracks, interface processes
and fiber breaks in acoustic emission source mechanisms are recognized during damage
evolutions. Temperature variations in glass-fiber/polypropylene give rise to frequency
changes in source mechanisms involved. Distinction between uncritical and critical damage
states is given in tensile tests with small injection moulded components made up of glassfiber/polyamide. Beyond this, the analysis of energy parts of source mechanisms serves
the interpretation of fracture toughness of unidirectional fiber composite materials [12].

KEYWORDS
Acoustic Emission; Polymer composites; Signal analysis; Tensile test; Double Cantilever
Beam test; Single-fiber fragmentation; Damage mechanisms

ACOUSTIC EMISSION SELECTION
Waveform files measured and saved by commercial systems often contain a lot of useful but irregularly
many and differently large acoustic emission signals including a lot of pure noise. All these emissions
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are recorded with more or less fixed threshold values and fixed time intervals. Figure 1 shows, for
example, four emissions of a composite test within one time series.
A new characteristic {C(i)}~l of length N is introduced to cut out acoustic emissions from the variety of measured data. The characteristic is calculated on the basis of moving standard deviations on
waveform time series. The transformation of a time series {u( i) }~l into a series of moving standard deviations {S(i)}F::l is made by calculating s within an interval [i-R, i+R] and by placing the result in the
middle of the interval i
s(i) =

with

i

2R

(1)

i,

Sl.i,

~

S~1- R ,t'+R

= ~)u(i) -

Uil.i,)2

(2)

and the moving average

....- - -

~+--..-

(3)

0.2

R is reduced one-sidedly at the beginning and at
the end of the time series in such a way, that interval indices do not crossover the limits

0 ...

TImo!.....)

(4)

Figure 1: Acoustic Emissions of Composites

For every point of the time series s measures the
spread of signals elongation within a whole interval surrounding that point. By this, a smoothed
distance from noise level can be defined in a way. However, the calculation of moving averages and
standard deviations from time series of length N is numerically very expensive. N averages and N
standard deviations in intervals of length 2R+1, e.g. N = 8192 and 2R+1 = 51, have to be applied to
thousands of such time series recorded at one test experiment. That's why, an iterative algorithm was
developed [10] that uses only one run through a time series. It is practically impossible to run moving
averages and standard deviations on large amounts of data without such an iterative procedure.
can be calculated successively Vii, i2 with 1 $ i 1 < i2 $ N from

Sl..i,

Sl,i, = Sl.-l.i,-l + (U(i2) with S~.o

Uil-l,i,-.)(u(i2) - Uil-l.i,) - (U(;l -1) - ili lli,)(u(i 1 - 1) - i'41 -1.i,) (5)

= o. Moving averages (3) can be calculated step-by-step from
(6)

with iio.o = O. The moving standard deviation (1) is calculated by using (5) and (6) instead of (2)
and (3). A renewed smoothing is carried out then by moving averages of the standard deviation with
radius R
veil = Si-R,i+R.
(7)
This results in better characteristics for longer emissions. The characteristic {C(i)}F::l is finally defined
by the logarithm of the averaged moving standard deviation
C(i)

= loglo(v(i».

(8)

Through this, a stretching is carried out on small scales and small acoustic emissions are better
recognizable.
C(i) serves for selecting of transient acoustic emissions. To this, the general parameters threshold
value, number and slope of successive threshold crossings get introduced. With these, the beginning
and the end of an emission within the time series is numerically fixed. C(i) is furthest independent
from amplitudes, durations, rise times, energies and noise levels of waveforms.
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Figure 2 shows C(i) and the results ofselection
for emissions from Figure 1. Constant parameters
have proved themselves for emissions in the range
of amplitudes of about O.OIV to 1O.OV what corresponds to the usual dynamic range of 6OdB. The
procedure is fast because of the iterative algorithms
and the storage for saving is restricted by the length
of the emission. In addition to the characteristic an
amplitude filter
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for selecting acoustic emissions is used. The minimal amplitude 1£1 avoids emissions with too small
0.0
amplitudes 1£mllZ and unfavourable signal to noise
Tlmolmo]
ratios. That could have adverse effects on spectral
Figure 2: Selected Acoustic Emissions and Char- analyses. The maximal amplitude 1£2 avoids occuracteristic of Composites
ing overmodulated emissions in spite of well used
measurement ranges UMR, e.g. during the macroscopic destruction of the material. Figure 3 shows the influence of a low signal to noise ratio to the
power spectrum exemplary. The selection of the single emission reduces the noise part.
()

rv---..

\.,..

.........

CLASSIFICATION OF DAMAGE MECHANISMS

.1.

I

.

.......

-

(a) Emission File

(b) Selected Emission

It is the aim to classify intrinsic source
mechanisms of selected emissions. All
considered experiments are restricted
to thin plates where the acoustic wavelength is large compared to the thickness h of the plate. Source mechanisms
excite vibrations of crack surfaces that
produce acoustic waves with phase velocities according to elastic constants of
the material. From theory of isotropic
thin plates [1,2] phase velocities for extensional waves are given by

ee =

II

fI!

Aj
(c) Power Spectrum from (a)

--

.-

(d) Power Spectrum from (b)

J

p(I

~ j.£2) ,

(10)

with material constants p: density, E:
elastic constant and p.: the Poisson ratio. Phase velocities for flexural waves
are given by

C/

=

21rfhJ 3p(1

~ j.£2)'

(11)

Figure 3: Influence of Small Emission Selection on Spectrum f: frequency. cf is dispersive (- ..Jl)
and depends on the thickness h of the plate. There are similar results [2] for anisotropic plates with
fibers parallel to the surface, but the flexural wave depends on the thickness. Both in isotropic and
anisotropic plates the extensional waves are faster than the flexural one (for many materials Ce ~ 2cf).
Thus, the extensional wave should have significantly higher frequencies than the flexural one.
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Acoustic emissions have more or less stochastic excitations because of inhomogenities on microscopic scales and because of uncorrelated partial processes. That's why, excited waves do not contain
exact frequencies but whole intervals of frequencies. To classify acoustic emissions from thin fiber
composite plates one has to look for significant frequency intervals. Unfortunately, real source mechanisms excite both extensional and flexural waves. However, some kinds of source mechanisms should
excite preferred wave kinds. Fiber breaks parallel to the geometry of the plate should mainly excite
extensional waves containing high frequencies mentioned above. Matrix cracks near the surface should
mainly excite flexural waves containing low frequencies. Interface processes should show both parts
because of the fiber vibration in conjunction with interface cracks.
The analysis of a single emission is unsuitable for source characterization because a way of randomness in excitation forces often gives different results. Many emissions from the same kind of source
mechanisms should, however, give a pattern. Averaged values from single emissions are useful.
Waveforms are less interpretable because of wave propagation effects like dispersion and attenuation. The better way is to calculate frequency contents provided that the whole waveform is included.
That's why, power spectra of single emissions are averaged assuming that they come from the same
source mechanism. Figure 4 shows an example of 45 selected emissions. The minimal amplitude 'Ul
influences the averaged spectral power in frequency intervals. The first interval (O,350]kHz represents
flexural waves and the second one (350,700]kHz extensional waves. Especially, emissions with higher
amplitudes 'Ul > l.OV indicate a clear fiber break behavior inside the second interval.
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(e) u,

=l.OY, 7%,81%

Figure 4: Influence of Amplitude Filter on Averaged Spectra, Percentage by Power in Frequency
Intervals

MODEL MATERIALS
Acoustic emissions were recorded (sampling frequency 4/5MHz)
Model Material
I
by wideband transducer PAC WD, preamplifier PAC1220A (gain
I
I
40/60dB, 20/100kHz-1.2MHz) and two systems MISTRAS 2001
Matrix
Single- Fiber/Matrix
(Physical Acoustics Corporation /USA) and PC-SCOPE T512
(IMTEC /FRG) respectively.
Model materials (Figure 5) made up of pure matrix (epoxy)
and single-fiber into matrix (glass-fiber/epoxy, carbon-fiber/epoxy) with wen defined source mechanisms in simple plate geometries (92mm x 20mm x 3mm) under defined stress conditions
(0.2mm/min) were used to create acoustic emission reference
pattern. 64 emissions were selected from 76 epoxy files. A lot of
F'
5 F
. IT'
.. .
Igure : ragmentatlon Lests
them have very low energy. The minimal amphtude Ul ~ O.5V
gave 24 emissions for the calculation. Their averaged power spectrum in Figure 6a shows 66% of the
spectral power inside the flexural wave interval.
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During single-fiber fragmentation tests matrix cracks were visible. About 30 selected emissions
coming from the same source mechanism were classified by spectral analysis. Amplitude filters were
not used. Figure 6 shows averaged power spectra from matrix cracks (b) and fiber breaks (d) in
glass-fiber/epoxy and matrix cracks (c) and fiber breaks (e) in carbon-fiber/epoxy. Matrix cracks
show preferred Oexural wave excitation, fiber breaks have their main power in extensional waves.
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Fr~(IIKI1

-

(a) Matrix Cracks in Epoxy, 66%,
33%

(b) Matrix Cracks in Glass-Fiber/Epoxy, 82%, 14%

v

(c) Matrix Cracks in Carbon-Fiber/Epoxy, 94%, 4%

l

I

J.

1.

I

I

._.....,
(d) Fiber Breaks in Glass-Fiber/Epoxy, 6%, 82%

(e) Fiber Breaks in Carbon-Fiber/Epoxy, 17%,80%

Figure 6: Matrix Cracks and Fiber Breaks in Model Materials, Percentage by Power in Frequency
Intervals

FIBER COMPOSITE TESTING
Tensile tests and Double Cantilever Beam (DCB) tests,
Test Material
I
Figure 7, were carried out at unidirectional continuous reI
I
inforced glass-fiber/polypropylene with 22% by fiber volTensile Test
Double Cantilever
Beam Test
ume and 20pm fiber diameter. Identical fiber composites of the same Oat geometry (free length 130mm, width
20mm, thickness 3.6mm) were stimulated (2mm/min) to
different kinds of damage mechanisms.
885 acoustic emission files were recorded during the
tensile test. 1841 emissions were selected without amplitude filter. The averaged power spectrum in Figure 8a
gives 37% by power in the first interval (flexural waves)
Figure 7: Tensile and Double Cantilever
and 62% in the second interval (extensional waves) indiBeam Test at Unidirectional Continuous
cating a relatively high part of fiber breaks.
Glass-Fiber/Polypropylene
501 files were recorded in the first DCB test during stable crack evolution. 366 acoustic emissions were selected. The averaged power spectrum in Figure 8b
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gives 57% by power according to flexural waves and 40% by power from extensional waves. That
means, matrix cracks dominate in conjunction with interface processes.
Besides the excitation by different test experiments, it is possible to stimulate kinds of acoustic
mechanisms by variations in fracture toughness achieved by various interfacial modifications [12].
101 files were recorded in a second DCB test with a modified glass-fiber/polypropylene during stable
crack evolution. 82 acoustic emissions were selected to calculate the averaged power spectrum in
Figure Sc. 78% by power are in flexural interval, 21% by power are in extensional interval.
Figures 8b and 8c show results with decreasing phase adhesion. Both DCB tests show dominating
matrix crack behavior contrary to the tensile test. Decreasing adhesion and crack opening forces cause
lower debonding energies resulting in the lower spectral part of extensional waves in Figure 8c.

f

I

1

J

L.

l.

(a) Tensile Test, Strong Adhesion,
37%,62%

(b) Double Cantilever Beam Test,
Strong Adhesion, 57%, 42%

(c) Double Cantilever Beam Test,
Weak Adhesion, 78%,21%

Figure 8: Matrix Cracks and Fiber Breaks in Unidirectional Continuous Composites, Percentage by
Power in Frequency Intervals

TEMPERATURE VARIATIONS AND SOURCE MECHANISMS
Temperature variation influences the fracture behavior of polymer matrices. Random glass-fiber
mat/polypropylene composites (GMT with needled mats) with 40% by fiber mass and 12Jlm fiber
diameter with plate like geometry (free length 1l0mm, width 25mm, thickness 4mm) were tested at a
tensile loading rate of 2mm/min.
Three temperatures with characteristic relaxation behavior of the PP matrix were selected. At
100· C the matrix is flexible with high toughness and low stiffness. 23· C is in the transitional stage
with good toughness and good stiffness properties. -30· C is below the glass transition temperature
of Ta ~.O C where the matrix is stiff and brittle but with high strength. At every temperature the
measuring is carried out in three stages in dependence of the stress. Stage 1 is valid from the beginning
up to 50%, stage 2 from 50% to 90% and stage 3 above 90% by tensile strength.
Averaged power spectra from all selected emissions are shown in Figure 9. They are separated
according to stages (columns) and temperatures (lines). Both frequency intervals are involved clearly
at all temperatures in all stages. However, fiber break mechanism in conjunction with interface
processes seems to dominate. This correlates with the morphology of random oriented fiber mat.
Macroscopic shear yielding occurs at 100· C. Similar initial conditions for crack and fiber initiation
arise from extensive plastic deformations in matrix material. This results in similar frequencies within
smooth narrow intervals.
At -30 • C and at 23 • C fiber breaks and matrix cracks arise without macroscopic plastic deformations. Different local stresses give cracks of various size, orientation and natural frequency what
results in different intensity peaks in power spectra. This behavior occurs primarily in matrix cracks,
visible in Figures 9h and 9i. Only a low relative motion exists between fiber and matrix.
An increasing extensional wave part is to be seen from stage 1 to stage 2 at 100· C and 23· C.
0
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This corresponds to more fiber breaks at higher stresses. With the onset of fiber break more damage
processes are induced in the matrix. The matrix wave part increases from stage 2 to stage 3 (Stress
redistribution).
The fiber break part at -30· C shows only less tendency to grow up because of the high stiffness
of the matrix. The propability of fiber break is reduced under these conditions.
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(g) T = -30' C, 51, 253 Emissions, 21.3%, 75.1%
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(h) T
-30' C, 52, 626 Emissions, 16.9%, 78.2%

"-=

(i) T
-30' C, 53, 460 Emissions, 28.1%, 68.6%

Figure 9: Power Spectra from Random Glass-Fiber Mat/Polypropylene at Different Temperatures and
Stages, Number of Selected Emissions, Percentage by Power in Intervals

SMALL INJECTION MOULDED COMPONENTS
Short-glass-fiber/polyamide injection moulded samples consist of pipe and connecting piece. Both
parts are ultrasonic welded. Figure 10 shows the component in natural sizes. Sometimes, welded joints
8239

have material defects which grow at load. The distinction between uncritical and critical loads is of
interest. Expected micromechanisms are matrix processes at low stress level a.nd interface processes
with fiber pull-out at higher stresses in such composites.
Tensile tests were carried out with a cross-head rate of
2mm/min. An amplitude filter Ul = 2mV (72dB) was used
Force F
during the measurement of 195 acoustic emission files. Selection
was not necessary.
Figure lla. shows the acoustic emission activity according
to the tensile force versus time. Activity starts immediately at
low forces. Low activity is shown up to 45 seconds at forces
F ~ O.lkN ... 4.0kN. Amplitudes vary strongly at this stage in
Figure llb. Acoustic emission accumulated energy in Figure llc
increases approximately linear and intensities in Figure lId have
large variations, too. Figure 12a shows the averaged power spectrum from this uncritical state. Flexural waves with lower frequencies have high intensity. That indicates matrix cracks.
Accumulated acoustic emission energy in Figure Hc increases rapidly at times t ~ 45s...65s (F ~ 4.0kN ...6.0kN). Activity in Figure lla also increases over-proportionally. However I
the intensity in Figure lId is clearly lower than before. Growing
defects give a lot of emissions with low amplitudes and energies.
Figure 10: Tensile Test at Sbort- These parameters alone are not sufficient to distinct between
Glass-Fiber/Polyamide Devices
uncritical and critical damage stages.
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Figure 11: Acoustic Emissions at Short-GIass-FiberfPolyamide Devices
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In addition, the averaged power spectrum in Figure 12b changed from pure ma.trix behavior to
fiber ma.trix interface mechanisms. Microscopic observation of the fracture surface after macroscopic
failure indicates fractures with fiber pull-out mechanisms.
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(b) Critical Damage State at F =::: 4.0kN ... 6.0kN

(a) Uncritical Damage State at F =::: O.lkN ... 4.0kN

Figure 12: Averaged Power Spectra at Short-GIass-FiberjPolyamide Devices

CONCLUSIONS
A new selection method works for transient acoustic emissions with the help of moving
standard deviations furthest independently from amplitudes, durations, energies and noise
levels of waveforms. The method simplifies the parameters of waveform recording and
reduces noise parts of waveform files. The selection could help to save storage by direct
recording of cutted emissions instead of using fixed record times and threshold parameters.
The classification of selected emissions from fiber composites into matrix cracks, fiber
breaks aDd interface processes is made by averaging power spectra in combination with
amplitude filters. Different source mechanisms excite preferred wave kinds containing
special frequencies.
Matrix cracks near the surface mainly excite flexural waves containing low frequencies.
This is confirmed by tensile tests of pure matrix material and by matrix crack selection of
various single fiber into matrix tests.
Fiber breaks mainly excite extensional waves containing high frequencies. This is shown
from fiber break selection of single fiber into matrix fragmentation.
Interface processes should show both parts because of the fiber vibration in conjunction
with interface cracks.

Dominant mechanisms in fiber composites are identified by averaged power spectra.
Variations of experimental design from tensile tests to Double Cantilever Beam tests give
clear changings in the source mechanisms expected.
Fracture toughness variations in DCB tests of unidirectional continuous composites show
changes in mechanisms involved. The stronger the forces for stable delamination groth are
the higher the part of interface induced fiber effects.

Tensile tests with temperature variations from high toughness and low stiffness matrix
behavior to a stiff and brittle matrix of random glass mat composites are shown in power
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spectra by transitions from smooth narrow frequency intervals to broad spectra with many
peaks.
Selection and classification is applicable to small injection moulded components. The damage evolution in tensile tests of short-fiber composites shows changes in mechanisms involved from matrix mechanisms to a combination of matrix and interface processes with
fiber pull-out. These mechanisms indicate the transition from uncritical to critical stages
with initiation of weld defect growth.
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ABSTRACT
The normal correlation pattern analysis, pattern recognition analysis and neural network
analysis methods of AE signals are all static comparing methods between AE data of different
sources. Actually AE sources are dynamically varied with the time or load. Different AE sources
should have distinct dynamic characteristics. The grey correlation analysis method based on the
Grey Theory is very suitable for dynamic analysis of data set. This paper explores developing a new
discrimination method of AE signals through performing grey correlation analysis for AE somces of
metal pressure vessels. The analysis results show that the grey correlation analysis method is
successful to distinguish active cracks and defects.

KEYWORDS
Grey correlation analysis; Acoustic emission; Pressure vessel.

INTRODUCTION
.The key of acoustic mission technique is inverse-source problem which is from receiving
AE signals to inverse AE sources. The final purpose of AE signal processing and analysis is to .
obtain complete description of AE sources. The main contents describing an AE source include
location, nature and the order of severity for metal pressure vessel testing. The linear, planar and 3dimensional source location techniques based on time's difference are basically able to satisfy the
requirement of metal pressure vessel testing[1,2]. The order of severity of AE sources, which is
quantitative analysis problem, is generally evaluated by the parameters of AE signals. For example,
the strength of AE source is usually measured by amplitude, energy and counts of AE signals. The
activity of AE sources is judged by the emitting frequency or energy releasing rate of AE signals. A
few analysis methods of AE data for metal pressure vessel have been developed for the order of
severity of AE sources[3-S]. The most difficult problem is to determine the nature of AE sources.
Some of AE sources can be discriminated by pattern recognition analysis and neural network
analysis for AE waveform signals[6,7]. Due to the AE characteristic parameters are collected and
saved, the pattern recognition analysis and neural network analysis application to metal pressure
vessel is not successful. The natures of AE sources of metal pressure vessel must be evaluated by
the normal non-destructive testing methods such as magnetic particle testing, liquid-penetrate
testing, ultrasonic testing and radiographic testing[l-S]. This shortcoming restricts AE testing
application to on-line monitoring of pressure vessel and the pressure vessels covered by insulation.
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The normal correlation pattern analysis, pattern recognition analysis and neural network
analysis methods of AE signals are all static comparing methods between AE data of different
sources. Actually AE sources are dynamically varied with the time or load. Different AE sources
should have distinct dynamic characteristics. The grey correlation analysis method based on the
Grey Theory is very suitable for dynamic analysis of data set[8]. This paper explores developing a
new discrimination method of AE signals through performing grey correlation analysis for AE
sources ofmetal pressure vessels.

THE CONCEPT OF GREY SYSTEM THEORY
The Grey System Theory was first advanced by Julong Deng in 1982[8]. An English
magazine, «The Jomnal of Grey System» , was published in 1989[9]. The integrated extent of
information used to be described by dark and light of color in Systematology and Cybernetics.
" White" represents that information is completely known. "Black" represents that no any
infonnation is known. "Grey" represents that information is not integrated or partly known. Grey
number is the number that information is not complete. Grey element is the element that
information is not intact The relations that information is not complete between systems and
elements are defined as grey relations. The systems that information is not complete are defined as
grey systems. Because the emission time and size of AE signals are not certain during AE test, the
parameters set ofAE signals are considered as grey systems.

GREY CORRELATION ANALYSIS METHOD OF AE PARAMETERS
The Grey Correlative Degree
The extent of correlativity varied with time between two systems or two elements in a
system is defined as grey correlative degree. The correlative degree describes relative variation
between elements, that is, the relativity varying in size, direction or speed. During system
developing, if the varying trend of two elements is basically unanimous then the correlative degree
between these two elements is larger. On the contrary, the correlative degree is smaller.
Nowadays an ordinary acoustic emission instrument can obtain at least 6 AE parameters
which are energy, duration, amplitude, rise time, count and count to peak for burst AE signal. The
curves of each AE parameter varied with loading time can be drawn separately. Figure l(a ,..., 1) are
AE parameters vs. loading time of inner crack on a longitudinal weld of a 100Om] LPG spherical
vessel during hydrostatic pressurization from 1.6MPa to 2.0MPa It is very obvious that the energy
curve is the most similar to the duration curve. The rise time curve and the count to peak curve are
very much alike. The amplitude curve do not resemble other curves. Figure 2(a"'" 1) are AE
parameters vs. time of water leakage produced by a penetrating crack on a longitudinal weld of a
20m3 LPG tank at 4MPa hydrostatic pressure. It is clearly seen that the energy curve resemble the
amplitude curve closely and differ from the rise time curve very much. The rise time curve and the
count are very much alike. The rise time curve and the amplitude curve are the most different. The
more similar figures of two parameter curves is , the bigger the correlation degree between two
parameters is. Inverse, the more different the figures of two parameter curves is , the less the
correlation degree between two parameters is. It should be deduced that there are different
correlation characters for AE sources with different mechanisms.
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(c)Duration vs. Loading Time

(d) Amplitude vs. Loading Time

(e)Rise Time vs. Loading Time
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Figure 1. AE Parameters vs. Loading Time of Inner Crack on a Longitudinal
Weld ofa lOOOm3 LPG Spherical Vessel During Hydrostatic
Pressurization From 1.6MPa to 2.0MPa.
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Figure 2. AE Parameters vs. Time of Water Leakage produced by a Penetrating Crack
on a Longitudinal Weld of a 20m3 LPG Tank at 4MPa Hydrostatic Pressure.
The Procedure ofGrey Correlation Analysis Method
(1) Transformation or Initializing of Original Data: Due to the physical meanings of each
element in a system is different, the dimension of each data line is different and perhaps there are a
great disparity between the absolute values of different elements. So the original data are required to
conduct transformation by use ofaveraging or initializing.

(2) Calculating Correlative Coefficients: Let {Xo(k)} represent mother sequence of data and

{Xi(k)} represent subsequences where k = I, 2, "., n and i = 1, 2, ... , m. Then at the time k, the
correlative coefficient Coi (k) between mother sequence and subsequence can be calculated by
following equation:
miniminkl Xo(k) - Xi(k)1 + P InaXimaxkl Xo(k) - Xi(k)!

COi(k) =

&nin + p &nax

(1)

=

I Xo(k) - Xj(k)1 + P maxi max.: I Xo(k) - X~)I

Aoi(k) + p l1max

The term p is resolving coefficient. It is used to decrease the affect arouse by larger value of &nax
and to increase difference between correlative coefficients. p e (0, 1). Generally p is selected from
0.1 to 0.5. The COi (k) represents close extent between two sequences at time k. For example, at the
time of Mlin COi =1 is the biggest and at the time of AInax em is the smallest. So correlative
coefficient is limited in 0 < COi :s; 1.
(3) Calculating Correlative Degrees: The average value of all correlative coefficients is
defined as the correlative degree oftwo contrasting sequences. That is
1

LOi=N

N

L COi (k)

(2)

k=1

Where Loi is the correlative degree of mother sequence and subsequence i and N is the data number
of two sequences. The correlative degree is influenced by five factors which are mother sequence,
subsequence, transformation method of original data, data number of sequence and the value of
resolving coefficient p.
(4) Put Correlative Degrees in Order: From last analysis we find that the absolute value of
correlative degree does not possess real significance. The most important thing is the place of
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arrangement in order of correlative degrees between one mother sequence and serial subsequences.
The order of correlative degrees directly reflects the " good or bad" or U primary or
secondary" relation between a master sequence and different subsequences.
(5) List the Matrix of Correlative Degrees: If there are n master sequences: YI , Y2, ..., Yn
and m subsequences: x I , X2. "., Xm , then the correlative degrees between them can be arranged
into a matrix as follows:

(3)

L=

Lnl

GREY CORRELATION ANALYSIS OF AE SIGNALS FOR PRESSURE VESSEL
A common AE instrument can obtain 6 AE parameters which are Energy (E), Duration Time
(D), Amplitude (A), Count (C), Rise Time (R) and Count To Peak (P). We can arrange AE
parameters of m AE signals detected during an AE testing into 6 sequences: EI , E2, ..., Em , Dl ,
D2, "., Dm, AI , A2, ... , Am , C I , C2, ..., em, R 1 , R2 , ..., Rm , PI , P2, ..., Pm. Through
selecting one AE parameter as master sequence in turn, we can get the grey correlative degree
matrix of 6 AE parameters.
The field AE sources of metal pressure vessels include crack growing, weld defects cracking,
residual stress releasing, structural friction, oxide scales peeling off, leakage, electronic noise, wind
blasting and et al. Due to AE signals produced by leakage and electronic noise are continuous
signals and can not be located, it is very easy to distinguish them. Oxide scales peeling off can be
found by visual inspection. Wind blasting can be discriminated by through recording the blowing
time of the wind. The classic AE analysis method and visual inspection can not distinguish the AE
signals produced by crack growing, weld defects cracking, residual stress releasing and structural
friction for metal pressure vessel. The normal non-destructive testing methods such as magnetic
particle testing, liquid-penetrate testing, ultrasonic testing and radiographic testing can discriminate
them for butt joint, but can not distinguish them for fillet. Following is the investigation of grey
correlation characteristics for the AE signals ofthem.
The weld surface cracks and inner cracks were created on a carbon steel tank which size is
C1> 1800 X 8000 X 14mm through controlling the welding procedure. AE test was conducted during
many steps of pressurization, pressure hold and pressure decrease which were from 0 to 4MPa A
lot of location sources were produced to fonn a cluster in the place of cracks during first
pressurization. AE signals emerged on low pressure of 0.2 ....., 0.5MPa and activity reached the peak
on 2.0MPa for surface cracks. AE signals appeared on the pressure of 1.0 -- 1.5MPa and activity
reached the highest on 3.0MPa for inner cracks.
Next is the Grey Correlative Degrees Matrix of approximate 500 AE signals produced by
weld surface crack from 1.0MPa to 2.0MPa pressurization:
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E
D
A
P
C
R

Energy Duration
1.0000
0.9752
0.9747
1.0000
0.9357
0.9528
0.9410
0.9558
0.9789
0.9832
0.9654
0.9548

Amplitude Count to Peak
0.9666
0.9519
0.9549
0.9330
1.0000
0.9634
0.9486
1.0000
0.9437
0.9587
0.9638
0.9736

Count
Rise Time
0.9832
0.9648
0.9784
0.9532
0.9446
0.9637
0.9453
0.9638
1.0000 0.9627
0.9632
1.0000

According to last Matrix, the grey correlative degree order can be put in table 1. Table 2 lists the
grey correlative degree order of about 500 AE signals produced by weld inner crack from 2.0MPa to
3.0MPa pressurization.
Table 1. Weld Surface Crack

Table 2. Weld Inner Crack

E>C>D>P>R>A
D >C > E > P > R> A
A>R>P>E> C>D
P>R>E>A>C>D
C>E>D>R>P>A
R>P>E>A>C>D

E>C>D>R>P>A
D>C>E>R>P>A
A>P>R>E>D>C
P>R>A>E>D>C
C>E>D>R>P>A
R>P>E>A>C>D

Table 3 lists the grey correlative degree order of approximate 500 AE signals produced by
slag, porosity and incomplete fusion defects on butt joint of a 400 m3 spherical tank from 1.6MPa to
2.0MPa pressurization. Table 4 lists the grey correlative degree order of about 250 AE signals
produced by residual stress releasing on welding repair butt joint of a 30 m3 tank from 15MPa to
17.7MPa pressurization. Table 5 lists the grey correlative degree order of about 500 AE signals
produced by friction between falsework and shell ofa <l>1.4XI6m heat exchanger.
Table 3. Weld Defects

Table 4. Residual Stress Releasing

E>C>D>P>A>R
D>C>E>P>R>A
A>P>E>R>C>D
P>R>A>E>C>D
C>E>D>P>R>A
R>P>C>E>A>D

E>C>D>P>R>A
D>C>E>P>R>A
A>P>E>C>D>R
P>E>C>D>R>A
C>E>D>P>R>A
R>P>E>C>D>A

Table 5. Structural Friction
E>A>D>P>C>R
D>C>P>E>R>A
A>E>P>D>C>R
P>C>D>R>E>A
C>D>P>E>R>A
R>P>C>D>E>A

From table 1 to table 5 we can find that the maximum correlation of AE parameters are E >
A, C > D, A> E and P > C for structural friction. The grey correlation degree of Amplitude and
Rise Time is maximum for weld surface crack. The character of residual stress releasing is P > E.
The weld inner crack and weld defects can not be discriminated by primary correlation. The general
grey correlation characters of 5 AE sources are listed in table 6. The most significant characteristics
is the grey correlation nature of Count to Peak (P) with Count (C), Energy (E) and Rise Time (R). P
> C is representative for structural friction, P > E represents residual stress releasing and P > R is
the indicator existing in crack growing or weld defect cracking. Table 7 lists some examples
application grey correlation analysis method to site pressure vessel test. It is obvious that the grey
correlation analysis results are in conformity to NOE results for 4 AE sources. The only conflicting
AE source is No.1 source. This result shows that the AE signals of No.1 source were not produced
by crack growing and were produced by friction of surfaces of cracks.
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Table 6. Grey Correlation Characters of 5 AE Sources
Master AE AE Parameter with Max.
Correlation Degree
Parameter
A

E

C
D

C

E

D

C

A

R
P

E

P

C
E
R

R

P

AE Sources
Friction
Residual Stress Releasing, Weld Surface Crack,
Weld Inner Crack, Weld Defects
Friction
Residual Stress Releasing, Weld Surface Crack,
Weld Inner Crack, Weld Defects
Friction, Residual Stress Releasing, Weld
Surface Crack, Weld Inner Crack, Weld Defects
Friction
Weld Surface Crack
Residual Stress Releasing, Weld Inner Crack,
Weld Defects
Friction
Residual Stress Releasing
Weld Surface Crack, Weld Inner Crack,
Weld Defects
Friction, Residual Stress Releasing, Weld
Surface
Crack, Weld Inner Crack, Weld Defects

Table 7. Grey Correlation Analysis Result ofAE Sources for Site Pressure Vessel
Grey Correlation
Analysis Result

NDEResult

Located on the tack
welding place on the shell
of 1000m3 LPG sphere.

P>C Friction

3 surface cracks which length
are 15mm, 20mm and 30mm
~espectively and height range is
0-- 3mm.

2

Located on the round
stand ofvertical heat
exchanger

P>C Friction

Friction between shell ofheat
exchanger and stand plate.

3

Located on the fillet
between shell and leg of a
120 m3 Argon gas sphere.

P>E Residual
Stress Releasing

No surface defect

4

Located on the butt joint
of 1000m3 LPG sphere.

P >RCrack or
Defects

Inner crack which length is
15mm and height is 10mm.

5

Located on the butt joint
of 400m3 LPG sphere.

P> RCrack or
Defects

Weld defects including in
50mm incomplete fusion,
15nun incomplete penetration,
slag and porosity.

NO.

Description of AE Sources

I

S24'

CONCWSION
There are many reasons giving rise to produce acoustic emission signals for site pressure
vessel test. The grey correlation analysis method based on the Grey Theory is very suitable for
dynamic analysis of AE data set. The most significant characteristics is the grey correlation nature
of Count to Peak (P) with Count (C), Energy (E) and Rise Time (R). P > C is representative for
structural friction, P > E represents residual stress releasing and P > R is the indicator existing in
crack growing or weld defect cracking. The grey correlation analysis method is successful to
distinguish active cracks and defects.
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ABSTRACT
Using a dynamic finite element model, we studied the interrelationships between acoustic source rise-time and plate
thickness in steel plates. The source was typically a midplane vertical dipole, and the out-or-plane displacement was
obtained in the far-field, typically at a distance of I S times the plate thickness. Results with the finite element
approach were first obtained without considering practical experimental factors such as the bandwidth limitations of
acoustic emission (AE) sensors. In addition, signal processing was applied to the displacement signals to more
accurately simulate typical wideband experimental conditions. Analysis of the results indicates that practical
measurement realities (bandwidth of contemporary wideband sensors) have a significant effect on the observed
displacement signals when the same AE source (temporal characteristics) operates in plates of different thicknesses.
The question of"scaling» of results with plate thickness was also addressed for typical AE rise-times. It was
demonstrated that nearly correct results for thinner plates (with the same source rise-time) could be obtained by simple
signal processing of results from a thicker plate. Experimental realities, which currently limit the full characterization
of AE sources with fast rise-times, were pointed out Also, the relationships between the multi-mode group velocity
curves and the observed displacements were examined. The perspective taken in the examination of the modeled AE
res~lts was that of using the AE data in order to characterize particular AE sources.

KEYWORDS
Acoustic emission; Finite element modeling; Lamb waves; Plates; Displacement waveforms

INTRODUCTION
A long-term goal in acoustic emission (AE) research has been the development of techniques for source
identification and characterization. Most sophisticated experimental work in this area has focused on measurements
of the arrivals of longitudinal bulk waves from multiple sensors. Typically, this work (for example see references [I]
and [2]) has incorporated the use ofwideband small-aperture sensors on "block-like" samples. For the actual
• Contribution ofthe U.s. Nationallnstitute of Standards and Technology, not subject to copyright in the U.S.
8251

nondestructive evaluation (NOE) application of AE, ~ typical simation involves measurement ofLamb waves rather
than bulk waves. The full development of Lamb-wave modes requires the sensors to be approximately 10 to IS times
the plate thickness (in the far-field) from the AE source location. In this paper we will not directly discuss source
identification and characterization using bulk wave arrivals or using signal arrivals in the "transition region" ahead of
the full development of Lamb waves. A recent reference [3] has experimentally examined source characterization in
this ''transition region" using a Green's function approach [4]. This paper examines the characterization ofAE
sources using results from the far-field. Rather than using physical experiments, the current studies use finite element
(FEM) based experiments to examine the interactions between source rise-time, specimen plate thickness, and sensor
bandwidth. This FEM approach is key since it allows control of buried-dipole source cbaraeteristics such as the
source rise-time function and the source location, and it also does not have the typical limitations ofthe limited
bandwidth ofcontemporary real wideband sensors. The FEM method also has potential importance as a technique for
the development of a "b'brary" ofsimulated wavefonns for various AE sources. Validation studies of our FEM code
can be found in two recent papers [5], [6].

BACKGROUND THEORY
The governing equations [7] for propagation ofelastic waves in a homogeneous and isotropic solid are
(1)

where u; (x, t) gives the displacement field in three-dimensional space as a function oftime t The symbols J.I and 1
are the Lame elastic constants for an isotropic material, and the symbol p is the mass density. The symbol f; is the
body force per unit mass. In Equation (1) the standard indicial notation and summation conventions apply as well as
the comma and dot notations for spatial and time derivatives. Replacing p f I in Equation (1) with F; , taken as a
transient body force per unit volume with rise-time T, and the first two tenns on the left side with an appropriate
operator L, yields
(2)

Now let u;(x, t) be a solution of Equation (2) for a region R, which is an infinite plate of thickness h with stress-free
boundaries. Further, this solution is for the case when R is subject to a time-dependent body force per unit volume
acting on a subregion V ofR. We change variables to X; = a x; and i = P t , which are new "compressed"
coordinates and time. Then we examine in outline fonn the conditions under which 0 i (i,i), which is defined by
0 1(i,i) =u I (x1cx,t111),

(3)

is also a solution. Substituting 0; ( i,i) into the governing Equation (2) in the (i,i) coordinate system gives
(4)

Substituting Equation (3) into Equation (4) and applying standard techniques for a change of variables leads to
(5)

Let

Pi be the new body force per unit volume in the (i,i) coordinate system and be defined by
(6)
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Th~n taking a:: p returnS the original Equation (2) and shows that Equation (3) gives a new solution U I (i,i) with
equally "compressed" coordinates and time, and body force per unit volume as shown in Equation (6).

SIMULATION AND RESULTS
Figure I shows (consistently with the background theory) that the effects of different plate thicknesses can be
removed with proper scaling. The nel result is identical displacement wavefonns for the out-of·plane displacement
with the same amplitude but different time scales (using real time) for two plates having different thicknesses. A key
aspect of the scaling process is the use of different source rise--times of I J.1S for the plate with 25.4 mm thickness and
0.125 IJS for 3.17 mm thickness. The two displacement wavefonns give the displacement as a function oftime at a
distance of 15 plale thicknesses (measured from the epicenter location) from a midplane, vertical, body·force-dipole,
AE source in steel plates with the two different thicknesses. The FEM calculations were carried out on wide enough
plates so that edge reflections of significant amplitude did not arrive during the time periods shown in Figure I. In
each case, the dipole source can be described as the result of two equal body-force monopoles each applied uniformly
over a small region. A small distance separates the cenlers of these two regions, and the dipole strength is the product
ofthe monopole forces multiplied by the distance between the centers of the two body·force regions. The details of
using the FEM modeling approach to obtain results equivalent to point-source dipoles will be presented shortly (8).
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Figure I. Out·of·plane displacement at fifteen plate thicknesses from a midplane vertical dipole source for plates of
thicknesses 25.4 and 3.17 mm shown in (a) and (b). See Table I for details of the two cases.
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The temporal dependence of the source for the Figure 1 results was a "cosine-bell" function

ofort<O,
T(t) =

(0.5 - 0.5 cos [n tiT]) for 0 S t ST. and
Ifort>T,

(6)

where T is the rise-time. This temporal dependence is used for all calculations in this paper. Figure 2 shows the two
identically shaped spectra of the two displacement waveforms shown in Figure 1. The maximum of the frequency
scale for each plate thickness was taken at the frequency given by the reciprocal of the respective source rise-time.
Thus, the frequency scale in Figure l(a) differs by a factor of8 from that in Figure 1(b), which is the same ratio as the
plate thicknesses. This and other relevant facts documenting the two axisymmetrical FEM runs are summarized in
Table 1. This table also includes a "Factor" column, which summarizes the multiplication, or division, which was
applied to the 25.4 nun thick plate to obtain the parameters for the 3.17 mm thick plate. The numbers used in this
table were determined (see the appendix) to be consistent with the above section dealing with theoretical
considerations. In particular for a change from a thick to thin plate the value of a is 1/8. To enhance the reader's
comprehension of the significance oftile "Factor" column in Table I, instead of using a, a direct multiplication or
division is shown. For example, for thickness, (25.4)· a =(25.4)/8 = 3.17, and for body force per unit volume ofeach
monopole 2.77xI0 13 /a2= 2.77xI0 13. (8)2 = 1.78x10 IS. The results shown in Figures I(a) and 1(b) collapse as
expected into one figure when they are shown in Figure 3 with a dimensionless abscissa. In Figure 3 the abscissa is
expressed in terms ofdimensionless time r , with i = (tIh) . c s , where t is the real time, h is the plate thickness, and
c s is the bulk shear velocity. To better emphasize the relevance of this modeling work to real experimental AE
testing and analysis, we have chosen not to directly consider the dimensionless results.
Table 1. Summary ofParameters Used for Two Plate Thickness Cases.
"Factor"(frOm
thick to thin)

Parameter

Thick Plate

Thin Plate

Plate thickness (mm)
Resolution (cells)
Cell size (JIm)
Rise-time (ns), "cosine bell"
Size of each oftile two monopoles (cells)
Physical size ofmonopoles (JIm)
Gap between boundaries oftile monopoles (cells)
Spacing ofcenters of monopoles (cells)
Physical spacing center of monopoles (J1m)
Monopole force (N)

25.4
385

5
330
400

3.17
385
8.3
125
4(dia)x 4(high)
33(dia)x 33(high)
I
5
41.2
50

132
15
381
0 -240
±125
5,940
3,220
7,800

2.06
IS
47.6
0-30
±125
5,940
3,220
7,800

66

1,000
4(dia)x 4(high)
265(dia)x 265(high)

1

Dipole strength (N·mm)
Distance to out-of-plane displacement (plate thickness)
. Physical distance to displacement result (mm)
Time ofobservation ofwaveform (Jls)
Vertical scaling ofdisplacement (pm)
Steel longitudinal bulk velocity (m1s)
Steel shear velocity (mls)
Steel density (kglm 3 )
Steel shear modulus (N/m 2)
Range of spectrum ofwavefoIUl (MHz)
Vertical scaling maximum ofspeetrum*(dB)

8.09xlO 10
0 to 1
-188

Body force per unit volume ofeach monopole (N/m
Time step of calculation (ns)

3

)

2.77x10 13
9.983

* Reference 0 dB is I m
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+8
I
+8
+8
1

+8
I
1

+8
+8
+(8)2
I

+8
+8
1
1

1
1

8.09x10
Oto 8
-188

10

1.78xl0
1.248

lS

1

x8
1

x (8)2

+8

INTERPRETAnON AND IMPLICAnONS OF RESULTS
If all the changes in proper scale factor (as determined from the governing equations) are made, exactly the
same displacement versus dimensionless time results can be obtained at the same number of plate thicknesses of
propagation for plates with two different thicknesses. These results for dipoles located at the same relative position in
the two plates of different thickness provide a very satisfying result from the theoretical point of view. The
experimental world of AE provides a different perspective. Real wideband, frequency-independent, displacement
sensors have limitations. Hence, it becomes important to examine the results in the light of experimental realities. In
this examination, we ignore wideband, optically based and capacitive AE sensors because the sensitivity is nearly 40
dB less than piezoelectric sensors of the conical type [9], [10]. The limitations of useful wideband sensors occur at
both ends of the frequency spectrum. On the high-frequency end, there is a limit with respect to how small the
aperture can be made while retaining high sensitivity. Also, the physics ofthe displacement-response sensor gradually
changes to a velocity response at higher frequencies. At the low-frequency end there are also limitations for practical
sensors since there is a limit to the size ofthe backing mass. In addition to sensor limitations, the experimentalist
interested in characterizing AE sources must also contend with material-based signal attenuation at higher frequencies.
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Figure 4. Displacement wavefonns after applying a I MHz low-pass filter to the results shown in Figures I(a) and
l(b). The plate thickness in (a) is 25.4 mm and in (b) is 3.17 mm.
With these limitations in mind, we can examine the results for thick and thin plates. If we conservatively assume that
above I MHz the output ofa real high-sensitivity wideband sensor will be falling off, then after filtering (1 MHz lowpass, and four-pole Butterworth) the displacement wavefonns for the two thicknesses appear as seen in Figure 4.
Clearly there has been a significant change in the displacement wavefonn and amplitude ofthe result for the thin plate
since the original signal with source rise-time of 118 J1S contained significant energy up to about 8 MHz. On the other
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hand, the result for the thick plate is approximately the same as in Figure l(a), since the 1 IlS rise-time generates
significant energy only up to about 1 MHz. These considerations show that from the perspective of practical
experimental AE source characterization there would be an inability to completely characterize sources with rise-times
much below 1 Ils with the above outlined measurement conditions. For example, displacement signals from sources
with rise-times much less than 1 Ils would resemble each other, and only in the case of rise-times greater than 1 IlS
would the measured displacement waveform represent the differences caused by sources with different rise-times.
Thus, a fundamental aspect of AE source characterization, its source rise-time, may be largely inaccessible in the
current practical experimental world
To examine the seeming theoretical equivalence of thick and thin plate results from another experimentally
based perspective, we consider the implications ofthe fact that typical micro--AE sources have a rise-time which is the
same regardless of the thickness ofthe plate in which they operate. Thus, ifthe 1 IlS rise-tim.e vertical dipole source
operates in both the thick and thin plates at the midplane, and the out-of-plane displacement waveform is observed at
15 times the plate thickness, the FEM results are as shown in Figure 5.
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Shading represents modes shown in the diagrams expected to be excited by a 1 IlS rise-time source in each
case. Diagrams adapted from published result [11].
Figure 5(a) shows the same result as Figure l(a). The result in Figure 5(b) comes from a new FEM calculation for the
thin plate. In passing we note that, as expected, Figure 5(b) is a result very similar (small amplitude differences) to
that shown in Figure 4(b). Clearly, the displacement waveforms in Figure 5 differ dramatically even though the
source rise-time was the same in both plates. Further, these same differences would be observed experimentally with
real frequency-independent wideband sensors. To further understand those differences it is useful to consider the
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multimode Lamb-wave group-velocity diagrams for the two steel plate thicknesses. Figure 6 [11] shows the group
velocities with light-background shading extending over the modes which are excited by the relevant combination of
source rise-time and plate thickness. Many more symmetric (and for more general sources antisymmetric) modes
potentially are excited in the thick plate than in the thin plate, where only the lowest modes are excited. These
additional modes lead to the more complicated measured displacement signal in the thick plate (as shown in Figure
5(a» even though the primary detected signal energy in both plate thicknesses is limited to 1 MHz. Thus, similar
sources with the same rise-times result in considerable variation in the observed signal as the plate thickness changes,
where at first thought some experimentalists might have expected more similar displacement waveforms.
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Figure 7. Series ofdisplacement signals from independent
calculations of 1 J!S rise-time sources in plates of
thicknesses 19.1, 12.7,6.35,3.17 mm shown in
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Figure 8. Series ofdisplacement signals
obtained from Figure 5(a) as a resuh of
signal processing to obtain displacement
signals for thinner plates all with the same
1 J!s rise-time. Plate thicknesses 19.1, 12.7,
6.35,3.17 mm shown in (a) to (d).

These results for the same source rise-time in plates ofdifferent thicknesses raise some interesting
experimental points. For example, it might be best to experimentally measure broadband signals (with an
approximately frequency-independent sensor) in a thick-plate rather than in a thin plate. There are potentially two
Teasons that this might be the case. First, a signal from a thick-plate sample could be easily processed by elementary
signal processing to provide close representations ofthe expected signals that might be observed ifthe signal from the
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30

same source type were measured at the same number of plate thicknesses in a thinner plate. To show this, Figure 7
was created with independent FEM calculations ofthe displacement signals at 15 plate thicknesses for plates of 19.1,
12.7,6.35, and 3.17 nun with a I J,ls rise-time soutee. In these calculations the appropriate dipole strength was used:
same source type but dipole strength reduced from that at 25.4 nun thickness by the square of the ratio of the new
plate thickness divided by the original thickness. Then, we process the signal from the 2S.4 mm thick plate (from
Figure 5(a) to obtain the expected signal-processed signals for thicknesses of 19.1, 12.7,6.35, and 3.17 nun. These
results are shown in Figure S(aHd). These signals were obtained by frrst multiplying the time scale of Figure 5(a) by
the ratio ofnew thickness divided by the original thickness to obtain time-shifted results. Then, in order to change the
rise-time to lJ,ls for each ofthe new signals, the time-shifted results for each new thickness were low-pass filtered.
The low-pass filter frequency of 1 MHz (S-pole Butterworth) was determined by the maximum expected frequency in
the original thickness data as obtained by the reciprocal ofthe original 1 J,lS rise-time. This process resulted in
displacement signals very similar to those in figure 7. The only real difference was that the filtered signals had typical
peak amplitudes of some 2 to 5 dB higher. Thus a slightly lower 7S0 kHz low-pass filter was applied (4-pole
Butterfield). The resulting signals are those shown in Figure 8 for the same series ofthicknesses as in Figure 7. In
this case the peak amplitudes ofthe signal-processed results are only about 1 dB higher in peak amplitude and match
the independently calculated results very well. The reason the lower low-pass filter matches the amplitude better is
that the frequency spectra ofthe signals shown in Figure 7 have their peaks at frequencies less than I MHz.
Admittedly, this process depends on knowing the rise-time or the maximum source rise-time related frequency present
in the displacement waveform ofthe original experimental signal. But, even when this is not known exactly, a series
ofexpected displacement waveforms for thinner plates could be generated from one measured signal on a thick plate.
However, we are not able to do the reverse, that is, to take an experimental displacement waveform for a thin plate
and convert it into expected signals in thicker plates for the same rise-time source observed at a particular number of
plate thicknesses. Obviously the reason the reverse process does not \York, i.e. thin plate to thicker plate, is that the
thin plate signal does not include the effects ofthe higher modes which are excited in the thicker plates with the same
source rise-time.
Second, the distinctions between two different source types may be more apparent in the displacement
signals measured when the two sources operate in a thick plate rather than in a thin plate. The reason for this
expectation is that within the signal from the thick plate there are many more modes with associated modal shapes
present than in the thin plate. Thus, there may be a greater opportunity for different source types to distribute their AE
energy differently among these modes. Since different source types such as a simple change to an inclined dipole
rather than a dipole perpendicular to the plate surfaces require a three-dimensional finite element code, we have not
examined in any detail the validity of this hypothesis at present. When the necessary computing resources become
available, we expect to study this hypothesis.
We conclude with an additional observation intended for those who do experimental AE studies. The
commonly used pencil-lead break is not a dipole source and hence the modes excited are different from those ofa true
dipole source [12]. In addition, this work points out that since the pencil-lead.break has a relatively constant rise-time,
the modes generated may not represent those which would be generated by real AE sources with different rise-times.
Hence, data-processing techniques such as those for source location and for distinguishing extraneous noise from real
AE must be robust to changes in source rise-time. Furthermore, "proof' that these data-processing techniques
accomplish their pUIpose in such a robust fashion is not demonstrated by pencil lead breaks.

CONCLUSIONS
(1) FEM results demonstrate that with proper scaling (including the rise-time) exactly the same displacement results
are obtained at the same number of plate thicknesses from the same type of AE source located in two plates with
different thicknesses.
(2) But experimental realities such as limited high-frequency wideband sensor response normally preclude observation
ofsuch results.
(3) Further, real AE sources have rise-times that depend on the material rather than on plate thickness.
(4) Experimental realities (bandwidth of current wideband sensors) also limit the ability to experimentaUy characterize
the source rise-time character ofAE sources having fast rise-times.
(5) Dramatic differences appear in far-field out-of-plane displacements versus time for the same rise-time source
operating in plates ofdifferent thickness. These differences are directly attributable to the excitation ofadditional
modes shown in diagrams of group-velocity versus frequency times thickness for the thicker plate.
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(6) Simple signal processing (change of time sca1~ and filtering) ofFEM results from thick plates can generate fairly
accurate results for thinner plates for the same source rise-time in both plates.
(7) Experimental wideband displacement results from thick plates also can potentially be used to generate useful
results for thinner plates (if the time scale is changed and filtering is applied to maintain the same rise-time).
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APPENDIX
Briefly, some practical implications of the background theory section are that compressing by a = 1/8,
results in the following. A new infinite plate with thickness hl8, a new body-force per unit volume of Fj ' (8) 2 , a new
source rise-time ;. = -r /8, and other associated cbanges required for consistency in a particular case. For the case of
an acoustic emission dipole source, the dipole spacing is reduced by 1/8, and the two monopole forces are also
reduced by 118. To demonstrate this notice that
New Monopole Force
New Volume of Monopole

New body force per unit volume

=
=

(8) 2 • Old body force per unit volume
(8) 2 • Old Monopole Force

Old Volume of Monopole
(8) 2 •
Old Monopole Force

=

(8)3 . New Volume of Monopole

or
New Monopole Force

Old Monopole Force
8

=

In a similar fashion one can easily demonstrate that the new dipole strength is (Old Dipole Strength) 1(8)

New Dipole Strength

= (New Monopole Force) . (New Dipole Spacing)
= (Old Monopole Force) . (Old Dipole Spacing)

8

8

Old Dipole Strength
(8)2
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ABSTRACT
The ability to locate defects in materials is one of the major attractions of the acoustic
emission (AE) technique. The most conventional method for planar AE source localization is
to place three or more AE sensors on the plate and to determine the source position by
measuring the differences in arrival times of the AE wave at the sensors, which is called as
triangulation method. But this method can not be applied in the material of which elastic wave
propagation velocity is not known. In this paper, we propose two methods, analytical method
based on a geometrical modeling and numerical method based on an error minimization
technique, for AE source location on the material with unknown AE wave velocity. Also, the
robustness to the error in the measurement of time differences is discussed for both methods
by computer simulations. Finally, in order to evaluate the act)Ja1 performances, experiments
using a pencil lead break as the AE source were carried out on the aluminum plate.

KEYWORDS
Source localization; Triangulation method; Error minimization method; Propagation velocity.

INTRODIJCTION
The ability to locate defects in materials is one of the major attractions of the acoustic
emission (AE) technique, especially on the early detection of problems in structural safety
such like as machine tool fracture, rotary machine failure or leakage of gas tank. [1,2] The
most conventional method of planar source localization is to place three or more AE sensors
on the surface of a specimen and to determine the source position by measuring the
differences in arrival times of the AE wave at the sensors, which is called as triangulation
method.
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The basic principle of this method is based on the fact that the difference of distance
between AE source and sensors is proportional to the difference of flight time of AE wave
from source to each sensor, where the proportional constant is corresponding to the
propagation velocity. Then, since unknown variables to be estimated in this case are 2-D
coordinates of AE source. x and y, three sensors will be sufficient: one is used as reference
and others are used to measure time differences of AE wave arrival between reference sensor
and other sensors. [3,4]
TIris method, however, can not be applied in the material of which elastic wave
propagation velocity is not known. That is, it needs previous knowledge about the propagation
velocity of AE wave in target material. So that, in testing new materials or any materials that
we do not know the elastic properties, measurement of AE wave velocity should be done
previously.
In order to overcome these difficulties, this paper proposes two different techniques;
One is the analytical approach based on geometrical modeling as like as in the conventional
triangulation method, and the other is the numerical approach based on the error minimization
technique. The basic concepts of the proposed methods are similar with the triangulation
method. The only difference is that the proposed methods consider the propagation velocity of
AE wave as an unknown variable, and thus the more AE sensors are needed. In this paper,
detail methodologies of both algorithms are described and the actual performances are tested
through experiments using a pencil lead break as AE source on aluminum plate, as well as the
discussion on the robustness to the error in the measurement of time difference by computer
simulations.

ANALYTICAL APPROACH BASED ON GEOMETRICALMODEIJNG

principle
Figure 1 describes the location of AE source (P) and five sensors (Sj ) on a plate and the
distances between them. The~ the distance between source position and each sensor can be
represented as follows.
(i

= 2, 3,4, 5)

(1)

Where S;, P represent position vector of sensor and source, L1 Sj is the distance
between reference sensor 81 and other sensor 8j, D is the distance between P and 81, Lltli is
the flight time difference of AE wave between from source P to reference sensor S I and to
other sensor Sj, and V is the AE wave propagation velocity.
Now, since the velocity V remains to be an unknown variable, in order to find AE
source position P from Equation (1), the unknown variable V should be eliminated. For this
purpose, Equation (1) is squared as follows,
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-12 -

Sj

1

'-12

- TSj
- + P
2P

= 0 2 + 20· LlS + aS 2
j

= D2 + 2 0

j

. Ll t1 j • V + (Ll t1 i • V

t

(i = 2,3,4,5)

(2)

Finally, by eliminating D and V from equation (2), we can get position vector P as follows,

P

= A-I. B

(3)

I] ,

A = [E 4 • G ~ - E 3 • G
E5·G~-E3·G~

Ej

= 6tlj . .1.t~2

Fj = ( 6ttj
GI =

- 6t l2 . 6t~j

·Is;r - .1.t 12 ·1.1.t

(A t , 2 • ~ - At II

•

2
) - (6t 1j

1l 1

5"";") + (A t II

-

-

.1. t 12 )

At, 2 )

•

'1~12

/s;y

G=3,4,5)

By using this equation, we can identify AE source position vector P, only by measuring time
differences Lltli (i =2,3,4, 5).
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Figure I. Geometrical Relationship between
the Source and Five Sensors

Figure 2. Computer Simulation Result
of the Analytical Method

Computer Simulations
In practice, there may be some error in the measurement of time delays Lttli due to the

noise of AE wave signal, the limit of sampling resolution, or the error of sensor location. This
error will generate the error of source localization directly.
Therefore, in the next, we tried to evaluate the error robustness of the proposed
algorithm by computer simulation. For this purpose, we check the error of detected source
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position when we add intentional random error in the true time delay as given in the following
Equation (4).

(4)
Where L1tli,error was generated by using random number (RND) ranged from -1.0 to +1.0 as
given in Equation (5),
!:J. t Ii •."."

= RND

(- 1 .0 - 1 .0 ) x {

Ii t 1 i ,e"or

}_

(5)

and so that the value of L1tli,error should be randomly distributed between a maximum range.
Figure 2 shows the simulation result for an example case: V=5300 mis, 81=(0,0),
82=(250,0), 83=(50,250), 84=(300,150), 8s=(300,300), and P=(150,0). Where the norm error
means the distance between the given source position and the detected one, and we plotted the
mean value of norm error for 300 different cases (20 kinds of random number for 15 different
source positions which will be shown in the experiment) when the maximum range of error
{L1tli,error}max was increased from 0.1 jJ.S to 2 jJ.S with 0.1 p.s step. For the given source
positions, minimum and maximum value of {L1tli,error}max , 0.1 p.s and 2 J1.S, are
corresponding to 1-7% and 50-120% ofthe true time delay, respectively.
From the simulation result, we can see that the nonn error is quite large in the order of
10 mm and that abnormally large error greater than 100 nun is observed at {L1tli.error}max = 0.7,
1 and 1.6 p.s. This sudden big error seems to be caused by the following nature of algorithm.
Equation (3) means that the source position is corresponding to the cross point of two
lines satisfying following relationship,

(6)

A·P-B=O

That is, the proposed algorithm localize the source by finding the cross point of two lines
satisfying Equation (6) as is previously discussed. Then, in the special case that two lines have
similar inclination each other, small change of inclination due to the error of time delay may
cause large movement of cross point.
From these reasons, we can say that the proposed algorithm is not so robust to the error
of time delay, and that the application of this algorithm is preferred when the uncertainty of
the time delay is at least less than 7%.
Experimental System and Test Material

To evaluate the effectiveness of the proposed method, experiments using pencil lead
break as AE sources on the aluminum plate (400 x 400 x 1.5 [mm] ) were carried out.
Figure 3 shows the experimental system that was mainly based on AE signal acquisition
system (Digital Wave, USA). AE signal was sampled by broad band AE sensor and time
delays between each channel were estimated by using cross-correlation technique.
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Table 1. Experimental Results of
the Analytical Method

-9

-.

Given Position
Xrmml Ylmml

50
100
150
0
50
100
150
0
50
100
150
0
50
100
150
Average

0
0
0
50
50
50
50
100
100
100
100
150
150
150
150

Standard Deviation

Estimated Position Vector Method
Norm Error
Xrmml
Vlmml
Imml

5.3
188.0
149.0
2.1
39.2
92.1
150.4
48.4
57.3
178.7
163.4
-9.6
33.4
95.7
147.3

-49.1
234.4
3.7
47.8
44.4
41.6
43.4
108.7
103.2
118.5
95.9
166.7
142.5
157.1
150.5

66.40
250.40
3.74
3.04
12.16
11.53
6.61
49.17
7.97
80.84
14.01
19.26
18.21
8.30
2.74
36.96
39.86

Figure. 3 Experimental System and Given
Source Positions
The Result of Experiment
Table 1 shows results of source localization for 15 kinds of given source shown in the
Figure 3. In this result, the average nonn error was 36.96 nun and the standard deviation was
39.86 mIn. Sometimes abnonnally large error was appeared as like as in the simulation.
NUMERICAL APPROACH BASED ON THE ERROR MINIMIZATION TECHNIQUE

The principle oftbe method
Considering two AE sensors located as shown in Figure 4, the difference of distance
between source and each sensor can be represented as following equation. [4]

r, - A = .tit . V

(7)

Where Rand rl are the distance between source and each sensor, V is the propagation
velocity, and .dt is the difference of flight time of AE wave from source to each sensor. This
equation means a group of points from which the difference of distance to each sensor is
constant, e.g. hyperbole. So if three sensors are used to make these two hyperbole equations,
the crossing point of two hyperbolas becomes the source point that we seek to.
But when we don't know the propagation velocity, we can not plot the hyperbolas. To
solve this problem, we use an additional sensor to make three hyperbolas. Then for an
arbitraIy velocity we can find three cross points and make a triangle connecting them. As the
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velocity comes to near to the true value, the area of triangle will be decreased. At the true
velocity, that area becomes to zero. However, in the practical case, we should find the velocity
minimizing the area of triangle and estimate the source position as the center of gravity of that
triangle with minimum area

70

10S':5 ---;IlO~----:85:-:------:I~OO---;'~05-~1I0

Xulolmml

Figure. 4 Trace ofpoints satisfying
Equation (8)

Figure. 5 Demonstration ofthe Numerical
Method

Computer Simulation
Figure 5 illustrates the triangle formed by three cross points of three hyperbola, when
the source position P and four sensors are located at P=(lOO, 50), 81=(0, 0), 82=(250, 0),
83=(50,250), and 84=(300, 150), respectively. Also it demonstrates the change of triangle area
when the velocity is shifted to find an optimized velocity where the area of triangle is
minimized. In the simulation, the true velocity was 5300 mfs, and the velocity was shifted
with 100 mfs step from 4000 mfs to 7000 mfs.

In next, we evaluated the error robustness of the numerical method in similar way with
the previous method. Figure 6 shows the result of simulation. In this graph, the error of source
localization increases as the error of time delay estimation increases, however, the norm error
is less 14 mm over the whole range of {Lltli.error}max. This error is quite small and stable
compared with the previous method. Therefore, we can say that the numerical method is more
useful when the measurement condition is noisy or the data sampling resolution is low.
Result of Experiment
The experiment of AE source localization by the numerical method was carried out
using the time delay data obtained in the previous experiment. The result is given in Table 2.
We can know that the error of localization is highly improved compared with the previous
method. But only for the case of point (0, 100), the estimated point is located outside the
testing plate. It seems to be due to the abnormally large error of time delay estimation, so that
if we neglect this case then we can get the average and standard deviation of norm error by 8.5
mm and 6.1 rom, respectively.
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Table 1. Experimental Results of
the Analytical Method
Given Position
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Maximum error in time delay estimation
(sec.)

Estimated Position Error Min. Method
Nom1 Error

Ylmml Xrmml
56.00

50
0
100
0
150
0
0
50
50
50
100
50
150
50
0
100
50
100
100
100
150
100
150
0
50
150
100
150
150
150
Average
Averaaed Deviation

103.24
153.27
15.35
54.48
97.36
146.74
-60.34
34.48
96.97
157.14
4.00
61.04
98.74
146.64

Yhnml
14.62
16.74
2.31
54.42
55.37
50.12
52.62
103.04
100.53
103.81
99.25
152.00
136.38
149.39
139.13

Imml
16.17
17.05
4.01
15.99
7.00
2.62
4.18
60.42
15.52
4.87
7.18
4.47
16.00
1.40
11.37
12.55
14.41

Figure. 6 Computer Simulation Result of
the Numerical Method
CONCIJJSION

(l) Two methods, the analytical method based on geometrical modeling and the numerical

method based on error minimization technique, are proposed for 2-D AE source localization
on the material ofwhich AE wave velocity is not known.
(2) The validity of both methods were proved by computer simulations and experiments using
pencil lead break as AE source on the aluminum plate.
(3) The analytical method gives exact solution but it is not so robust to the error oftime delay,
arid so that the application of this algorithm is preferred when the uncertainty of the time delay
is quite small (less than about 5%).
(4) The numerical method gives approximated solution but it is fairly robust to the error of
time delay. Therefore, we can say that this method is more useful when the measurement
condition is noisy or the data sampling resolution is low.
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ABSTRACT
For the study offracture mechanism of ClC composites with 8 harness satin structure in which plane
wave velocity varies along the direction ofthe propagation by acoustic emission signal analysis, three
dimensional anisotropic location algorithm was developed. The relation between the direction and the
velocity was calculated on the base ofthe relation ofbetween elastic modulus and plane wave velocity.
The propriety of application to practical materials was proved by the simulation. The maximum error
between the source position and the result position by anisotropic location algoritlun was very small.
Then, we study crack propagation mechanism in C/C composite by using AE method during the
tensile loading of CT specimen. In practical AE source location and CT test, we found that the AE
event far from notch tip is generated by horizontal fiber debonding and the effect of sub-bundle
breaking mechanism on fracture is dominant than the other mechanisms in C/C composites with 8harness satin structure.

KEYWORDS
Three dimensional source location; Anisotropic; C/C composites; Orthotropic.

INTRODUCTION
On the purpose of making the reliability of engineering materials high, various methods are
perfonned, for example, measurement ofweibull modulus and prediction oflife time, development of
processing. nondestructive evaluation, etc. In these various methods, acoustic emission signal analysis
that is one of the nondestructive evaluation methods can monitor the behavior of propagated or
propagating cracks. [1]
In the field ofAE signal analysis, one of the important technique is calculating ofthe location of the
AE source. Especially, three dimensional AE source location is very useful in evaluation of crack
growth. However, in anisotropic materials ( for example, single crystals, long fiber reinforced
composites, laminated composites, etc.), it is very difficult to determine the wave velocity with direction.
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In the case ofwtidirectional fiber composites, the fannulated equation ofv.t = .J(vx21.2I + Vy2mt.2 + vZ11.t2)
[2,3] has been used, but which is no more useful in woven fabric composites. In the case of woven
fabric composites like c/c composites with 8-hamess satin structure, only two dimensional source
location has been performed in means of higher order plate theory described by Tang, et.al.[4,5] or
empirical equation[6].
In this study, we developed three dimensional source location algorithm in anisotropic materials. In
the case oftwo dimension, we have made empirical equation about the !elation between direction and
velocity and calculated two dimensional location ofAE source by using the equation and SOR method
that had been used by Sato et al [7]. In the case of three dimension, the relation between direction and
velocity was calculated from the relation between elastic constant and velocity. In order to apply these
algorithms to practical material, C/C composites with 8-hamess satin structure was selected. Then, we
studied crack propagation mechanism of C/C composites during tensile loading of CT specimen by
using these AE methods .

THREE DIMENSIONAL SOIJRCE LOCATION IN ANISOTROPIC MEDIUM

The denotation for numerical analysis is as followings. Ps(x, y, z) is an approximated location ofAE
source. PP{j' Vi' Zj) is location of i-th AE sensor. Dj is distance between Ps and Pj' V j is wave velocity
in direction of between Ps and Pi" t is an approximated time ofAE occurrence. T j is empirical arrival
time of wave to i-th sensor. tj is arrival time of wave of i-th sensor.
If we give arbitrary initial values to x, y, z and 1, tj becomes as following.
tj = J;(t,x,y,z) = t + D/ Vj

(1)

Suppose that the corrected values of(t,x,y,z) is (t + Llt, x + Llx, Y+ Lly, z + Llz) and the approximated
value oftj is t"i'
ti " = /; (t + l::J, x + &, Y + l1y, z + &)

ali

::: I;
. Jj

ali

ali

ali

(t.;x,y.;l) + -at Iit+ -ax At+ -ay l1y+ -az &

(2)

= t j + Qj lit + bj & + cj 6y + dj &

where,

iJli

Qj

ali

ali

ali

= -,b.= -,c.= -,d.=at t ax I oy I az

If the difference ofT j and ~. is E j,

The necessary condition to minimize I.,
±£,2 is as followings.
(4)
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If r.': dose not be minimized, the initial values ( 1, x, y and z ) should be corrected iterately until to
minimize ±r.,:.
I.t

I.t

WAVE VELOCITY IN ORTHOTROPIC MEDIUM
Christoffel has given a detailed account of the propagation of acoustic waves in a crystalline
medium[8]. According to him, the velocity of propagation of acoustic waves in an infinite crystalline
medium is related to its elastic constants through th determinantal equation (9),

(AII-SV)
1..12

J..13

~I

All

(k-sv2) ,,",2
Aa (An-SV)

=0

(9)

where the A..ti'S are linear functions ofthe elastic constants determined by the direction cosines (l,m,n)
ofthe direction of the propagation, and s is the density of the crystal.
The tetragonal crystal have six elastic constants CII.C33,C44,C66,CI2,CI3. The coefficients of the Christoffel's

An=FCll+m2C66+ifc44
A21=lm(cl:dc66)
Al.=ln(CI3+c44)
A-n=/2C66+m2c ••+n2C44
Au=mn(CI3+c44)
Au=l2c 44+m2c 66+n2c33

(10)

equations appropriate to this case are in equation (10), where (l,m,n) are the direction cosines of
propagation. So far, these relations have been used for determination of elastic constants from
longitudinal and transverse velocities in four directions (l00), (001 ),(11 0),(111) [9]. However, in fiber
composites transverse wave velocity can not be successfully measured because the attenuation of
transverse wave propagation is very great Then in the present work only longitudinal wave velocities
in six kinds of direction were measured to calculate successfully elastic constants hy solving six
simultaneous equation in which elastic constants are nonlinear function of longitudinal wave velocity
using Newton-Raphson numerical analysis.
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Figure 1 Configuration ofsimulated AE soure position and AE sensors.
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(a) original, (b) calculated, interval ofa l is 50.
In order to confinn the propriety ofthis algorithm, algorithm checking simulation was performed in
zircon single crystal whose material properties are as followings; s = 4.6 g/cm, clI = 7.35, cJJ = 4.60,
2
c44 = 1.38, c66 = 1.60, C l2 = 0.90, C ll = -0.54 in units of 10" dyneslcm • The sequence is as followings.
1) to calculate the longitudinal wave velocity (Fig. 2 (a»
2) to calculate six elastic constants by using above algorithm and arbitrary six longitudinal wave
velocity
3) to calculate longitudinal wave velocity in every direction from calculated elastic constants
(Fig. 2 (b»
4) to compare these velocities with velocities of step 1
In this simulation the maximum error is 61.72 mlsec. This is very small and applicable value to real
source location process.

ALGORITHM CHECK OF THREE DIMENSIONAL SOl TRCE LOCATION

On the other hand, to confirm the propriety ofthis three dimensional algorithm. algorithm checking
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used algorithm: anisotropic
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Figure 3 1bree dimensional source location results.
simulation was perfonned in the same material (zircon single crystal). In the simulation we assumed
that the dimension ofthe material is 5.0 x 5.0 x 5.0 em and simulatedAE signals were generated on the
surface of sphere with 1.0 cm radius and the center of sphere is (2.5,2.5,2.5) (Fig. 1 ). There are
positions ofAE sensors in the center of each face of the material. The source location results are
shown in Figure 3. When isotropic algorithm ( assumption: the velocity in all direction was 3909 mI
sec which was the velocity in (100) direction) was used, even ifat the severest convergence condition,
there was large error (2.36 nun) yet. However anisotropic algorithm gave good agreement with original
position and severer convergence condition made more exact result.
From above results we found that the three dimensional source location algorithm developed in this
work is useful in the material whose structure may be most usefully regarded as a tetragonal single
crystal structure.

...
FRACTIJRE TOUGHNESS TEST AND AE MEASUREMENT

In order to apply the location evaluation method mentioned above, CT specimen (62.5 x 60 x 12.5,
mm) of C/C composites with 8-harness satin structure was selected. The length of notch was 37.5
mm. During tensile loading, load and COD were measured. AE signal was detected by using ofAE
analyzer ( DCMI40, JTI) with 6 AE sensors ( M304A, Fuji Ceramics Co.).

RESULTS

AND DISCUSSION

LQad-COD Curve and AE Amplitude

Figure 4 shows load-COD curve and AE amplitude. There are many fra9ture source in C1C composites
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with 8-hamess satine structure; for example, debonding ofhorizontal fibers, matrix creaking, debonding
and fiber breaking and sub-bundle breaking and pull-out of vertical fibers. In region I, load increase
linearly with COD. In region II, load increase linearly also with COD but the slope is lower than in
region I. In region III, there are two peaks. The later is higher. So, it is supposed that the fOII11er is due
to fiber breaking in front of notch tip and the later is due to sub-bundle breaking in front of notch tip.

Three Dimensional Source Location
In the source location process, enormously important two parameters are exact arrival time at sensor
and exact wave velocity in the medium. In order to detennine the arrival time, conventional threshold
crossing method have been used so far. Especially in the case ~ere is Lamb wave effect, threshold
crossing method which was modified by cross-correction method[IO] or wavelet transformation
method[II,12] were used. However all methods mentioned above can not give the exact arrival time
because they must be accompanied by threshold crossing method after all. Then, we developed a new
algorithm to search the exact arrival time.
The arrival time searching algorithm is as followings.
1) to eliminate the noise or lamb wave effect by FIT filtering
2) to search the maximum point
3) to decide the number of points in the point group
4) to move forward the point group until all points in the i oup satisfY a minimum range
5) to let the time of fmal point the arrival time if the above condition was satisfied
As shown in Figure 5, this algorithm was successfully performed in practical algorithm checking
experiment.
Figure 6 shows the result of source location up to maximum load. First 10 events are generated in
front ofnotch tip. However many event before maximum load is generated in far place from notch tip.
This result may explain that the origin of such far place event is not main source of crack resistance
force. Therefore the damage zone to be generated by this weak origin (for example, debonding of
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Figure 5 Example ofanival time determination; (a) detected wave, (b) modified wave.
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Figure 6 Three dimensional source location results.
horizontal fibers, matrix creaking, debonding ofvertical fibers) dose not nearly affect yield strength. It
is vertical fiber and/or sub-bundle breaking that affects mainly yield strength.
Observation ofFracture Process

Figure 7 shows fracture surface ofCT specimen. There are many broken sub-bundles in the fracture
surface. Ifthe fracture energy ofsub-bundle is highest and that ofhorizontal fiber debonding is lowest,
it is supposed that the event far from notch tip (Fig. 6) is generated by horizontal fiber debonding and
the event to tolerate until maximum load is generated by sub-bundle breaking.

CONCLUSION

Three dimensional anisotropic location algorithm and arrival time searching algorithm were developed
to find the position ofAE source more exactly. These algorithm was applied to observation offracture
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Figure 7 Fracture surface of notch tip.
process in C/C composite with 8-harness satin structure.
These algorithms were proved to be proper to by the simulation. The maximum error between the
source position and the result position by anisotropic location algorithm was very small.
In practical AE source location and CT test, we fOWld that the AE event far from notch tip is generated
by horizontal fiber debonding and the effect ofsub-bundle breaking mechanism on fracture is dominant
than the other mechanisms in C1C composites with 8-hamess satin structure.
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ABSTRAcr

In recent years, the application of AFJMS techniques has rapidly increased in the general area
of geotechnical engineering, especially in field applications. In such applications, relatively lowfrequency transducers, namely geophones, are normally employed as sensors due to the high
attenuation of the high-frequency components of the associated AE'lMS signals. Past experience
indicates that the caboration data supplied with new geophones often lacks sufficient detail.
Furthermore, geophones retrieved from long-term underground installation need to be recablmlted to detennine their current characteristics and perfonnance capabilities if they are to be
utilized in future studies. The paper will descn"be briefly the development and operation of a
computer-based calibration facility, and the results of tests on a range of geophones.

KEYWORDS
Geotechnical studies; Microseismic activity; Sensors; Geophones; Transducer calibration.

INTRODUCTION
General

In geological materials, which are basically polycrystalline in nature, acoustic emission!
microseismic (AFJMS) activity may originate at the micro-level as a result of dislocations. at the
macro-level by twinning, grain boundary movement, or initiation and propagation of fractures
through and between mineral grains, and at the mega-level by fracturing and failure of large areas
of material or relative motion between structural units. It is assumed that the sudden release of
stored elastic strain energy accompanying these processes generates an elastic stress wave which
travels from the point of origin within the material to a boundary where. using a suitable
transducer, it is observed as an AElMS signal or a discrete AFJMS event. The fundamental
frequency character of an observed AEJMS signal depends on the characteristics of the source.
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and the distance between the source and the monitoring transducer. Frequencies below I Hz have
been observed at large scale field sites. whereas in laboratory studies AFJMS signals have often
been observed to contain frequencies greater than 500 kHz. Figure 1 indicates the frequency
range over which AFJMS and other associated studies have been conducted.
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Figure 1. Frequency Range Over Which AFJMS and Other Associated Studies have been
Conducted.
Region 7 in Figure 1 generally defines the range over which AFJMS field studies have been
undertaken, namely 0.5 Hz to lOS Hz. However, at the higher frequencies (f> 5000 Hz) the
attenuation of the acoustic signals increase rapidly and the measurement range reduces to a few
meters. Experience at a wide range of large scale :field sites indicates that the normal frequency
range of observed AEJMS activity is below 5000 Hz and in most cases in the range of
0.5 Hz-l000 Hz. Transducers suitable for monitoring in the range below 5000 Hz will be
denoted here as "low-frequency transducers."
Low Freguency Transducers
The purpose of an AFJMS transducer is to convert the mechanical energy associated with an
AFJMS event into a suitable electrical signal. When a geologic structure is loaded. mechanical
signals are generated due to localized deformation and/or failure in areas of high stress
concentration. AFJMS activity at a specific point in the structure may be detected by monitoring
the particle displacements, velocities or accelerationS generated by the associated stress waves at
that point using a suitable transducer. Where signals containing relatively high frequency
components (f> 2 kHz) are involved, accelerometers are usually employed. in contrast low
frequency signals (f < 1 Hz) are usually detected with displacement gages. Signals between these
extremes (l Hz < f < 2 kHz) are conveniently detected using velocity gages. Normally geophones
(velocity gages) or accelerometers are used in AElMS field studies and these have sensitivities in
the range 40-400 V/mls and 2-100 mV/g. respectively. Displacement gages are rarely used in
AFJMS studies except in very special applications.
Figure 2 illustrates the frequency spectrum (power spectral density) of a typical AFJMS signal
recorded at a large scale field site. the Lenox gas storage reservoir [1]. It appears that the
associated AFJMS source was located some lOOOm from the monitoring transducer. The figure
indicates that the recorded AElMS activity lies below 50 Hz.
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Figure 2. Frequency Spectrum of AFJMS Signal Recorded at an Underground Gas Storage Site
[1]. (WIde-band spectrum shows low frequency AElMS activity (1) and 60 Hz and
180 Hz noise (2 & 3). The expanded AFJMS spectral data exhibits a series of
characteristic peaks (A-G).)
Although both geophones and accelerometers have been used in AFJMS monitoring of
geologic structures such as mines, slopes and tunnels, in the majority of cases, geophones have
been employed. These transducers are less expensive than accelerometers and are generally more
sensitive in the lower frequency range where much of the AFJMS energy associated with large
structures occur. Although the facilities and techniques described in this paper are equally
applicable to the study of accelerometers, the remainder of the paper will focus specifically on the
theory, characteristics and calibration of geophones.
Geophone Theory and Characteristics
Geophone design varies from manufacturer to manufacturer; however, Figure 3 illustrates the
basic concept of the moving coil type geophone (velocity gage) used in the majority of AFJMS
field studies.
As illustrated in Figure 3, in this type of geophone a mass is attached to a spring with a
support to the structure understudy and a wire (or coil) is attached to the mass. When the
structure moves, the magnet and support also move. The mass, however, tends initially to remain
stationary and lags behind the motion of the structure; hence, there is relative motion between the
coil and the magnetic field. The resultant voltage output is proportional to the velocity of this
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Figure 3. Simple Model rnustrating the Basic Concept of the Moving Coil Type Geophone [2].
motion. therefore such a devise is termed a velocity gage. The natural frequency of the geophone
is defined as the frequency of oscillation in the theoretical case of no damping. This frequency is
controned by the ratio of the total mass to the spring constant. and is an inherent property of the
geophone design.
Figure 4 illustrates two types of geophones suitable for AFlMS field applications. The results
ofcalibration studies on these geophones will be presented later in this paper. Further details in
regard to geophone theory and various methods of cah'bration are given by Oh [3].

(B) Low Frequency Geophone Unit.

(A) Typical Marsh-Type Geophone Unit.

Figure 4. Typical Commercial geophones Suitable for Large Scale AFJMS FJeld Applications.
GEOPHONE CALIBRATION
Back-To-Back Calibration Method
To cah'brate a vibration transducer, such as a geophone, it is necessary to accurately detennine
its sensitivity at various frequencies of interest. The "back-to-back" comparison method appears
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to be a convenient technique compared to the absolute caboration method. The fonner method
involves coupling the test transducer to a standard transducer (usually an accelerometer) and
driving the pair with a vibration exciter at various frequencies and various acceleration or velocity
levels. The assumption here is that since the two transducers are coupled tightly together, both
will experience exactly the same motion. Thus the behavior of the test transducer can be
compared to that of the standard transducer.
A typical back-to-back basic calibration arrangement includes a standard transducer, an
electrodynamic shaker, a signal generator, a power amplifier and readout instruments [41. By
setting the Vloration frequency and the amplitude (acceleration or velocity), and by monitoring the
output of the standard transducer and reading the corresponding amplitude from the test
transducer, a frequency response curve can be plotted for the test transducer. The back-to-back
calibration is also possible using a Fast Fourier Transform (FFI') approach [5]. By using a two
channel signal analyzer, the outputs from both the standard and test transducers are fed to the
analyzer and a frequency response function between the two inputs is computed by the analyzer
using transfer function analysis. The random noise signal used to drive the exciter is generated
under the control of the analyzer. This method provides a nearly continuous calIoration over a
desired frequency spectrum and the associated sensitivity factors.
Cah"bration System
A block diagram of the calibration system, recently developed by Dh at Penn State [3, 6], is
presented in Figure 5. The system includes a B&K Type 2034 dual channel signal analyzer, a
personal PC and GPIB interface card, a B&K Type 4808 vibration exciter, a B&K Type 4379
reference accelerometer mounted on the test fixture, a B&K WB 0814 programmable attenuator,
and other associated instruments. The signal analyzer is a fully self-contained two-channel Fr
analysis system which can measure and display the data in terms of 34 different time domain,
frequency domain, and statistical functions. One of these functions, the frequency response
function (transfer function) is used to measure the ratio of output voltages from the test and
reference transducers, and the instantaneous spectrum is used for the driving the velocity level
adjustment program. The built-in generator is used to supply a sine wave or random noise as an
input signal to the VIbration exciter. The signals generated by the analyzer are fed to the exciter
through the signal attenuator and a power amplifier. The analyzer can be controlled by a personal
computer through an lEe 625-lIIEEE 488 interface so that an operator-unattended test can be
performed through the associated computer program.
The reference transducer used is an accelerometer. The calibration data for this transducer is
traceable to the National Bureau of Standards. Since the geophone output voltage is proportional
to the velocity of excitation, the output signal from the reference accelerometer is integrated by an
associated charge amplifier to obtain the excitation velocity. The calibrated output sensitivity is
I volt/meter/sec and the operating frequency range is 2 Hz-tO Khz. The output from the
reference is also used for adjustment of the driving velocity.
Test fixtures have been made to fasten the reference and test transducers to the vibration
exciter. Since the geophone models studied are different in size and weight, two different test
fixtures were designed and fabricated from aluminum. A special test fixture to excite and test
geophone at various angles with respect to the vertical axis was also constructed for the small test
geophone. It allows the geophone to tilt at any angle with the center of gravity of the test
geophone remaining on the axis of excitation.
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The vibration exciter consists of permanent magnet and driving coil mounted at the bottom
end of the moving table. The exciter is driven by an associated power amplifier. To maintain
constant velocity, the amplitude of the input signal is set by the attenuator which is controlled by
the computer program, using a signal from the reference transducer in a feed-back mode.
Although vibration exciters are basically highly non-linear, using a developed computer program,
excitation velocities in the range 0.003m1s (0.0118 in./s) to 0.003 mls (0.118 in./s) varied less
than ±6% over the full frequency range.
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Calibration Program
The Penn State Geophone Calibration Program (pSGEOCAL) was developed to automate the
geophone calibration routines through the GPffi interface system. Details of the program are
given elsewhere [3, 6]. The program is menu driven so that it is easy to use. Using the
calibration program the cah'bration system is able to carry out two types of calibration namely: the
sinusoidal swept-frequency test ("Step-Sine Test") and the "Random Noise Test."
Step-Sine-Test-To initiate the test the user is required to input the test parameters, namely
date of test, type of test transducer, frequency span, driving velocity, number of measurements for
averaging, starting and ending frequencies, skip factors, and name of output file. Fonowing the
user's input, an iteration process for adjusting the shaker velocity to a given input velocity level
initiates at the starting frequency using a velocity obtained from the reference transducer in the
feed-back mode. Once the desired shaker velocity is reached. the step-sine test starts. When the
collecting and data averaging is completed for the initial sine wave frequency, the data set is read
and saved in the output file. The frequency of the sine wave generator is then increased by the
specified skip factor and another adjustment of velocity starts. The process continues until the
desired upper frequency is reached. Therefore, the step-sine test is made up of many single
measurements over a range of incremental frequencies and thus takes a considerable amount of
time to run. Calibration over a wide frequency ranges normally requires many hours.
Random Noise Test-In this mode the calibration system performs a classic random noise
test. Test parameters are the same as for the step-sine test except for the driving velocity. Since
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the magnitude of random noise is only specified by the probability that the amplitude will be
within a specified frequency range, a constant driving velocity can not be maintained over the
selected frequency span. The test proceeds with setting up the analyzer and then the collecting
and averaging of the data begins. After the specified number of observations, the associated sets
of data are read and processed by the computer. If some 1000 observations are collected and
averaged, the random noise test takes about 15 minutes.
Comparison of Step-Sine and Random Noise Tests

In order to compare the step-sine and random noise tests, calibration studies were carried out
on a variety of geophones (see specifications presented later in Table 1). Figure 6 shows the
results obtained for a small 8Hz geophone (Geospace aSe-IID) tested in two output circuit
configurations (geophone shunt resistor ~ = GO and 1.6 len). The driving velocity used for the
step-sine test was 0.118 inJs. As shown in the figure, the results from both types of calibration
methods exhibit almost perfect agreement Als0 7 minor sensitivity shifts (A and B) near 50-60 Hz
and 140 Hz were noted for both test types, further verifying that both procedures are capable of
detecting even minor irregularities (A&B) in the geophone frequency response. This figure also
demonstrates the excellent agreement of between calculated and measured frequency response out
to approximately 200 Hz.
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Comparison of Frequency Response Curves Obtained from Step-Sine and Random
Noise Tests of a 8 Hz Test Geophone with Different Output Circuit Configurations
[6]. (Driving velocity for step-sine test was 0.118 inJs. A and B indicate minor
disturbances in the frequency response curves.)

Generally the test data from step-sine and random noise tests for small 8 Hz and 14 Hz
geophones and for a large 1 Hz geophone were in good agreement Based on running time, the
random noise test is the most cost effective, requiring approximately 0.25 hr compared with many
hours for the step-sine test
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CahDration Test Results
Using the developed calibrating system. tests were camed out on a number of geophones
commonly used in Penn State Rock Mechanics Laboratory field studies (see Figure 4 presented
earlier). Specifications for these are listed in Table 1. Using either the step-sine or random noise
calibration, three different sets of data are obtained from a single calibration tesL These are the
measured sensitivity of the test geophone, the phase angle difference between the reference
transducer and test geophone, and the coherence function between the two transducers which
indicates the "quality of the cab"bration.·'
Table 1.

Geopbone Specifications.

Natural Frequency (Hz)
Standard coil resistance (ohm)
Total moving mass (g)
Intrinsic voltage sensitivity (v/inlsec)
Max. coil excursion, Peak-to·Peak, (in)
Dimensions: Height (in)
Diameter (in)
Weight (lb)
Conversion Factors:

1 in

8.0 and 14.0
±0.5 Hz or 5%
380±5%
16.1
0.81
0.1
4.75
1.75
0.567

1.0±0.1 Hz
4100±5%
950
10.18
0.5
7.625
4.375
9.25

=2.54 em, lib =453.69 g

Effect of Driving Velocity
The theoretical frequency response data normally provided by manufacturers does not
consider the driving velocity (amplitude) to which the geophone may be subjected, except to
indicate the maximum allowable leveL To investigate the effect of driving velocity, studies were
carried out on a number of geophones using the srep.sine procedure. Tests were carned out at
driving velocities of 0.01 18, 0.059 and 0.118 in./s, and Figure 7 illustrates the results for an
undamped HS-Io-l B geophone. In general the sensitivity is seen to be independent of driving
velocity in the test range. Tests on both 8 Hz and 14 Hz, GSC·IID geophones and on other
HS-Io-IB geophones. using a variety of damping conditions, showed similar results. In some
cases geophone sensitivity at higher frequencies appeared to increase more rapidly for the lower
driving velocity (0.0118 in./s).
Effect of Shunt Resistor
It is weD known that decreasing the value of the geophone shunt resistor expands the linear
range of a geophone. but simultaneously decreases its sensitivity. For example, Figure 8
illustrates cab"bration data obtained for a 14 Hz geophone using three different values of geophone
shunt resistance. Generally, it was found that the curves obtained from such tests exlu"bited good
agreement with the theoretical ones up to certain frequency level, which defines the upper limit of
useful linear operating frequency range. For instance, for the data in Figure 8, the useful
operating frequency range was found to be approximately 30 Hz to 500 Hz a with a 3600 shunt
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resistance. Above the upper limit (B), the measured sensitivity rapidly increases with frequency
indicating the importance of being able to obtain accurate frequency response curves.
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Figure 7.

Frequency Response Curves Obtained from Step-Sine Test of a Geospace HS-IQ-IB,
1 Hz Geophone with Different Driving Velocities [6]. (Geophone No. I-Steel Case,
with no shunt resistor. Boxed numbers denote driving velocity levels.)
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Figure 8.

Frequency Response Curves Obtained at a Driving Velocity of 0.118 in./s from a StepSine Test on a 14 Hz Test Geophone with Different Values of Shunt Resistance [6].
(Boxed numbers indicate shunt resistance. A & B denote lower and upper limits of
flat behavior using a 360 shunt resistor.)

n

Effect of Orientation

In AFJMS field studies, geophones are assumed to be installed in a vertical position.
However, as shown in Figure 9A, in some cases the geophones may be installed at other angles,
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depending on the conditions at the installation site. Since the actual response of the geophone is
dependent on the installation angle, studies to investigate this were carried out. In these studies a
number of 8 Hz and 14 Hz. GSC-llD geophones were calibrated using a specially designed test
fixture. For a balanced distribution of weight, the center of gravity of the geophone was placed as
close as possible to the center line of the exciter mounting table. After the test fixture was
mounted on the exciter, the frequency response of the geophone in the vertical direction. was
obtained. The geophone was then tilted to a specific angle (1) and another calibration was carried
out. The test angles were increased from 0° (vertical) up to 45° in increments of 5° or 100 for the
8 Hz geophones. and up to 800 in increments of 100 or 200 for the 14 Hz geophones.

Figure 9B shows typical results for a 14 Hz geophone (l4-Al). with no shunt resistor. As
seen in the figure. the measured sensitivity gradually decreased as the excitation angle increased
up to 700 while generally maintaining the overall shape of the curves. For excitation angles
greater than 60°. the overall shape of the measured sensitivity curves deviated greatly from the
trend seen at smaller angles, in particular note the instability observed at SF2. Behavior above 600
is considered unacceptable. Similar behavior was observed with different shunt resistors and with
other test geophones. The well defined peaks (SF1) in the response curves in the range 150 Hz to
170 Hz were considered to be spurious geophone frequencies related to the characteristics of the
geophone suspension.
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(A) Relation of Geopbone Axis (~
to Shaker Axis (Z) During Tests.
Figure 9.

(B) Frequency Response Curves Obtained
at Various Excitation Angles (1) [3).

Details and Results for Transducer Orientation Tests on a aSC-IID. 14 Hz
Geophones. (Random noise method. no geophone shunt resistor. SF denotes
spurious frequencies.)

A comparison of the sensitivity ratio measured at various angles to that in the vertical
direction is shown in Figure 10. For analysis, a flat frequency range of 55-90 Hz and SQ.loo Hz,
respectively, in the response curves for three 8 Hz and three 14 Hz geophones was chosen and the
sensitivity of an frequency components in the selected range were averaged for comparison with
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theoretical values, based on the equation shown in Figure 9A Measured sensitivity ratio values
were found to be generally independent of the value of geophone shunt resistance and average
values were utilized. In general the observed and calculated values of sensitivity were in good
agreement. As noted in Figure 10, critical points were observed for both the 8 Hz and 14 Hz
geophones above which geophone behavior became completely erratic. Results indicated that the
geophones studied could be used at off-vertical orientations, namely: up to 35° for 8 Hz and 6()0
for 14 Hz geophones. It should be reiterated, however, that when a geophone is not mounted
vertically, the frequency response will change, possibly narrowing the useful operating frequency
range and resulting in the development of a variety ofspurious frequencies
Comparison of Similar Geophones
It is normally assumed that a batch of geophones fabricated to have a specific frequency
response will have the same overall characteristics. However small difference in materials and
fabrication of certain components, e.g. the "spider spring" which supports the initial mass of the
geophone, may result in a variation of frequency response between units. To investigate the
degree of this variation, six 8 Hz and six 14 Hz, aSC-11D geophones were tested using the stepsine method and an excitation velocity of 0.118 inJs. The 8 Hz geophones, were tested over the
1.00
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Figure to. Sensitivity Ratio Versus Excitation Angle (1) for 8 Hz and 14 Hz GSC-I1D
Geophones. [Values are average of data for three geophones with various shunt
resistances in the frequency range 55-90 Hz and 50-100Hz, respectively for the
8 Hz and 14 Hz geophones.]
range 5 to 400 Hz. Over this range the averaged sensitivity was found to be within -2% to 12%
(-0.1 to +0.9 dB) of the theoretical value. Over the flat response region the deviation was less
than 1% (0.1 dB). The 14 Hz geophones were tested over the range 8 to 800 Hz. Over this
range the average sensitivity varied from -6% to +5% (-0.35 dB to +0.35 dB). Over the flat
response region the deviation was less than 1% (0.1 dB). Clearly, for the geophones tested, there
is little deviation between geophones in a specific batch. This indicates a high degree of quality
control
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Comparison of New Used Geophones
NonnaUy geophones are installed at a field site for period of time varying from a few days to
years. In the past little or no information has been available in regard to possible geophone
deterioration due to extended field service. In this study, three used and three unused 8 Hz and
14 Hz geophones were calibrated. The step-sine procedure was employed. and various driving
velocities, ranging from 0.0118 to 0.18 in.ls were used. The used geophones had been installed
underground at a field site for at least 2 years. Although there were some minor differences in the
characteristics of the used and unused geophones, it was difficult to determine if this was due to
innate differences between similar types of geophones. as noted in the previous section, or due to
actual field degradation. It is the authors opinion that little or no actual degradation occurred.
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ABSTRACT
With the aim of studying the progression of various microfractures in loaded UD-GFRP, we have
developed an advanced classification method of AE signals. We used an AE system consisting of
three sub-systems; Sub-system 1 monitors the out-of-plane displacement. It is synchronized with the
AE signals detected by one-channel broad-band resonant transducer (sub-system 2). Sub-system 3
of six small size resonant transducers is used for the source location and radiation pattern analysis
of the P-wave. Fracture mode was classified by the source location and P-wave radiation analysis,
followed by the source simulation for 192 AE events, simultaneously monitored by sub-systems 1
and 2. Fracture dynamics of four fracture modes; Mode-I fiber fracture, Mode-I debonding with
different crack normals and Mode-ll disbonding, were identified by the combined signal processing.
We then prepared four reference patterns of Fourier phase images of wavelet-transformed AE signals
monitored by sub-system 2, and classified 627 events by computing the correlation factor between
the reference images and those of the monitored signals. These AE events were correctly classified
into four fracture modes with high discrimination capability.

KEYWORDS
Acoustic emission; UD-GFRPi Source simulation; Wavelet transform; Fourier phase correlation.

INTRODUCTION
In order to study the fracture behavior of loaded GFRPs, we developed two AE monitoring and
analysis systems in the past {1,2,3]. The first approach is the source simulation of the out-of-plane
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displacement detected by a conical type transducer [1]. The source simulation of the out-of-plane
displacement is next combined with the source location and P-wave radiation pattern analysis and
this combination enabled us to study the dynamics (fracture mode and kinetics) of microfractures
in loaded UD-GFRPs. We accounted for the orientation dependence of the acoustic properties of
the UD-GFRP and quantified the fracture dynamics and the sequence of four types of microfracture; Mode-I fiber fracture, two types of debonding with different crack normals and Mode-II fiber
disbonding [2]. However, this procedure needs a special monitoring system and requires a large
amount of computation. We recently developed another approach based on the wavelet transform of the AE signals detected by a resonant transducer (3). The wavelet transform provides a
time-frequency-amplitude spectrograms (contour maps of the wavelet coefficients), which are particularly useful in classifying the fracture modes in GFRPs. Computation of correlation factors
between Fourier phase coefficients derived from the spectrograms of monitored AE waveforms and
reference patterns allowed us to characterize the sequence of fracture types. We demonstrated the
validity of these approaches for model UD-GFRP specimens with fiber bundles in a polymer matrix.
In this paper, we report on the study of the fracture dynamics by the source simulation, and on
the fracture mode classification by the Fourier phase correlation of wavelet transformed AE signals.
We examine the progression of fracture types and dynamics in an actual UD-GFRP with 60 wt. %
fiber content using the same approach, correlating Fourier phase coefficients.

EXPERIMENTAL METHODS
AND ACOUSTIC PROPERTIES OF UD-GFRP
The specimen used is a UD-GFRP with 60 wt.% fiber content. It is prepared by filament
winding of E-glass fibers of 13 p.m diameter with vinylester matrix (Showa Highpolymer Co., R802). A specimen having a slit with the dimension shown in Fig. 1 was prepared.

5ampling Interval SOns
polnt 1024

~ P-wave radiation
~ Source locatioo

IJ-IU-.....:~~ ~ Source simulation

IOmm

Fig. 1

Experimental setup for AE monitoring from UD-GFRP specimen.

We used a diamond wheel to produce a U-slit with 0.07 mID width and 2 rom depth on one side.
A new AE monitoring system, consisting of three sub-systems, was used. Sub-system 1 monitors
the out-of-plane displacement (sensor #8; a conical element transducer), which is synchronized
with the AE signals recorded by one-channel sub-system 2 with a brpad-band resonant transducer
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(sensor #1; PAC, WD). This sensor was mounted on the slit side while the sensor #8 was on the
opposite surface. Sub-system 3 with six small size resonant sensors (#2-#7; PAC, PICO) is used
for the source location and P-wave radiation pattern analysis. We used two different digitizers.
The outputs of sub-systems 1 and 3 (#1 to #8 sensors) were recorded on Digitizer A, following the
amplification by 40 dB preamplifiers. This digitizer was operated at 50 ns sampling interval with
1024 points at 10 bit. The output of #1 sensor (sub-system 2) was recorded by Digitizer B, which
was operated at 200 ns sampling interval with 2048 points at 8 bit. This data was used for wavelet
transform.
For improved source location and source simulation, both the orientation dependence of the
P-wave velocity and attenuation are needed. We measured these acoustic properties by using the
iso-angular scanning (lAS) [4J and through transmission methods (TT) [5]. The P-wave was generated by a Q-switched YAG laser and monitored by a heterodyne-type laser interferometer. As
this laser irradiation generates a spherical wave and the energy wave is detected, the velocity determined by the traveling time (zero-crossing time) of the first P-wave is the group velocity. But
the velocity determined by the spectral ratio method using the phase component of the first arrival
. (PI-wave) and reflected (Pa-wave) waves in the 'IT method is the phase velocity. The spectral
ratio method provides US with the frequency dependence of the P-wave phase velocity and attenuation, which is used for obtaining the retardation function R(t) needed in the simulation analysis.
Figure 2 compares the orientation dependence of the group (solid locus) and phase
(broken line) velocities of the P-w&ve. We
used the group velocity for the source location of AE signal. The phase velocity of the
P-wave can be approximated by Eq.(l). where
Vx ,vy,VZ and Vi are the velocity in the X,Y,Z
and i direction and l,m,n are the direction
cosine between i and X,Y or Z.
(1)

The attenuation can be similarly approximated,
as
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Fig. 2

Orientation dependence of the P-wave
group and phase velocities.

SIGNAL PROCESSING METHODS
The Source Simulation
The out-of-plane displacement monitored by #8 sensor (sub-system 1) was used for the source
simulation. The source simulation can estimate not only the fracture dynamics but also prepare
the reference images for the Fourier phase correlation of corresponding wavelet transformed signals
from #1 WD sensor. We here briefly introduces the source simulation method (see [6] for details).
The out-oC-plane displacement ili(x, t) due to the evolution of microfracture is formulated by
the convolution integral of the source wave Abj (A being the crack area and bj the Burgers vector)
with the dynamic Green's function 7'ij(x, t; 2!, t') and the retardation function R(t), or Eq.(3).
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ti;(x, t) = eXp[-ai(X - 31)] x Tij(X, t; x', t'l

* Abj(x' , t'l * R(t)

(3)

The convolution integral of the retardation function R(t) corrects the response delay of the p~
wave due to the visc~elastic characteristics of the GFRP. It was constructed from the experimental
phase velocity dispersion of the P-wave. Computed a.mplitude of the P-wave was corrected by the
product of attenuation term exp[-ai(x - x')] where a being the attenuation at 1.5 MHz (used to
approximate the entire frequency range). The source parameters, crack volume Abj and rise time
~T,., were determined by iteration so that both the fust peak rise time (~Tpr) and a.mplitude
(AUp ) of the P-wave of the computed displacement best represent the corresponding values of the
detected displacement waveform.
Classification of Fracture Modes by the Fourier Phase Correlation
of Wavelet Transformed Signals
We first obtained the tim~frequency-amplitudespectrograms (contour map of wavelet coefficients) of the WD sensor's output, which is synchronized with the sub-system 1. Synchronization
to sub-system 1 makes it possible to identify a reference pattern for each fracture type. These reference Fourier phase images are compared to those of AE signals by taking the cross-correlation of
the phase information (abbreviated as the Fourier Phase Correlation, FPC) of the wavelet contour
maps. The similarity coefficient 9i between the measured Fourier image f~(x, y) and the reference
image hf(x,y) is given by Eq.(4).

9i=JJf~(x,Y)ht(x,Y)dxdY

(i=l,"',M)

(4)

The factor 9i takes values from -1.0 to +1.0, and 9i=1.0 implies the best matching. Previously,
we compared the discrimination capability of FPC with those by the matched filtering (MF) and
the matched filtering of Laplacian Image (MF-LI), and found that the FPC is superior to the other
two methods in spite of its shortest computation time (2 seconds for one pair of classification [7).
The FPC was demonstrated to be a valuable tool for classifying a large a.mount of AE events into
one of the possible fracture modes. However, it can not estimate the fracture kinetics, which still
have to be deduced from the simulation analysis.

RESULTS AND DISCUSSION
Figure 3 represents the stress-strain curve and cumulative AE event counts (total of 192 events)
of the four fracture types classified by the source simulation. We monitored 1843 AE signals b~
low 218 MPa, but the source location was possible for 375 signals and the source simulation was
possible for 192 counts. As shown in Fig. 4, we classified the AE signals into four patterns by
both the source simulation and P-wave radiation analysis. Typ~l signals, considered to be produced by Mod~I fiber or matrix fracture (crack normal nx=l, and crack opening vector bx=b),
were observed from low loads and increased exponentially with load. Type-2 signals, Mod~I fiber
debonding (nl'=l, by=b), were observed at strains higher than 2.2 %, and their cumulative count
was small. Emission rate of the Typ~3 signals, identified as the Mod~I fiber debonding (nz=l,
bz=b), was almost the same in number as that of Type-2 signals. Type-4 signals, or Mode-II
disbonding (n}'=l, bx=b), were first observed at strain of 2.2 %, but their cumulative COWlts
significantly increased at strains above 2.5 %. Loading was interrupted at 210 MPa when the
macroscopic dela.mination was observed.
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Fig. 3 Stress-Stram curve and cumulative AE event
count of the four fracture types (Type-l to -4)
classified by the source simulation.
Figure 4 compares the fracture modes (shown in the top row), typical out-of-plane displacement
(middle row) and the simulated waveform using Eq.(3). The source parameters used in simulation
are shown at the bottom.
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Fig. 4 Comparison of detected and simulated out-of-plane displacement with the illustration
of four fracture types.
Though the reflected waves are observed at later times, the displacements of P, SP and S waves
of Type-I signal agree well with the waveform simulating Mode-I fracture. Type-2 and -3 signals
were identified to be Mode-I fiber debonding with different crack normal; Le., nl'=l for Type-2
and nz=l for type-3. Type-4 signal appears to be produced by Mode-II disbonding along the fiber
because the P-wave polarity is positive. We have previously observed a good agreement between
the simulated and detected waveforms for a model GFRP, since the wave propagation is through
the homogeneous resin matrix [II. In the present case, agreement between the two is surprisingly
good even though the actual UD-GFRP used contains glass fibers distributed throughout. The
distribution of source parameters for the four types of fracture is shown in Fig. S. The source rise
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time of fracture ranges from 0.5 to 2.3 p.s, averaging 1.2 J.l.s. For Type-l fracture, the crack volume
ranges from 5.9xlO- 16 to 2.8xlO- 14 m 3 • The crack volume by single fiber fracture was previously
estimated as 10- 16 m3 • Thus, the presently observed volumes are as much as hundred-times
larger, suggesting simultaneous fractures of
Xl0·14
many fibers and intervening matrix. Type6.0.---_--r;-otat-:1 - 9 - 2 - - - - - - - - - - .
4 fracture showed the largest average crack
Type-l : <>
Type-2: 0
volume among the four types.
5.0
Type'3: X

+

Type04 :

4.0

The source locations of the four fracture types are shown separately in Fig. 6.
Shadow represents the post-mortem delaminations. Symbols, 0 and +, indicate source
locations. Symbol 0 shows that the fracture mode estimated by the source simulation agreed with that classified by the FPC.
Symbol + indicates that it was classified to
another fracture type by FPC. Internal damages appear to start near the slit from both
edges (Y=±13mm) and propagate along the
longitudinal fibers underneath the slit.
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Fig. 6 Source location of four fracture types.
We next attempted the signal classification by the FPC method. We first selected the reference
images for the four fracture types. Typical waveforms and wavelet-transformed images are shown
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in Fig. 7. Four signals at the top row represent the waveforms detected by a WD transducer.
Frequency spectra in the second row show the characteristic profile for each fracture type. All of
these have a strong peak at So-100 kHz. Type-l shows peaks at 200, 280 and 400 kHz, Type-2
shows weak peaks at 230 and 480 kHz with low intensities above 600 kHz, Type-3 has a series of
peaks at 200·300 kHz with decreasing intensities to 800 kHz and Type-4 has high intensity peaks
at 200, 230 and 500 kHz. Bird's-eye views in the third row are the 3-dimensional profiles of the
wavelet coefficients. The contour maps of wavelet coefficients in the bottom row are used as the
basis for reference patterns in pattern classification. In a previous study of a model UD-CFRP, we
observed distinct differences among four wavelet contour maps 13]. However, the present wavelet
contour maps in Fig. 7 resemble each other. In fact, the FFT patterns show more difference. Next,
we prepared the Fourier phase images from the wavelet contours, because the Fourier phase image
emphasizes the outline (periphery) of a 3-D image. Figure 8 compares the typical examples of 3-D
view (shown in the top), side view (the middle) and contour map of the phase image for the four
fracture types. The Fourier phase images reveal clear distinction, though contour maps of Types-l
and -2 are somewhat similar. However, they are distinctly different from those of Type-3 and Type4. For the classification of large number of AE signals from different source locations, we selected
five waveforms for each fracture mode as reference, taking into accoWlt the time of detection and
correspondence with the source simulation results. The arrival time of the first P-waves were then
shifted to the same time to eliminate the effect of source location. By computing the similarity
coefficients, these AE signals were classified to four fracture types.
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Table 1 compares the classification of 192 events classified. by both the source simulation
method (in the left column) and the FPC method. The next four columns represent how many
events, originally classified as a certain type by the source simulation, are classified. to other fracture
types by the FPC. The fracture type by FPC is shown in the top row as Type-X*ref with X being
I to 4. Among 116 events originally classified. as Type-I by the source simulation, 98 events were
classified. as Type-I by the FPC method, but 7 events were misclassified. as Type-2, and so on.
Discrimination of the FPC method is 85 % accurate for Type-I fracture. However, there are 5
misclassified. events with the maximum 9i less than 0.1. These appear to be noise. For Type-2
and -3, discrimination is 77 and 91 % accurate. Among Type-2 events, two misclassified events
are likely to be noise due to low 9i values, raising the discrimination for Type-2 to almost 90 %.
Discrimination capability for Type-4 is 55 %, which is much worse than for other types.
Table I

Comparison of event counts classified. by the source simulation (the left column)
and FPC method.
FPC
Type-3 * ref
6(5%)
2(15%)
10(91%)
2(4%)

Type-4 * ref

98(85%)
1(8%)
1(9%)
18(35%)

Type-2 * ref
7(6%)
10(77%)
0(0%)
3(6%)

118

20

20

34

Source simulation

Type-1 * ref

Type-1 : 116(100%)
Type-2 : 13(100%)
Type-3 : 11(100%)
Type-4 : 46(100%)
Total: 192

5(4%)
0(0%)
0(0%)
29(55%)

We examined the data to identify reasons; in particular, the source location results shown in Fig.
6. Note that #8 displacement sensor for the source simulation is mounted on the no-slit surface
(X=y=O, Z=-5mm) and WD sensor for FPC on the slit surface (X=Y=O, Z=5mm). The symbol
+ implies that the fracture type determined by the source simulation is classified to another types
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by the FPC method. Most of the misclassification (expected three cases) occurred for source locations with negative Y -coordinates, where macroscopic delamination was observed. These events
showed 9i values of less than 0.1. Classification by FPC method for those events was more difficult
due to the significant wave distortion from the wave propagation across the delamination, and by
passing across the slit for Type-4 source at X ~ 10 mm. If we use sensors mounted on the no-slit
surface, discrimination is likely to be improved. However, this implies that signal classification may
encounter difficulties when structural discontinuities develop during loading.
Finally, we classified 627 signals by the FPC method. From 1843 events monitored by the WD
sensor, we selected 627 events by picking one from every 3 (or 4 when the third event is evidently
noise) events in time sequence. This is to limit the extent of signal processing while retaining the
generality of the analysis. Among the 627 events, the source location of 252 events could not be
identified. Figure 9 represents the cumulative AE events of the four fracture types. Comparing
this result with Fig. 3 for 192 events, Types-2, -3 and -4 are much more frequently observed.
They were also generated from the begining of loading, almost simultaneously with the generation
of Type-I signals. Debonding (Type-2 and -3) increased exponentially with increasing the load.
When combined, Type-2 and -3 events were comparable in the cumulative count to that ofType-1.
Mode-ll disbonding, (Type-4) events are relatively fewer. Difference between the results of Fig. 3
and Fig. 9 can be attributed to the sensor sensitivities. The WD sensor is more sensitive because
of its resonant characteristics. It can detect weaker signals, accounting for non-Type-l signals
detected at lower strains. In the present test setup, however, the classification accuracies are less
than the simulation approach. However, the simulation requires a lower sensitivity displacement
sensor and substantially more computaion.
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Fig. 9 Change of cumulative AE event counts of
four fracture types with classified by the FPC.

CONCLUSION
We developed a novel AE monitoring and analysis system to study the fracture behavior of
loaded GFRPs. We demonstrated the utility of the developed system for actual UD-GFRPs with
high fiber content. Results are summarized below:
1. The monitoring system measured the out-of-plane displacement and the source simulation
identified fracture modes of a loaded UD-GFRP as Mode-I fiber fracture (Type-i), two Model fiber debonding (Types-2 and -3) and Mode-n fiber disbonding (Type-4). With a broad-band
resonant AE sensor, the fracture mode was classified by the Fourier Phase Correlation.
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2. Fourier Phase Correlation of wavelet-transfonned AE signals is found to be a powerful tool
for classifying AE events detected by a resonant sensor. Automated classification scheme
classified the AE events into four fracture types with a high discrimination capability.
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ABSTRACT
This article deals with the damage monitoring in carbon/epoxy cross ply laminates of the
same lay-up submitted to tension-tension fatigue loading. One of the materials has been exposed
to high temperature before being mechanically tested. The purpose of the present study was to
investigate the effect of a thermal degradation of the epoxy resin on the mechanical fatigue
behavior of composite material. The onset and development of damage were followed by means
oftwo complementary NnE techniques; Acoustic Emission (AE) and Acousto-Ultrasonics (AU).
AU and AE signals were recorded during cyclic testing. Through an analysis of the signal
contents, The AU technique proved to exhibit a distinction between the thermally exposed and the
unexposed laminates.
KEYWORDS
Graphite/epoxy; Thermal degradation; Fatigue loading; Acoustic emission; Acousto-Ultrasonic.
INTRODUCTION
Carbon fibers and polymer matrix based composites are widely used in aeronautic and
space applications. During service life, composite structures are often exposed to high
temperature peaks induced by operating conditions or the environment. Researches on carbon
fibers and epoxy composites have shown that thermal exposure entails damage in the resin and/or
at the fiber/matrix interface, which may then lead to delaminating of entire layers. SEM
microscopic observations reveal that the damage can sometimes be important, depending on the
hygrothermal conditions and the thermal exposure duration [1]. Thermally induced damages affect
the material's mechanical properties such as strength and stiffness, which in turn affect the lifetime
of the composite [2, 3]. Thus, to assess the long-term reliability of a carbon/epoxy composite
structure, it is essential to quantify the degradation of mechanical properties and to analyze the
failure mechanisms by means of non-destructive methods. Because of the complexity and the
physical nature of the micro-failures appearing in composite materials under mechanical or
thermal loading, conventional non-destructive techniques (X-rays, Eddy currents, C-scan...) do
not allow a real-time investigation of the damage occurrence. For that purpose, presently the
Acoustic Emission (AE) and Acousto-Ultrasonics (AU) techniques appear as promising
alternatives.
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The AE technique is based on the following fact; the creation of defects in the composite
material (matrix crack, fiber/resin debonding, delamination, fiber breakage...) produces elastic
stress waves that propagate in all directions and can be detected by an acoustic transducer in
contact with the specimen. These waves are then converted into electric signals by the AE
transducer. An analysis of the contents of signals collected during testing allows following
damage accumulation in the material [4]. Moreover, previous Acoustic emission investigation [5]
have shown that pattern recognition techniques (based on statistical analysis and neural network)
applied to AE signals allow to distinguish various damage modes.
The Acousto-Ultrasonics technique, introduced by A. Vary in the late 70's [6], is based on
acoustic emission and ultrasonic wave propagation. This method is very promising to measure the
variation of mechanical properties depending on the exposure temperature of the material, and to
assess its damage state. Several authors [6-8] have exhibited a correlation between the attenuation
of AU signal amplitude and the decrease of the material axial stiffuess. Occasionally, the decrease
in the amplitude is due to cracks in the resin or at the fiber/matrix interface [9-11J. Other studies
have targeted the analysis ofthe variation of acoustic parameters along with the material exposure
temperature under quasi-static loading [9-11] and, more recently, under fatigue [11]. So far, few
studies [5, 12, 13] have been concerned with the incidence of high temperature exposure of
composites on their mechanical properties and lifetime. The aim of this work is to show that by
using AU and AE technique, it is possible to distinguish between the mechanical behavior of an
unexposed and exposed laminate, and to study the effect of thermal degradation on the
mechanical behavior of composites under cyclic loading. The damage progression is described by
distinct numerical features extracted from AU signals.

EXPERlMENTALPROCEDURE
Straight-sided specimens (279x25.4x 1.2 mm) were cut in composite panels of [00/900h$
lay-up, made from eight prepreg plies of Hercules AS4 carbon fibers and 3SO 1-6 epoxy resin. The
ends ofthe specimens were protected with aluminum tabs. The thermal exposure was realized in a
preheated programmable Thermodyne 6000 furnace. Some specimens were exposed to a
temperature of 275°C for 10 minutes to ensure that the inner and outer plies of the laminate
reached a uniform temperature. This maximum temperature is superior to the glass transition
temperature of the epoxy resin (Tg-200°C), and is below the temperature beyond which visible
deterioration's were observed. The AE detection and AU measurements were carried out with the
system shown schematically in Figure I. In the AU case, elastic pulse waves were artificially
produced by a pulse generator (Tektronix 115) and were injected into the specimen through a
resonant longitudinal wave emitter (Panametrics VlI0). The waves propagating in all directions
of the material were detected by a broadband receiver (Bruel&Kjrer 8310), with flat frequency
response over the range 0.1-1 MHz. The receiver was placed at a fixed distance from the emitter
and collected both AE and AU waves. The received signals were amplified and filtered over the
range 100 kHz-2 MHz using a bandpass filter, and were then digitized at a sampling period of300
ns using a signal acquisition and processing system (Data 6500). A Fast Fourier Transform was
applied to the digitized signal. Then, from the representations of the signals in both temporal and
frequency domains, 47 features [5] were calculated.
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Two samples were tested in the present study. One sample was thermally exposed before
mechanical loading. The specimens were subjected to preliminary tension static tests to detennine
the ultimate tensile strength of the laminate and to estimate, by means of AE monitoring, the
minimum load required to initiate damage. These parameters were considered later in the choice
of fatigue loading levels. Tension-tension fatigue tests were conducted under constant sinusoidal
cycles at a frequency of3 Hz. The maximal load applied (Fmax) was 22% of the static strength of
the unexposed material, and the load ratio (R=FminlFmax) was 0.5. While AE signals were
recorded in real-time as micro-failures occurred during cycling, the AU measurements were taken
according to the scheme shown in Figure 2. A series of 15 pulses was transmitted to the unloaded
specimen and the corresponding 15 responses of the material were recorded. Then the sample was
reloaded and the test was started again until the next interruption.

amplifier
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Figure 1. AU and AE Experimental setup.
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Figure 2. : Procedure of AU measurements during fatigue testing.
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RESULTS AND DISCUSSION.
Both unexposed and exposed specimens considered here have been submitted to 50000
fatigue cycles. At different stages of the cycling, the damage state of the material was assessed
through AU feature analysis [5]. The damage progression was evaluated in real-time by analyzing
the distribution of various AE parameters.
A preliminary quasi-static tension test was carried out to determine the static strength (em)
ofthe unexposed laminate, and the applied stress level from which the material produces acoustic
emission waves. This stress value defines the "Acoustic Emission threshold OAE" indicating the
onset of micro-failures in the composite. The axial stiffness (Ex) was measured before cyclic
loading using a strain gage fixed to the specimen edges. Table 1 reports the results of this
preliminary test. It appears that the axial stiffness values are similar for the exposed and the
unexposed specimens. Indeed, in the [oo/90 ohs lay-up most part of the stiffness comes from the
carbon fibers in the longitudinal plies, and these fibers are not affected by a short thermal
exposure to 275°C.
Table 1. Quasi-static mechanical and acoustic characteristics.
Initial Ex
(.MPa)
67700
65145

Ou
(MPa)
873

Unexposed
Exposed

-

OAE
(MPa)
250

OAE / au

-

-

(%)
29

Figure 3 shows, for the unexposed material, the evolution of the cumulative energy of the
AE signals in the time domain versus the applied quasi-static stress. AE measurements were
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Stopped at 37% of the static strength. Figure 3 shows that the first AE events appear at a stress
level ranging around 250 MPa (290./0 of the ultimate tensile strength). This is indicative of the
composite micro-failures onset. The value of O'AE is below the maximum fatigue stress level
(22% au) so that the acoustic emissions detected during cyclic testing will characterize fatigueinduced damage. Figure 4 shows typical AU signals in the time and frequency domains, obtained
for the unexposed specimen during the cyclic loading. It appears that the global shapes of the AU
signals and spectrums evolve as the number of cycles increases. Particularly, an attenuation of the
signal is obvious, illustrated by a decrease in the maximum amplitude. The signal peak-to-peak
amplitude (pKPK) proved to be one of the parameters the most affected by the mechanical
degradation. Figure 5 represents the corresponding histogram of AE events superimposed to AU
data in logarithmic scale. Figure 6 shows the evolution of the AU and AE signals amplitude versus
the number of fatigue cycles for the exposed exposed and unexposed materials. Acoustic
emissions are detected after about 7000 cycles (Fig.6.a) for the unexposed specimen while they
occur as early as the first fatigue cycles for the specimen exposed at 275°C (Fig. 6.b). The
acoustic emissivity of the exposed specimen is very intensive and energetic. This result suggests
that a more important damage is present in the exposed laminate. Concerning AU results, in both
cases, at the end of the testing the PKPK values exhibit an appreciable decrease since the start of
the mechanical loading. The progressive attenuation of the signals expresses an increasing flaw
population in the material. It can be observed that for the exposed specimen (Fig.6.b), for which
the AE onset appears much earlier than for the unexposed sample (Fig.6.a), the decreasing phase
ofthe AU peak-to-peak amplitude also starts earlier during fatigue loading.
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Previous studies [14] on thermal degradation of composites have shown that rapid heating
followed by cooling mainly affect the epoxy resin. Then, micro-failures in the matrix and
fiber/matrix debonding appear more easily and thus earlier in the lifetime of the material. This
observation agrees with the results exhibited by figure 7.
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Figure 7 shows that the normalized PKPK distributions curve decrease at 8133 cycles for
the unexposed sample. Meanwhile for the exposed sample the results of figure 8 shows that
mechanical degradation start earlier at 1947 cycles. We compute 21% of variation in amplitude at
15000 cycle for the unexposed sample versus 33% amplitude decrease for the exposed specimen
(figure 8.) for the same number offatigue cycle. On the other hand, at 10000 cycles, we compute
31.5% magnitude decreasing for the exposed specimen relatively to the unexposed specimen.
Due the importance of damage appearing during fatigue loading of the exposed specimen, the
signal amplitude decrease more earlier and more rapidly than in unexposed specimen.
Figure 9. shows the evolution ofthe total spectral area (ART) calculated on AU frequency
spectrums, as a function of the signal number. As for the peak-to-peak amplitude in the time
domain, the spectral area decreases along the testing. Again, compared with the unexposed
specimen, the exposed one exhibits an earlier decrease reflecting the initiation of microscopic
damage in the material.
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Figure 8. AU total spectral area versus signal number
The results of this study show that by analyzing appropriate parameters extracted from
AU signals, it is possible to distinguish a difference between the behaviors of two laminates of the
same lay-up submitted to cyclic loading, one of them having been exposed to 275°C. Both
materials exhibit damage progression due to the fatigue loading. For the exposed specimen, these
damages are added to thermally induced degradation.
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CONCLUSION.

In the present study, we compared the behaviors of two similar carbon/epoxy cross-ply
laminates submitted to fatigue loading. Before mechanical testing, one of the materials was
exposed to a high temperature (275°C) for a short time. The damage progression in both
materials was mainly followed using two complementary non-destructive techniques : Acoustic
Emission (AE) and Acousto-Ultrasonics (AU).
A parametric analysis was conducted on AU signals recorded at different stages of the
fatigue testing. It has been shown that various features or combinations of parameters allow
distinguishing the exposed laminate from the unexposed one. More particularly, the progressive
attenuation of the peak-to-peak amplitude of AU signals shows micro-failure progression in both
materials, which starts earlier for the thermally exposed laminate.
Finally, the results obtained has confirmed that the AU technique is worth investigating
with a view to non-destructive control of composite structures liable to undergo high temperature
peaks during service.
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ABSTRACT
The functionally graded material(FGM) is the new concept for the heat resisting
material. FGM consists of ceramics on one side and metal on the other. A composition
and microstructure of an intermediate layer change continuously from ceramics to metal at
the micron level. This study is carried out to analyze the thermal shock characteristics of
functionally graded ceramic/metal composites. Heat-resistant property was evaluated by gas
burner heating test using C2H~<h combustion flame. The ceramic surface was heated with
burner flame and bottom surface cooled with water flow. Also, the composition profile
and thickness of the graded layer were varied to study the thermomechanical response.
Acoustic emission(AE) monitoring was performed to detect the microfracture process in
thermal shock test and fracture surface was examined by scanning electron
microscopy(SEM).

KEY WORDS
Functionally graded material; Thermal shock; Gas burner heating; Acoustic emission
INTRODUCTION
Development of a new material requires for use in the severe environment.
Functionally Graded Material(FGM) consists of a new material designed to make
intentionally irregular dispersion state[l]. A component density and quality of FGM are
varied continuously from place to place[2]. The FGM could posses multiple properties
simultaneously to withstand severe heating and oxidation environments with a steep
temperature gradient. In developing a new material, the material evaluation part is very
important with design and process parts of suitable one's system. In the heat-resistant
thermal shock evaluation of FGM[3-1O] before performance evaluation in large-scale is
performed, an imitation test is necessary by small specimen. For such a characteristic test,
a several heating methods have been developed using furnace, laser and plasma are, etc..
A local heating test of gas burner is one of these and is effective method that can be
supported high thennal environment to simulate wall of combustion chamber of a thrust
unit like in a space plane.
In this study, the local heating test(i.e., thermal shock test) of gas burner was carried
out to simulate thermal environment of the severe condition in ceramic/metal FGM. These
materials were evaluated fracture resistance of thermal shock under a steady-state and varied
composition structure to examine the effect of the composition profile for FGM.
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Furthennore, AE monitoring was perfonned to detect the microfracture process during the
thermal shock test by gas burner and fracture swfaces were examined by scanning electron
microscopy(SEM).
SPECIMEN AND TEST METHODS
Specimen
The samples used in the thermal shock test were disk-shaped FGM and
NFGM(non-FGM, the conventional ceramic/metal composites). Figure 1 shows the size and
geometry of the specimen. The coating layers were plasma sprayed with NiCrAlY and
Zr02-8wt%Y203 on stainless steel substrate. In the specimen of T-type disk the diameter
of surface part heated were respectively 14mm and 25mm. In the cross sections observation,
the sample without defects such as large residual pores or small cracks are tested.
Burner heating apparatus
Figure 2 shows a schematic diagram of experimental set-up for the gas burner heating
on a laboratory scale. The heating source was used with oxygen and acetylene gas. The
top surface temperature of the specimen was measured using a emission thermometer and
cooling condition of the bottom surface. Thermocouples with O.5mm diameter were inserted
into three holes drilled in the substrate by a distance of 3mm. AE sensor was attached on
the holder of the specimen grip.
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Figure I Specification of coatings in thenna)
shock test specimen by gas burner.

Figure 2 The layout drawing of gas burnertesl syslem.
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AE test
AE monitoring was carried out using 8900 LOCAN AT ANALYZER made by
Physical Acoustic Co.(PAC). The detected signals were amplified with a gain of 40dB in
the preamplifier and filtered through 100 - 1200kHz bandpass filter to reduced the
background noise and then fed to AE analyzer. The AE electrical signals were amplified
again with 40dB in the main amplifier and analyzed using the AID converter for signal
processing. The threshold level for AE monitoring was set just above the background
noises. Total gain and threshold level were respectively 80dB and 40dB. Because of test
conditions of high temperatures, AE sensor can't be directly attached to specimens. Thus a
wave guide was inevitable, and in this experiment the grip holder was used as the wave
guide. Also, AE energy parameter is the measured area under the rectified signal envelop
and it is responsive to both amplitude and duration of the event. AE energy is stored in •
dB'.
TEST RESULTS AND DISCUSSION
Thermal shock behavior
Thermal shock procedure by gas burner was conducted to the three thermal steps of
heating, holding and cooling in a specific temperature condition. Temperature distributions
at the sample surface were measured with a emission thermometer which can detect
temperature range from 600 t to 3000 t in a steady-state heating condition. The surface
temperature is higher in the central part than those at the specimen edge, decreasing
inversely with radial distance.
The specimen surface temperature can be seen to be
uniform over a diameter of about 3mm from the center. The temperature of the central part
of the specimen surface was nominally called as the surface temperature in the present
data.
Thermal history and AE behavior by short-term heating
Short-term heating is to heat during about 2 minutes up to the maximum temperature
of about 1000t nearly. The surface(Ts)/bottom(Tb) temperature and AE energy distribution
were shown with time history and these temperature, TsITb were indicated by solid
lineldashed line and histogram in the figure.
Figure 3 shows the temperature distribution against time variation and AE energy
behavior of NFGM. Immediately the surface temperature is rapidly increased up to 100
4"C, it is decreased to room temperature, but bottom temperature is shown to slow thermal
history. Then, temperature difference was 490 t . The majority of the AE activity took
place during the cooling step rather than the heating step. AE energy was detected largely
in the progress of cooling tune. The total AE energy was 32638dB and the maximum AE
energy was 2214dB at bottom temperature of about 40 t .
Figure 4 shows the temperature distribution and AE energy behavior of FGMI of
which the compositional profile is convex(P= 1/3). Immediately the surface temperature is
rapidly increased up to 1010 t, it is decreased to room temperature, but bottom temperature
is shown to slow thermal history. Then, temperature difference was 478 t . AE behavior
was shown more emission frequency in FGM I than NFGM and occurred mainly on
cooling. There was relatively less emission of below 500dB during cooling up to 300·C,
but AE was detected largely in the progress of cooling time. The total AE energy was
139240dB and the maximum AE energy was 1468dB at bottom temperature of 43 t.
Figure 5 shows the temperature distribution and AE energy behavior of FGM2 of
which the compositional profile is linear(P=l). Immediately the surface temperature is
rapidly increased up to 1024 t, it is decreased to room temperature, but bottom temperature
is shown to slow thermal history. Then, temperature difference. was 462 t: . The total AE
$311

energy was 63832dB and the maximum AE energy was 1036dB at bottom temperature of

66·C.
Figure 6 shows the temperature distribution and AE energy behavior of FGM3 of
which the compositional profile is concave(P=3). Immediately the surface temperature is
rapidly increased up to 1025 t, it is decreased to room temperature, but bottom temperature
is shown to slow thermal history. Then, temperature difference was 388t. Like FGMI
and FGM2, AE behavior was shown a large number of emission frequency and occurred
mainly on cooling. There was relatively less emission of below 500dB during cooling up
to 300 t, but AE was detected largely in the progress of cooling time. The total AE
energy was 179050dB and the maximum AE energy was 857dB at bottom temperature of
91 t.
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Figure 6 AE behavior and temperature history
by burner heating in FGM3 at 1025°C.

Thermal history and AE behavior by long-term heating
Long-term heating is to heat during about 3 minutes up to the maximum temperature
of about 1100·C nearly. This is increased to heating tUne and the maximum temperature
compared to short-term heating.
Figure 7 shows the temperature distribution and AE energy behavior of NFGM. The
surface temperature was heated up to 1089 t, temperature difference was 444 t . The total
AE energy was 87683dB and the maximum AE energy was 2389dB at bottom temperature
of about 50 t. Compared with figure 3, as the surface temperature showed a rise of 85 t,
temperature difference was reduced to 46 t and both the total AE energy and the
maximum AE energy were increased. That is, with increasing the maximum temperature
and extending heating time, it can be known that fracture will be futher accelerated.
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Figure 8 shows the temperature distribution and AE energy behavior of FGM1 of
which the compositional profile is convex(p=1I3).
The surface temperature is rapidly
increased up to 1107 t . Then, temperature difference was 527"C. The total AE energy
was 69485dB and the maximum AE energy was 1625dB at bottom temperature of 157t.
Compared with figure 4 at J 0I0"C, as the surface temperature showed a rise of 97 t ,
temperature difference was reduced to 48"C and the maximum AE energy were increased.
Figure 9 shows the temperature distribution and AE energy behavior of FGM2 of
which the compositional profile is linear(P=I). The surface temperature is rapidly increased
up to 1133 t. Then, temperature difference was 556 "C . The total AE energy was 85862
dB and the maximum AE energy was 1342dB at bottom temperature of 174t. Compared
with figure 5, as the surface temperature showed a rise of 109t, temperature difference
was reduced to 94 t and both the total AE energy and the maximum AE energy were
increased.
Figure 10 shows the temperature distribution and AE energy behavior of FGM3 of
which the compositional profile is concave(P=3).
The surface temperature is rapidly
increased up to 1101 t. Then, temperature difference was 450'C. The total AE energy
was 155530dB and the maximum AE energy was 1119dB at bottom temperature of 132t.
Compared with figure 6, as the surface temperature showed a rise of 76t, temperature
difference was reduced to 62'C and the maximum AE energy were increased.
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Figure 10 AE behavior and temperature history
by burner heating in FGM3 at 1101°C.

Therefore, it can be understood that heat-resistant characteristic of the materials is
examined by thermal history and AE behavior for thermal shock test. The size of the
maximum AE energy under the direct influence of fracture is arranged in order of
NFGM(221 4dB, 2389dB) > FGMl(l468dB, l625dB) > FGM2(l036dB, 1342dB) > FGM3(857
dB, lll9dB). Namely, NFGM showed the most fragile property in thermal shock due to
the largest occurrence of the maximum AE energy. On the other hand FGM3 shows the
highest heat-resisting performance among these specimens. Also, with rising the maximum
temperature and extending heating time, the maximum AE energy were increased on the
more high level. Because FGM was provided with the function of mitigating the induced
thermal stress by introduce of graded layers, it could be confirmed that FGM was more
superior than NFGM for the thermal shock resistance.
Fracture surface observation
Figure l1(a) and (b) are the SEM photographes that were observed in a section of
NFGM at 1004"C and 1089't, respectively. In figure l1(a) of short-term heating the
vertical crack(@) was formed through the ceramics part of PSZ.
The small-scale
delamination(@) was formed, particularly the crack of long strip shape at the interface
region of PSZ and NiCrAIY layer. In figure 11(b) of long-term heating the several
horizontal crack(@) was observed in the middle of ceramics layer. Fracture level was the
large-scale to degree of spallation.

Figure 11

Photographs of fracture surface by burner heating in NFGM.

Figure l2(a) and (b) are the SEM photographes that were observed in a section of
FGM3 at 1025t and 1101 t, respectively. In figure 12(a) of short-term heating the small
vertical crack(@) was formed only at PSZ 100% layer. Microcracks were locally observed
in the other layers. In figure l2(b) of long-term heating the small-scale cracks were
formed only at PSZ 100% layer and a large crack(i.e., delamination or spallation) wasn't
found in all fracture surface.
Effect of test temperature on the maximum AE energy distribution is presented in
figure 13. The distribution of the maximum AE energy level is NFGM>FGMl>FGM2>
FGM3. If AE level is low, the thermal shock resistance is high. In the correlation
between fracture surface observation and AE behavior, if the maximum AE energy level is
above 1100dS approximately, it was obtained information of onset of the material failure.
The results of all fracture surface observation are identical with the AE analyses. AE
technique is to support the effective method in detection of microfracture process.
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Figure 12

Photographs of fracture surface by burner heating in FGM3.
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Fig. 13 Relationship between heating temperature and
AE energy distribution in NFGM and FGM
for gas burner thermal shock tesL

CONCLUSIONS
In this stduy. the fracture behaviors of NFGM and FGM were analyzed and evaluated
by thermal shock test under the high temperature atmosphere using AE. Also, the effect of
the compositional profile was considered in FGM. The fracture surface of each specimen
was observed using SEM. The results obtained in this study can be summarized as belows
1. AE activity was mainly occurred on cooling in thermal shock test. The maximum AE
energy is arranged in order of NFGM>FGMl>FGM2>FGM3. Namely, NFGM shows
the most fragile property and FGM3 shows the highest heat-resisting performance. With
rising the maximum temperature and extending heating time, the maximum AE energy
were increased on the more high level.
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2. NFGM was damaged with the pattern of the vertical crack and delamination, FGM1,
FGM2 and FGM3 were on the decrease of fracture level. Because FGM was provided
with the function of mitigating the induced thermal stress by introduce of graded layers,
it could be confirmed that FGM was more superior than NFGM for the thermal shock
resistance.
3. AE behaviors were dependent on fracture characteristics and such AE technique was the
effective evaluation method.
A local heating test of gas burner was the effective
thermal shock method that can be supported high thermal environment as a small
specimen.
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ABSTRACT
Specimen of single SiC fiber reinforced Aluminum composite (SiCr/AI) have been prepared,
in which the surfa~ of SiC fiber was treated by rich-Si~ or rich-C and untreated respectively.
Acoustic emission (AE) behaviors of SiCr/Ai specimen had been studied during the tensile testing.
Results showed that SiCr I AI treated with rich-C emitted continuously AE signals with medium
amplitude and one big AE signal, whereas, a number of big AE signals were released from SiCr IAI
treated by rich-Si02• It is found that the broken numbers and the segment length Ie of the broken
fibers can been measured by AE technique. Then Interfacial shear strength and fractured strength of
fiber were detennined. After testing, metallographie examination on fractography and interface
between SiC fiber and matrix had been carried out by using cold field emission scanning electron
microscope (FESEM). It was discovered that the surface of SiC treated with rieh-C is brittle and
treated by rieh-Si~ possess better properties.

KEYWQDS
Interface of SiCr/AI; FESEM; Acoustic emission.

INTRODUCTION
For fiber reinforced metal matrix composite (FRMMC), interface plays an important role of
load transfer between matrix and fiber through the shear strain deformation. Moreover, interface can
absorb energy and change the direction ofcrack propagation or obstruct the crack propagation during
deformation and fracture ofFRMMC. Therefore, interface has a great action on material properties
of FRMMCl1J, especially, mechanical properties£2.3l. Due to above reason, people pay a great
attention to interface. Interface engineering for composite has been gradually developed into new
scientific field during last decade. The traditional methods investigating effect of the surface
modification offiber on interface properties are transparent electron microscope (TEM) and scanning
electron microscope (SEM). But only two dimensions ofthree dimensions materials can be studied
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using TEM. And resolution of SEM is too low to observe interface structure. This paper focuses on
investigating the effect of surface modification on interface micr~structure and strength as well as AE
behaviors by using FESEM with the resolution of I.Snm.

SPECIMENS AND EXPERIMENTAL :METHOD
SiC fibers are prepared with chemical vapor deposition (CVD). The model composites SiCr
I AI were made by using hot pressing the single fiber among industrial-pure aluminum foils.
The
interface situations between fiber and matrix were changed through surface modification of fiber,
which was performed with surface treatment offiber uncoated and coated by Si<h and C respectively.
The model specimen dog-bone-shaped has been tested in tension with the imbedded fiber breaking
into increasingly smaller segments by using Schenck Trebel Material Test Machine. The tensile
speed was O.Smmlmin. At the same time, AE test has been carried out with LOCAN ~T system made
in PAC, USA, which has the total gain of 90dB, the threshold voltage of 2SdB and a band-width of
lO0-300Khg. AE signals from specimen received by sensor, then filtered and amplified, at last, were
analyzed and displayed by a computer for monitoring the dynamic process of tensile test of SiCrIAI.
Finally, the recorded data were printed out by a printer interfaced with the computer.
Metallographical examination performed by a FESEM of Model JSM-630 IF made in Japan, which
equips LINK ISIS-300 system Energy Dispersion Spectrometer (BDS) made in UK for constituent
analysis of materials, was conducted after test in order to study surface modification of SiC fiber on
mechanical properties and AE behaviors .

RESULTS
Figure 1 (a)__ (b)-- (c) show the interface morphology ofSiCr/Al treated with C-riched, Si<h
-riched and untreated respectively. Obviously, the width of interface treated are about as four times
as one untreated. Analysis by EDS indicates that AI, C compound is formed along the interface
treated with rich-C due.to the reaction of AI and C on two sides ofinterface. Figure 2 illustrates the
elements area distribution of interface in Figure 1 (a), you can see that AI and C collect richly round
interface . Figure 3 is the elements area distribution of interface in Figure 1 (b),obviously, Oxygen
Figure 4
richly gathers round interface, but there is a little amount of AI, and C in int~rface.
indicates the elements areas distribution of Figure 1 (c), Al gathers round due to diffusion,
.----.- .. -..

..

.__"":'::--- (~:~\<.~.::,.:::~-=::~~;.:

(a) C-riched

(b) Si02 -riched

(c) Untreated
Figure I. The Interface Morphology of SiCrIAI
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.~-::';-7'

Figure 2. The Elements Area Distribution in Interface ofC-riched SiCr/AI

Figure 3. The Elements Area Distribution in Interface ofSi02-riched SiCr/AI
but content of AI is much less. The interface morphologies after tensile fracture of SiCr I AI with
C-riched, Si02-riched and untreated are shown in Figure 5 (a). (b) and (c) respectively. It is
indicated from Figure 5 that a lot of short micro cracks distributes in C-ricbed interface, whereas,
interfaces Si~ -riched and untreated are smooth and don't contain any crack. Figure,6 illustrates AE
behaviors ofC-riched SiCr/Al during the tensile test (a) load P vs t and energy rate U vs t curves (b)
AE event E vs amplitude A distribution relation (c) duration D vs t distribution relation (d) E vs A
correlation distnbution cu!Ve. Figure 7 shows AE behaviors of Si02 -riched SiCr I AI during the
tensile test (a) P vs t and U vs t curves (b) E vs A distribution relation (c) D vs t distribution relation
(d) E vs A correlatiom distribution curv~. Figure 8 indicates AE behaviors of untreated SiCr I AI
during the tensile test (a) P vs t and Uvs t curves (b) E vs t distribution relation (c) D vs t
distribution relation (d) E vs t correlation distribution curve.
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Figure 4. The Elements Area Distribution in Interface ofUntreated SiCcIAi
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DISCUSSION
Above results show that the interfaces with different constiuent and properties are obtained
by fiber surface modification· method. As seen from Figure 1, the width of C and Si02 -riched
interface are as four times as that of untreated interface, a layer of rich oxygen exist round Si02 riched interface. There is a high content ofC and AI with C-riched interface. Analyzing Figure 3 and
Figure 4 indicates that interface product of C-riched SiCr/AI is A4C3, and interface product of SiCh
-riched SiCr/Al primarily is Si02 and a small amount of A4C3 • Whereas, interface product of
untreated SiCr/Al is little A4C3 •
C and Si<h -riched SiCr I AI have the interfaces with thicker width, therefore, the fiber
surfaces have been protected, so that the fracture strengths offiber increase as seen in table"l.
Table Fiber strength and interface strength

~
Specimen
C-riched SiCcIAI
Si02 -riched SiCr/AI
Untreated SiCr/AI

Or, MPa

tj,MPa No.of Load Drops Total No.ofFiber Facture

567±62
715±65
494±60

3.3±1.0
13±2.0
8.4±2.0

1

1

7±2
8±2

9±2
10±2

The reason of fracture strength of fiber C-riched lower than that one SiCh -riched is attributed to
brittle interface product ofC-riched SiCr/Al, MC3. The fiber fracture ofC-riched SiCc/AI happens
only once after yield during tensile testing (Figure 6), due to load transfer from matrix to fiber
through interface, producing the fiber fracture as stress reaching its fracture strength at the weak
fiber. Then it makes the local stress concentrate at fiber fracture point leading to the brittle fracture
of nearby interface with A4C3 and releasing AE signals. In turn,. the stress concentration is located
at the interface fracture point with the increment of load, and leads interface to successively brittle
cracking, continuously generat~ AE signals. This is the reason that after occurring a big signal
attributed to the fiber fracture a lot of medium signals are released by C-riched SiCr I AI with
increasing strain during tensile testing(Figure 6).
The stress applied to fiber ofC-riched SiCr/Al after fiber fracture can't increase further with
increment of load due to relaxing local stress by successive microcracking in brittle interface, as a
result, the fiber fracture happened only once. whereas, for SiCh -riched SiCr/Al, interface product
primarily is Si02 with less MC3, therefore, properties of its interface are better, that is, the higher
interface strength as seen in table. Crack from this kind of interface ofSi02 -riched SiCc/Al don't
occur during tensile testing(Figure 5 (b», as a result, the interface better transfers stress to fiber and
leads fiber to intennittently fracture at. weak places. Therefore fiber fracture occurs eleven times
and generate eleven big AE signals as shown in Figure 7. This kind of SiCcIAl don't release AE
signals with small and medium amplitude because of no interface cracking during tensile testing
besides AE signals with small and medium amplitude generated by matrix fracture round the highest
stress. On the other hand, for untreated SiCr/Al, its interface strength is lower than that of Si02 S322

riched SiCt/Al and better than that ofC-riched SiC,/Al due to its thinner interface containing a small
amount of A4C3, but the lowest fiber fracture strength, as seen in table. Moreover, fiber fracture
takes place a number of times and no any AE signal with medium amplitude from interface crack
(Figure 8) because of no any crack in this kind of interface (Figure 5 (c», therefore, the interface
transfers higher stress from matrix to fiber. But the number of fiber fracture is less than that of
Si02 -riched SiCr/Al attributed to it's ability oftransferring stress 'from interface to fiber not as good
as that the ability ofSi02 -riched SiCr/AI's.

CONCLUSION
1. Brittle interface A4C3 formed in C-riched SiC, IAI makes interface strength so low that the
brittle cracks are generated by interface and releases a lot of AE signals with medium amplitude
during tensile testing.
2. For SiCh -riched SiCr/Al containing a small amount of A4C3 in intenace, intenace with good
properties and high strength can better transfer stress to fiber, as a result, the function of loadbearing capacity offiber brings into full play.
3. The interface of untreated SiCt I AJ containing a little A4C3 has possessed moderate interface
strength and properties .
4. The surface modification treatment offiber improves fiber strength .
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ABSTRACT
This paper reviews our results on the studies of fracture process in short--fibre-reinforced plastics
First,
which have been investigated in relation to acoustic emission (AE) characteristics.
compensation for AE wave attenuation loss was proposed by the'use of a specimen zoning method.
Second, to characterize the fracture process, an AE measurement technique was coupled with wave
frequency analysis and various microscopic observations. AE with higher amplitude was due to fibre
breakage. Fibre-matrix interfacial failure and matrix fracture emitted lower amplitude AE waves.
Based on the above fmdings, AE source characterization was proposed for the stable fracture process
of short-fiber-reinforced plastics.

KEY WORDS
Short--fibre-reinforced plastics, Acoustic emission wave attenuation, Specimen zoning method,
AE peak amplitude distribution, AE source characterization, Fibre breakage, Microscopic failure
observation

1. INTRODUCTION
Short-fibre-reinforced plastics (SFRP) have been extensively utilized in industry as engineering
materials. Their fracture behavior has often been studied with the aid of acoustic emission (AE)
techniques to obtain infonnation valuable for improving their mechanical perfonnance [1-5]. To
make better use of AE data obtained from SFRP, correlation with each individual fracture process in
the materials should be attempted. The present authors [6] measured quantitatively the effect of AE
wave attenuation on the AE peak amplitude distribution and found that the peak amplitudes obtained
from SFRP were considerably affected by attenuation during wave propagation in the specimen
medium. The authors [7,8] also showed that AE characteristics were largely affected by initial notch
tip radius of tensile specimens which was influential in the damage initiation. Using different fiber
diameters the authors [12,13] further showed that AE characteristics were greatly changed by the
damage initiation and propagation processes of SFRP specimens.
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This paper reviews the results on the wave attenuation and AE peak amplitude distribution which
are significantly related with fracture mechanisms of SFRP.

2. ACOUSTIC EMISSION WAVE ATTENUATION
2.1 Experimental
Short-glass-fiber-reinforced poly(ethylene terephthalate) (PEl) specimens were used in this study.
The weight fractions (w/o) of short glass fibers (SGF) embedded in the PET resin were 1, 30 and
60%.
The specimens were made through end-gated dumbbell-shaped moulds using an
injection-moulding machine. The SPecimen geometry and mould-fill direction are shown in Fig.l.
Two sensors of 8mm in contact diameter having similar characteristics (100-600kHz with a
resonant frequency of 200kHz) were attached onto the same side of a specimen (see S1 and S2 in Fig.
1). The sensors were 100mm distant from each other. The coupling pressure of the sensors onto the
specimen was adjusted with a screw-driven fixture so that the peak amplitude of the simulated AE
waves emitted by a pulser (resonant frequency of 200kHz) at a location equally distant from the
sensors could be similarly detected by each sensor. The specimen area between the sensors was
divided into 10 zones from zone A to K as shown in Fig.l.
AE measurements were carried out during the uniaxial tensile test. Specimen elongation rate was
0.5mm/min. The amplification was totally 80dB. A microcomputer detennined source locations of
AE waves based on time data of wave arrival at the sensors S1 and S2, and on pre-set wave velocity
data. An AE event was detected by both sensors S1 and 52. However, only the signal which arrived
~lier at one of the sensors was adopted as an AE datum. The AE data were obtained from each zone
of the specimen. The data were stored in a memory disk so that they could be used for recalculation.
Attenuation of AE waves was evaluated using a pulser as a simulated AE source (see Fig.2).

•

MOLD

FILL DIRECTION

Fig.1 Specimen geometry and its zoning

Fig.2 Attenuation measurement using the
pulser-sensor method

2.2 Effects of wave attenuation
Fig.3 shows the attenuation characteristics of the simulated AE waves as a function of fiber volume
fraction ~ of the specimens. In the figure a o is the wave attenuation coefficient measured in
unreinforced specimens. The attenuation coefficient a is defined [14] as

v = ~·10(-~120)

(1)

where M is the wave propagation distance, ~ and V are voltage amplitudes of the waves before
and after the propagation; respectively. Values of ~ and Vwere obtained at far field locations 20
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Fig.4 Stress and AE events versus
strain of a SGF3Ow/o-PET specimen

and 60mm distant from the pulser. The solid line in the figure represents the measured coefficient
which decreased with increasing ~ greater than that for the dotted straight line. Considering that the
dotted line was given on the assumption for specimens with randomly distributed fibers, the feature
of the solid line may result from an orientation effect of fibers embedded in the specimenS. Actually
short fibers in the specimens became oriented more to the mold fill direction with increasing V~· The
mold fill direction was the same as that of the a measurement and the tensile loading. There should
be a good correspondence between the attenuation of real AE signals and that of the pulser signal,
because, first, the resonance frequency is the same for the pulser and the AE sensors, and second, the
sensors should have picked up waves of transverse mode more preferentially in both the attenuation
measurement and real AE signal detection.
Fig.4 shows a typical stress-strain curve and a cumulative AE event counts (IN) - strain curve for a
SGF3Ow/o-PET specbnen. The event curve may be divided into three stages I, II and III depending
on the growth rate of IN. In stage I, detectable AE waves occurred and '1:N increased slowly. In
stage IT IN increased rapidly. In stage III 'I:N increased slowly again. This feature of IN -strain
curve must have resulted from damage initiation and proPagation mechanisms in the specimen.
AE energy E for one event was square of the peak voltage of the corresponding AE signal in this
system. Thus the mean equivalent voltage amplitude (Vme ) for one event could be defined in each
stage as

(2)
where aU and dIN are the ina-ement of 1:£ and 'I:N obtained from each stage, respectively.
Fig. 5 shows results of Vme obtained from the specimen in Fig.4. Values of Vme were much smaller
in the middle portion of the specimen than in zones B and J, which were located closer to the sensors.
As a resul~ concave curves were fonned as seen. Assuming that AE initiation mechanisms are
similar in each zone, the concave feature may have resulted principally from attenuation of AE waves
during the propagation from the source to the sensors. Because the above assumption is considered
reasonable, the distribution of Vmc is a good indicator of AE wave attenuation in viscoelastic materials.
It should be mentioned that Vmc became larger in Fig.S as stages proceeded from I to ill, which is
reasonable in that AE waves became larger in amplitude as deformation proceeded in specimens.
The effect of wave attenuation on AE peak amplitude distributions is described in the following.
Fig.6 shows the amplitude distributions without (a), and with (b), attenuation compensation for
stage (I + II) in Fig.4. Stress level was kept almost constant over the zones from B to J as the loading
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proceeded in stage (I + 11). In Fig.6a, however, the AE amplitudes from zone B near the sensor were
distributed a little bit larger in the abscissa than those from rone E which was far from the sensor.
The amplitude distributions were compensated taking the attenuation loss of each AE wave from
different zones into account The loss was calculated from source location data and attenuation
coefficient a. After the compensation (Fig.6b), the amplitude distributions became almost similar in
every zone. This effect of attenuation was similarly observed in specimens of SGF1w/o and
SGF6Ow/o-PET.

3. CHARACTERIZATION OF FRACTURE PEOCESSES
3.1 Experimental
Fibres of different diameters (d =10f,lm and 23f.tm) treated with an amino-silane coupling and an
epoxy sizing agent for good adhesion to the PET matrix were used to make short-tiber-reinforced
romposites. The mould fill. direction (MFD) was the length direction of the specimens as shown in
8327

Fig. 7. The fibre weight fraction was about 30%.
Lengths of the fibres of 10t.tm diameter had a
distribution with a peak at about 153IJ.m in a range of 20-580f.1m, while those of 23f.1m diameter a
distribution of 35-1160JA,m with a peak at 280JLm. The fibres became oriented mostly in the MFD.
The gauge portion of the specimens was single-edge notched with a diamond rotter and a sharp notch
was introduced by pushing a fresh razor blade into the initial notch tip. The notch depth was kept to
5.0±O.2mm.
The distance between either of the sensors and the initial notch tip was kept to 10.0 ±O.2mm (see
Sl and S2 in Fig. 7). A microcomputer (AE5800) detennined source locations as described in
Section 2.1. Only the waves detected by one sensor were adopted as AE data (Ch. 2). The AE peak
amplitudes were compensated for the attenuation loss as stated in Section 2. During the AE
measurement, the frequency of the AE waves was analyzed using three band-pass filters (Pi) with
frequency ranges of 70-157 kHz (Ch.3, L), 142-312 kHz (Ch.4, M) and 273-596 kHz (Ch.5, H) as
illustrated in Fig. 8. These filters were connected to the pre-amplifier output and were arranged in

parallel.
Fracture behavior of the specimens was examined using a polarized optical microscope. Specimens
were thinned and polished to a thickness of about 80f.1m employing a technique described earlier
[9]. Reflected and transmitted light microscopy were utilized to study fracture morphology for the
surface and interior of the thinned sections, respectively. As a complement to the optical microscopy,
scanning electron microscopy (SEM) was utilized to observe fracture surfaces.
Pre-amp.
(40dB)

Main-amp.
(40dB)
::>1--- Ch.1 (0 - 700 kHz)

J:

-

~

S2r

~t--- Ch.2 (0 - 700 kHz)
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f r : 200kHz)
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Ch.4
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~
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.

Fig.7 Notched specimen for a
study of fracture process

(273· 596kHz, H)

Fig.8 Band-pass filters (Pi) in connection
with pre-amp output.
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3.2 Acoustic emission characteristics
Fig.9 shows typical load (P)-displacement (6)
10
9
rorves and accompanying changes of W
for
SGF3Owt%-PET specimens. For each specimen,
IN rapidly increased with increasing 6 forming
s
an exponential curve. However, the growth rate
of IN slowed down at about 85% and 88% of
P max for d =10JA,m and 23JLm, respectively. This
o --....-r.==r---r--~...J 0
abrupt change in the ~ growth rate suggests that
4
6 xlO. 1 8
B (mm)
there was some significant change in the fracture
F:g.9 lad (P)andAE everns ~ vast5 cmpJcr nJXDt
process.
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Fig.10 Frequency dependent Vp distribution for d=23f1m classified by the band-pass filters
(L,M,H): (a) Vp ~ 25fJ.V, (b) Vp ~ 7.0mV.
Fig.10 shows histograms of AE peak amplitudes (Vp) against () of the specimen of d=23J.tm in
Fig. 9. The Vp in the figure means the average voltage, referring to the preamp input, of the peak
amplitude for one event, which was obtained during each AEmeasurement time of O.8sec. Because
the upper bound for detectable Vp is 12.7mV in this measurement, the average value must be much
larger than that seen in Fig.10. Results for Vp in a voltage range above the threshold voltage (Vth ,
25fJ.V referring to the preamp input) are shown in Ch.2 of Fig. lOa. With increasing d, Vp flISt
increased quickly up to a maximum and then decreased to a minimum or zero at d=O.65mm which
corresponded to 88% of P max. At this time, the growth rate of IN lessened suddenly as exhibited in
Fig. 9. As d increased further, Vp was rapidly increased again. It should be noted that all AE
waves detected were a burst type and their duration was 50Jtsec-35msec, which indicates that they
were generated during dynamic and discontinuous microfracture processes in the specimen. It is
believed that the feature of Vp is significantly associated with damage initiation and fracture
process ahead of the notch tip.
Values of Vp in Ch.2 were provided from AE signals taken by a sensor having a detectable range
of 50-700kHz with a resonant frequency of 200kHz. In Fig. lOa, results of Ch.3, Ch.4 and Ch.5
are from the L, M and H band-pass devires, respectively. In the higher amplitude range beyond
7.0mV, however, values of Vp were mostly from H band-pass and partly from M band-pass, which
is distinctly indicated in Fig.10b. Thus, AE waves with higher amplitudes are related with higher
frequency (H,M), whereas waves with lower amplitudes tend to involve a broad range of frequencies
(L,M,H).
On the other hand, results of Vp for a specimen of d =10J.tm were also distnbuted all over the
band-pass ranges, which exhibited a feature consistent with those for d=23J.tm. This suggests that
the fracture mechanisms generating .AE waves were almost independent of d.
By studying the frequency spectrum of an AE signal taken from fracture of
single-glass-fibre-embedded polycarbonate, Wolters [2] suggested that fibre fracture emitted lower
and higher frequency waves, and that debonding and/or friction between fibres and matrix caused
emission of waves of lower frequencies. Koenczoel et al. [4] employed notched specimens of short
fibre Ipoly(vinyl chloride) composite and reported that the amplitude distribution of AE events became
bimodal at crack speeds beyond 3mm/sec, and the higher and lower amplitudes were probably
associated with fibre breakage and matrix fracture, respectively. Investigating glass fibre /epoxy
SMC composite, on the other hand, Suzuki et al.[5] suggested that fibre breakage involved higher
frequency waves of 250-:400kHz and that matrix cracking and fibre pull-out generated waves with a
8329

(a)

r--1

2OO,um

(b)

Fig.!! Polarized optical microscopy observation of fracture processes in the specimen with fibers
of d=23lJ.m. Micrographs (a) and (b) were taken under reflected and transmitted light, respectively
frequency range below 250kHz. Results of the present investigation revealed that, firstly, all AE
peak amplitudes could be classified according to frequency bands and, secondly, the fracture
processes generating AE waves were consistent for the specimens of different fibre diameters.
On the basis of the above findings on AE amplitude and frequency characteristics as well as those
of Wolters [2], Koenczoel et al.[4] and Suzuki et al.[5], it is believed that the higher amplitude
waves are generated from fibre breakage and the lower amplitude waves from interfacial debonding
or friction and matrix cracking.
3.3 Fmcture mechanisms
Fig. 11 shows typical polarized optical micrographs taken from polished thin sections of a
specimen of d=23J.t.m. A section obtained from a specimen loaded up to about 88% of P max was
observed under reflected light (Fig. Ila). Several voids were seen at the fibre ends in front of the
notch tip. The merging of the voids seemed to cause the initiation of the main crack. When the same
section was viewed under transmitted light (Fig. lIb), however, a damage zone was very obvious
ahead of the notch tip with a size of about 940Jl.m in width and I400J.t.m in length. It was
Stable fracture

(a)

Fig.12 Observations of fracture surface of the
specimen with fibers of d=23J,lm. Micrograph (a)
was taken by polarized light in transmission from
a thinned specimen sectioned vertical to the fracture
surface. (b) is SEM micrographs taken from area
A designated in (a).
8330

ascertained that not only interfacial voiding but also fibre breakages and matrix failure were generated
in the damage zone.
Fig.l2a presents a polarized light micrograph taken in transmission through a thinned specimen of
d=23J.Lm sectioned perpendicular to "the fracture surface. It is shown that the main crack propagated
slowly about 2.4mm from the notch tip just before catastrophic fracture. Fig. 12b shows SEM
photographs taken on the fracture surfaces located at A in Fig.12a, respectively. Fibre pull-out from
the matrix as well as matrix plastic yielding and ductile separation are shown in the stable fracture
region. As seen by arrows, fibres were broken in a brittle manner mostly toward the radial direction.
Assuming that Vp is proportional to the created fracture surface area of the fibres, values of Vp for
specimens of d=23fLm should be approximately 5.3 times larger th8l1'those for d=10J.l.m. This agreed
well with the results that values of Vp in a higher amplitude range for d=23llm were much larger than
those for d=10J.Lm.
Fracture mechanisms for d=10J1m were very analogous to those for d=23mm as descnbed
above.
3.4 Chamcterization of AE sources
Possible AE sources during the fracture of SFRP are generally thought to be interfacial
micro cracking or debonding, matrix fracture, fibre pull-out and fibre breakage [1-5, 7,8]. On
the basis of the above results from the fracture and AE studies, a model for the stable fracture process
is schematically presented in Fig.13. Fibre breakage emitted AE waves of higher amplitude, while
interfacial and matrix fracture generated lower amplitude waves. The results for higher Vp suggest
that fibre breakage played a significant role in the main crack initiation. Many local tensile fractures
followed the pathways spanned by numerous reinforcing fibres. Many fibres were broken in front of
the initial notch tip for both d=10J1m and 23J.Lm (see Figs.11, 12) and these are believed to have
hindered the crack initiation [10, 11]. After the fibre breakage, the local failures grew to initiate a main
crack. This clearly corresponded to the above AE results in that Vp in a higher amplitude range
showed a minimum at the crack initiation, which is schematically shown in Fig. 14. During the
propagation of the main crack, additional fibre breakages were induced depending on the extent of the
damage zone.
Fiber breakage

Matrix
blunting and
separation

__'"

Matrix
plastic yielding
~

--rFig.1~

Debonding
AE (hi~her Vp, ~igher frcq. )

AE (lower Vp, broad freq. )

Schematic mechanism of AE sources
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Characteristic behavior of AE peak amplitudes describing the fracture process

4. CONCLUSIONS
The fracture process of short--fibre-reinforced plastics has been investigated in relation to acoustic
emission (AE) characteristics. (1) Quantitative analysis and oompensation for AE wave attenuation
loss were proposed using a specimen zoning method. (2) Characterization of the fracture process
using an AE measurement technique was coupled with wave frequency analysis and various
microscopic observations. AE with high amplitude was due to fibre breakage. Fibre-matrix interfacial
failure and matrix fracture emitted lower amplitude AE waves. Reflected and transmitted optical
microscopy in combination with scanning electron microscopy revealed that fibre breakage ahead of
the artificial notch tip led to the initiation of a macroscopic fracture. This coincided with the results
that AE peak amplitudes showed a minimum at the fracture initiation.
ACKNOWLEDGEMENTS: The authors are indebted to Nippon Steel Technos Co. which kindly
provided the AE apparatus for this study.
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ABSTRAcr
This study examined the effects of exterior thennal insulation foam and previous thermal exposure upon recorded
acoustic emission (AE) signals from the pressurization of graphite/epoxy vessels. The specific conditions imparted (in
various combinations) to ten vessels before proof testing were as follows: controlled impact damage; exposure to
moderate heat andlor cryogenic cold; and, low-density thermal insulation foam bonded to the exterior surface. Multichannel parameter-based and waveform-based AE data were simultaneously gathered with a single set of eight wideband
AE sensors during subsequent proof testing of the aerospace-type, filament-wound cylindrical pressure vessels.
Competing features regarding the quantity and character of the proof test AE were observed due to the effects of foam
presence vs. thennal exposure; furthermore, the net effect of the competing features varied depending upon the particular
portion of the proof test sequence during which the AE data were gathered. In general, thermal exposure caused greater
overall recorded AE activity vs. no thenna! exposure. However, the presence of foam insulation either increased or
decreased (sometimes significantly) the recorded AE data (relative to non-foamed vessels), depending upon the particular
portion of the proof test sequence being examined, and whether the vessel was impacted. This study was conducted to
examine approaches for the effective AE monitoring of insulated graphite/epoxy composite fuel tanks to be used on
NASA's X-33 Reusable Launch Vehicle (RLV).

KEYWORDS:
Acoustic emission; Thermal cycles; Thermal foam insulation; Impact damage; Fiber composite; Pressure vessel;
Graphite/epoxy; Proof testing.

INTRODUCTION
Acoustic emission (AE) technology has been applied to various graphite/epoxy composite structures for
numerous years [1], and has been successfully employed in the non-destructive examination of composite pressure
vessels [2, 3]. In the aerospace arena, there has been growing interest in the use of graphite/epoxy structures in reusable
applications. such as cryogenic fuel tanks for reusable launch vehicles. Such a design application of fiber composites
wi)) typically result in the composite structure being exposed to a wide variety of thermal environments during its life,
as well as the likelihood of thermal insulation being incorporated into the composite structure design. Even in many
non-aerospace applications (insulated pipelines, for example), the use of foam insulation in conjunction with composite
structures is already practiced. This paper examines the separate effects of thermal exposure and thennal foam insulation
upon the acoustic emission data which were recorded during proof test pressurization ramps.

EXPER.J1vIENTAL

Test Vessel Construction
Ten cylindrical vessels (125 mm diameter) were each constructed on a 5086 aluminum alloy (non-load sharing)
liner/mandrel approximately 1.3 mm thick. A nominal 3.0 mm thick composite wall was filament wound with carbon
fiber (Toray TlOOOGB) pre-impregnated with a proprietary epoxy resin. Maximum cure temperature was approximately
121°C. The resulting vessels each had an overall nominal length of 457 mm, with a cylindrical section 286 mm long.
The vessel manufacturer perfonned a virgin proof test (without AE monitoring) to 58.6 MPa (8500 psi) for each vessel.
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Each vessel had a characteristic wrapping pattern on its exterior surface, thus it was possible to establish a
location coordinate system for each vessel with a consistent reference to this wrapping feature. The sensor and impact
locations were all oriented the same for each vessel with respect to this winding feature to minimize differences in
impact conditions and AE wave propagation. Figure t shows an "unrolled and flattened" exterior view of a vessel with
the sensor and impact locations indicated.

Application of Impact Damage and/or Thennal
Exposure to Test Vessels
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Figure 1. Sensor Locations and Impact Position on
Vessel Exterior Surface.

Preparation and Bonding of Airex® R82.60 Foam
Four of the ten vessels had 13 mm thick half-cylinders ofAirex® R82.60 thermal foam insulation bonded to the
exterior surface as follows. Holes were cut into the foam at the positions for AE sensors. then the foam halves were
bonded to the vessels using epoxy adhesive (Hysol EA9394) and allowed to cure overnight at approximately 70°C
(t60°P) while vacuum-bagged. Next, drilled-and-tapped plastic sensor attachment fittings were bonded to the foam's
exterior surface and allowed to cure overnight at approximately 70°C. Vessels V-tO to V-12 were vacuum bagged during
the cure of the fittings; Vessel V-9 was not vacuum bagged during fitting cure. The curing process for the foam/fittings
in effect created a total of about2Q-30 hours of moderate "heat-only" thennal exposure for foamed vessels.
Table I summarizes the preparation and proof testing each test vessel received, as well as the eventual burst
strengths and failure locations. The presence of thermal cycling or foam did not appear to make any appreciable
difference upon burst strength or burst location vs. vessels without thermal cycling or without foam.

Summary 0 fV essel~estmg andB urst Resu ts.
Sequence of Vessel Preparation and Testing (left to right) -+
Burst
Burst
Virgin
Impact
Foam &
Proof Test
LN2
Thermal
Strength,
Location
Dip
of
Cycle
Fittings
Sequence Type
Proof
MPa (psi)
(-196°C
Bonded to
(A= 2 ramps to
14.9J
to 58.6
58.6 MPa;
Exterior
MPa
LN2dip
(8500
then 107°C (70oe Oven
B= 6 ramps
Cure)
oven)
to 58.6 MPa)
DSi)
92.3 (13.380) Inlet End
X
A
V-2
---75.0 (10.880) Impact Site
X
A
X
V-3
--I
cycle
86.3 (12,510) Inlet End
A
V-4
X
--1
cycle
78.4
(11.370) Impact Site
X
A
X
V-5
--76.3 (11.070) Impact Site
5 cycles
X
X
A
V-6
--Impact Site
68.2 (9.890)
A
1 cvcle
V-7
X
X
X
-B (two times) 93.4 (13.540) Inlet End
X
V-9
X'"
---90.1 (13.060) Inlet End
X
X
B
V-tO
--76.7 01.120) Impact Site
X
B
V-ll
X
X
-70.6 (10.240) Impact Site
V-12
X
X
X
B
... Vessel V-9 was proof tested via Proof Sequence B in a bare (non-foamed) configuration; then foam was bonded to
exterior. proof test sequence B was repeated. then the vessel was burst. A 25 mm diameter circle of adhesive (centered
over the impact location) was ,purposefully omitted when the foam was bonded to examine whether the absence of

T able 1
Vessel
lD

--

--

-
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adhesive would influence the data from a foam covered vessel. Data from bare vessel Y-9 proof sequence is designated as
V-9B; data from the foam-covered vessel Y-9 is designated as V-9F.

Proof Test Vessel Fixture Design
A detailed AE proof test fixture was constructed to maximize AE test repeatability; it incorporated a manual lead
breaker device to more accurately perform checkout of the sensor installations by ensuring a repeatable lead break [2].

Proof Test Pressurization System and AE Equipment Items
The hydraulic proof test sequence and burst tests were conducted using a computer-controlled programmable
pressurization system (2). The AE monitoring conducted during this effort was unique in that a single set of nonresonant sensors was used to detect the AE signals, yet the AE data were simultaneously measured and recorded on two
different and independently operated AE systems, namely a parameter-based system and a wavefonn-based system.
However, only parameter-based AE data are presented in this paper. Figure 2 shows an equipment connection schematic.
Wideband sensors (Digital Wave Corporation model B 102ST) with an aperture of 6.4 rom were used for all
sensors except sensor #2. For uniformity in data comparison, all hits from sensor #2 were deleted from all data files for
this paper. A total effective gain of 40 dB at the preamplifier plus 36 dB at the parameter-based AE recording unit was
used; a 36 dB threshold setting was used. A list of test equipment and their settings can be found in reference [2].

Proof Test Sequence
After the vessel preparation (e.g., impact damage, thermal exposure, andlor foam application), one of two
different proof pressure sequences was used for each vessel: Type A (having two ramps to proof pressure of 58.6 MPa;
8500 psi) or Type B (having six ramps to proof pressure of 58.6 MPa). The 1st ramp (after the manufacturer's virgin
proof), 1st hold at proof pressure, and 2nd ramp are identical for proof sequence Types A and B. Data from the 1st and
2nd ramps form the basis of the data discussed in this paper. Data files from the 1st ramp were so large that they were
uniformly truncated at 57.2 MPa (8300 psi; 98% of proof) for practicality during data analysis. Figure 3 shows a
comparison of the two proof sequence types.
Proof Sequence B • Vessels 9 - 12 (Jan. 1997)

'Proof Sequence A (Dec. 1995)
•
Vessels 2 - 7 •

•
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Figure 2. Equipment Connection Schematic.

Figure 3. Schematic of Proof Test Sequence Types A and B.

RESULTS
Note on Sample Population Size
Many observations and conclusions regarding the effects of foam andlor previous thermal exposure are presented
and discussed in this paper. However, it is important to point out that the total number of test specimens was very
limited (i.e., only ten). Consequently, in several instances there was only one or perhaps two vessel samples having the
particular set of vessel preparation conditions being considered. Hence, the observations and conclusions presented in
this paper should be viewed as preliminary trends since a larger sample population would be required to make more
definitive statements.

Data Analysis Approach
The raw data from the parameter-based vendor software were converted to ASCn then imported into commercial
statistical analysis software. Manual lead breaks performed on the vessei dome and near each of the sensors (for both
bare and foam-covered vessels) were used to calculate typical wave propagation velocities for the various modes of the
AE signals (based on data from the waveform-based AE system). This infonnation then helped establish appropriate
values for the timing scheme 4sed to segregate hits (from parameter-based data) into discrete events.
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For bare vessels. successive hits greater than 90 ).1S apart and greater than 8 dB above the threshold were assumed
to belong to separate events; hits greater than 170 J.LS apart and less than 8 dB above the threshold were also deemed to
belong to separate events. Otherwise, two successive hits were assumed to belong to the same AE source event. For
foam-covered vessels, the peak amplitude value from the flexural mode appeared somewhat later in the flexural mode (as
determined from wavefonn data). Thus, the parameter-based system often triggered later in time (for the foam covered
vessels) than would otherwise occur in the non-foamed vessels. In contrast, the flexural peak amplitude occurred very
near the first arrival of the flexural mode for the bare vessels (as determined from waveform data). Thus, longer time
increments were required (for foam-covered vs. bare vessels) in order to successfully group hits from the same event
together. Specifically, 90 J.lS was replaced with 150)J.S; 170)J.S was replaced with 300 J.LS
Next, two specific subsets of data were created to examine two different but equivalently-sized areas (i.e., about
320 square centimeters, maximum) on each test vessel. Data from the "Channel 5&8 Zone" were defined as only those
events in which the first and second hits of the event were sensor #5 and sensor #8 (either order); events with only one
hit were included as long as it was either sensor #5 or #8. Note: for those vessels receiving an impact, the impact
location was located between sensors #5 and #8 (Figure 1). Similarly, data from the "Channel 1&3 Zone" were defined
as only those events in which the first and second hits of the event were sensor #1 and sensor #3 (either order); events
with only one hit were included as long as it was either sensor #1 or #3.
For ail non-impacted vessels, one would expect the character of the composite to be similar at each end of each
cylindrical region. For example, consider the data in Figure 4 which shows 1st ramp data for vessels with/without
thennal exposure. Clearly the data from the Ch. 1&3 Zone (shown by hollow symbols) matches the data from the Ch.
5&8 Zone (shown by solid symbols). In other words, the recorded AE data from each end (i.e., Ch. 1&3 Zone and Ch.
5&8 Zone) of any non-impacted vessel were in fact nearly identical. This observation was true for both 1st and 2nd
ramp data, and for vessels with/without thermal cycling and with/without foam.
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One can correctly assume that an impacted vessel would generally have greater AE activity than a similar nonimpacted vessel when AE data from the Ch. 5&8 Zone were examined. However, one might (incorrectly) assume that
data from the Ch. 1&3 Zone for two similar vessels (one with an impact; one without) would show minimal
differences. In reality, impacted vessels always had a greater quantity of AE data recorded vs. similar non-impacted
samples, even when recorded from the Ch. 1&3 Zone. This may be explained in part by the fact that the vessels were
supported at both boss ends during impacting, and some minor damage (due to the support method) could be expected at
the inlet boss end of impacted vessels.

Effects of Thennal Exposure
Figure 5 shows the accumulation of data from the Ch. 5&8 Zone during the 1st pressurization ramp for vessels
with/without impact and with/without a single cycle of thermal exposure. It is evident that vessels with one complete
thermal cycle (dotted lines in Figure 5) experienced a significantly greater cumulative quantity (2-to-3-fold increase) of
acoustic emission events and an earlier onset (about 5-15 MPa earlier) of AE accumulation vs. similar vessels without
thermal exposure (solid lines in Figure 5). This observation is true for both impacted vessels (hollow symbols in
Figure 5) and non-impacted vessels (solid symbols in Figure 5).
Figure 6 shows 1st ramp data from the Ch. 5&8 Zone for impacted vessels having various levels of previous
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thennal exposure. For those vessels with more than one thennal cycle, the AE activity occurred especially early in the
ramp [Figure 6(b)}, as was true for both vessel V-7 (with an extra LN2 dip; shown by inverted triangle symbol), and V6 (with 5 total thermal cycles; shown by diamond symbol). Also, the total sum of AE events for V-7 was especially
high (i.e., 4-fold greater) vs. V-3 with no thermal exposure. However, multiple thennal cycles (e.g., V-6) did not result
in a greater total quantity of recorded AE than for a vessel with a single thennal cycle [e.g., V-5 and V-7; Figure 6(a)].
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Figure 7 (for non-impacted vessels) and Figure 8 (for impacted vessels) show a comparison of 1st and 2nd ramp
data for vessels with/without a single thermal cycle. The total AE recorded during the 2nd ramp (shown by hollow
symbols) for each vessel was significantly less than the AE data recorded from the 1st ramp (shown by solid symbols).
There were no increases in the early AE 2nd ramp data due to thermal exposure for either impacted or non-impacted
vessels; in fact Figure 8(b) shows vessel V-5 (triangle symbol; single thermal cycle) having about half of the early AE
activity of vessel V-3 (circle symbol; no thenna) cycle). A more detailed examination oftbe 2nd ramp AE data was
performed using Felicity ratio computation methods described in reference [3]. This examination revealed a strong linear
correlation between computed Felicity ratios (computed from 2nd ramp data) and burst strength for vessels V-2 through
V-7, in spite of the presence or absence of thennal exposure.
t

The average ratio of hits per event was examined for each vessel for both Ist and 2nd ramps as a relative measure
of AE source amplitude andlor signal attenuation; the results are shown in the bar chart in Figure 9. Non-impacted
vessels (shown to the left of the dotted lines) experienced no significant effect upon the hits/event ratio due to thennal
cycling. Note for impacted vessels for the 1st ramp [shown to the right of the dotted line in Figure 9(a)] that the
presence of thermal cycling (shown by cross-hatched bars) vs. no thermal cycling (shown by solid bar) seems to
significantly reduce the ratio, but thermal cycling did not significantly affect the 2nd ramp ratio as seen in Figure 9(b).
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Effects of Foam
The accumulation of AE data (with/without foam) from the Ch. 5&8 Zone during the 1st ramp (Figure 3) is
shown in Figure 10 (non-impacted vessels). and Figure 11 (impacted vessels). Non-impacted vessels with foam (dotted
lines in Figure 10) experienced a significantly greater cumulative quantity (5-to-6-fold increase) of acoustic emission
events and an earlier onset (ab~ut 20-30 MPa earlier) of AE data accumulation vs. similar vessels without foam (solid
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lines in Figure 10). However, impacted vessels experienced similar cumulative sums of acoustic emission events during
the 1st ramp both for bare vessels (solid lines in Figure 11) and foamed vessels (dotted lines in Figure 11). If one
compares Figures 10(a) and ll(a) to each other, one also sees that all impacted vessels (with/without foam) experienced
a much greater accumulation of 1st ramp AE (55% to 1000% more) than all non-impacted vessels (with/without foam).
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Figure 10. Sum Of Events From Ch. 5&8 Zone During 1st Ramp For Non-Impacted Vessels WithlWithout Foam;
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Data With Different Vertical Scaling Is Shown In (a) and (b).
The total AE recorded (with/without foam) from the Ch. 5&8 zone during the 1st and 2nd ramps is compared in
Figure 12 (non-impacte(i vessels) and Figure 13 (impacted vessels). For each vessel (regardless of impact damage andlor
foam), the total AE recorded from the 2nd ramp (hollow symbols in Figures 12 and 13) was significantly less than that
recorded from the 1st ramp (solid symbols in Figures 12 and 13). During the 2nd ramp, non-impacted vessels with
foam [dotted lines in Figure 12(b)] continued to experience an earlier accumulation (15-20 MPa earlier) of AE events vs.
bare vessels [solid lines in Figure 12(b»), but the total quantity of AE events recorded during the 2nd ramp was similar
for non-impacted vessels with and without foam. However, impacted vessels with foam [dotted lines in Figure 13(b)]
experienced a much later accumulation (more than 30 MPa) of AE events in the 2nd ramp and a significant decrease in
the total recorded AE (60-75% less) during the 2nd ramp vs. similar vessels without foam [solid lines in Figure 13(b)].
For similar reasons, the hits/event ratio for events recorded from the Ch. 5&8 zone was computed for the I st and
2nd ramps for vessels with/without impact damage and with/without foam, as shown in figure 14. For the 1st ramp,
non-impacted vessels with foam [cross-hatched bars to left of doned line in Figure 14(a)] had a greater hits/event ratio
than similar non-foamed vessels [solid bars to left of dotted line in Figure 14(a)]. However, non-impacted vessels had
similar ratios with/without foam for the 2nd ramp [cross-hatched and solid bars to left of dotted lines in Figure 14(b)].
Impacted vessels in the 1st ramp displayed a dramatic reduction in hits/event ratio for vessels with foam [cross-hatched
bars to right of dotted line in figure 14(a)] vs. similar vessels without foam [solid bars to right of dotted line in Figure
14(a)]. A much smaller (likely insignificant) similar reduction in the ratio occurred for foam-covered impacted vessels
(vs. non-foamed vessels) in the 2nd ramp [Figure 14(b)]. Note in 2nd ramp data vessels (with/without foam) in Figure
14(b) that impacted vessels experienced an approximately 40-50% larger hit/event ratio than non-impacted vessels.
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DISCUSSION OF RESULTS
A "characteristic damage state" (CDS) is typically created in a composite material during the initial application of
stress to a particular load [4]. Two main features are common with regard to the AE typically generated during the CDS
fonnation: the AE is from uniformly distributed AE sources vs. locally concentrated sources; and, the AE occurs in great
abundance during the initial stressing but is greatly diminished in quantity during a immediate follow-up stressing (to
levels at or below the previous maximum load) [5]. In the case of the test vessels described here, the CDS of the vessel
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composite was fonned during the manufacturer's virgin proofing, before the proof test sequence with AE monitoring.
Thermally-induced AE appears to share the same two main features with CDS-formation AB. Figure 4
demonstrates the uniform nature of thennally-induced AE sources (i.e., vessels are the same at both ends), and Figures 7
and 8 show the dramatic falloff in the quantity of thennally-induced AE from the 1st ramp to the 2nd ramp.
The issues are more complex when examining AE data from foamed vessels (with/without impact), since the data
indicate that two competing effects come into consideration. The first effect also shares the same two main features of
CDS-fonnation AE, namely uniformly distributed AE sources, and a dramatic falloff in AE quantity from 1st to 2nd
ramp (Figure 13). This first effect causes an increase in the quantity of generated and recorded AE, primarily in the 1st
ramp (e.g., Figure 10 for non-impacted vessels with/without foam). The epoxy used to bond the foam in place likely
flowed (during the vacuum-bagged curing) into the visible surface cracks (i.e., transverse cracking of the unidirectional
outer hoop wraps) in the composite exterior, thus "repairing" a surface-layer portion of the transverse cracking that was
created during the CDS formation. The "repaired" composite cracks underwent a "re-cracking" in the 1st ramp of the
proof sequence, which likely lead to the cracks continuing to propagate into the virgin adhesive layer (approx. 0.2 - 0.4
mm thick) due to stress concentration. Another (likely smaller) contributor to the increased AE in the lst ramp of
foamed vessels may be due to the slight thermal effects caused by the moderate heat used during adhesive curing.
The second competing effect causes a reduction in recorded AE for foamed vessels (with/without impact) for all
portions of the proof sequence. Thermal insulation foam has been shown to cause a significant attenuation of AE
signals. In fact, an approximate attenuation coefficient of 89 dB/meter of propagation distance (for the peak amplitude
due to the effects of foam insulation alone) has been computed for data gathered from out-of-plane lead breaks performed
on flat graphite/epoxy plates (both 1.2 mm and 3.7 mm thicknesses) with a 13 mm layer of Airex® R82.60 foam
bonded on one side [6]. Thus, the presence of foam results in a reduced wave displacement amplitude at the sensor
which in tum causes a reduced recorded amplitude andlor a reduced quantity of ~ AE. since at greater distances the
AE signal will be below the system's recording threshold. The reduction in hits/event ratio for impacted vessels with
foam [see Figure 14(a)] is a good example of the result of signal attenuation; the signals simply traveled to fewer
sensors on average (i.e.• less total distance of travel) before being attenuated below the system threshold.
For non-impacted vessels, the additional AE generated by the foam/adhesive presence significantly outweighed
the reduction in recorded AE due to AE signal attenuation by the foam. The result was a significant increase in the total
AE recorded for non-impacted vessels with foam vs. non-foamed vessels; this fact was true for the 1st ramp (Figure 10)
and, to a lesser degree, for the 2nd ramp (Figure 12).
For impacted vessels, however, the net effect on the quantity of recorded AE varied for 1st and 2nd ramps. In the
1st ramp, the competing effects roughly balanced each other, and impacted vessels with/without foam demonstrated
similar accumulations of AE (Figure II). During the 2nd ramp, the attenuation of the impact-related AE due to the
foam had a more pronounced effect upon the recorded AE than the additional AE generated by the foamladhesive. So
even though there will always be an increase in the total amount of AE generated in foamed (vs. non-foamed) vessels,
there was also a reduction in the total AE ~ for impacted vessels with foam [Figure 13(b)].
The competing effects on ~ AE caused by foam and thennal cycling have important implications for
testing of real structures. In the case of foam, each of the two competing effects on recorded AE data detracted from the
ability to readily distinguish between impacted and non-impacted structures based on AE data: one effect generated
unifonnly distributed extraneous AE which was recorded; the other effect reduced the quantity of structurally significant,
localized AE recorded. It is important to note that ~ AE vs. generated AE will always be significantly affected by
the sensitivity of the sensors used in the application. It is possible that if more sensitive sensors were used, then the
attenuating affects of foam may be significantly less deleterious. However, this statement is highly contingent upon the
capability to perform accurate source location (with a location precision much smaller in area than the broad Ch. 5&8
zone approach presented here), since one must differentiate between the uniformly distributed nature of extraneous AE
vs. much more localized AE related to strength degradation due to impact damage.

As for thermal cycling, it is possible that the increase in recorded AE caused by thennal cycling may be
problematic, simply irrelevant. or perhaps beneficial depending upon several factors, including which portion of a
pressurization sequence is considered. The authors propose the following possible scenarios for consideration.
In a less desirable scenario, perhaps the additional/earlier AE due to thermal cycling may be completely
extraneous in nature, and is recorded on top of the more meaningful (Le., structurally significant) AE. If one has the
further disadvantage of being able to record and consider data only from a 1st ramp of a pressure test sequence (and not
also from a 2nd ramp), then the quantity of such extraneous AE may be large enough to be problematic, or it may be
small enough to be simply irrelevant. If one also has the countering benefit of recording and examining data from a 2nd
ramp (after thennal exposure),.then the data presented here has shown that thermally-induced AE is essentially "depleted"
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before a 2nd ramp occurs. Hence, the thennally-induced AE had no deleterious effect upon the ability to get strong
correlations between computed Felicity ratios from a 2nd ramp and actual burst strength.
From a more optimistic perspective, perhaps thermal effects would alter the microscopic nature of the composite
material such that a structure would experience a proportional increase in the quantity andlor earliness of all types of
inherent AE activity dwing the next loading after thermal cycling. An explanation of why this increased AE could occur
is if the heat portion of thermal cycling were to cause microscopic shifting (due to stress-relief) within the composite
andlor the cold portion of thennal cycling were to cause shifting or cracking due to differences in thermal expansion of
the fibers and epoxy. In other words. the heat andlor cold could have caused alterations of the composite microstructure
prior to the next loading. This theory may be somewhat analogous to the already-observed AE "resetting" effect caused
by the time-interval-history of proof tests, whereby a structure with a long time gap between proofings will exhibit
more AE on the next proof vs. an identical structure with an insignificant amount of time between proofings. Another
way to view the same concept is to consider the Felicity effect; additional andlor earlier AE will likely cause a reduction
in the computed value of Felicity ratios for the first loading after thermal cycling. The recorded AE data would occur
almost as if the previous maximum load (used in computing the Felicity ratios) had effectively been "reset" to a lower
value than reality would otherwise indicate. Perhaps the additionaVearlier AE may give a greater AE distinction between
stronger and weaker structures (at lower pressurization levels) than if no thennal cycling had occurred.
As a possible application of this potentially beneficial thermal effect. consider the case of real flight vehicle
composite fuel tanks. Post-flight pressurization tests with AE monitoring may be limited to a fraction (about half. for
example) of the previous original (maximum) proofload. Thus, a proportional increase in the quantity andlor earliness
of AE activity may greatly enhance the ability to distinguish those structures with significant strength reductions when
between-flight diagnostic load tests are restricted to a more limited maximum load value.

CONCLUSIONS
1.
2.
3.

4.

S.

6.

Adhesively bonding a thermal foam insulation layer to a composite vessel exterior surface generated an
abundance of additional AE during the 1st loading after bonding vs. vessels without foam.
Foam insulation caused significant attenuation of AE signals. This resulted in a significant reduction in the
quantity of recorded AE vs. generated AE data for vessels with a bonded foam layer.
The two competing effects of additional AE generation and AE signal attenuation caused by a bonded foam
layer can have various net effects on the cumulative sum of AE data recorded from foam-covered vessels
depending upon whether the vessel had impact damage and whether data from the 1st or 2nd ramp were
considered. The competing effects are both deleterious with regard to the ease of distinguishing between vessels
with and without structurally significant impact damage.
Thermal cycling (cryogenic cold and moderate heat) caused a significant increase in the quantity and earliness of
generated and recorded AE from graphite/epoxy pressure vessels during the 1st pressurization after thermal cycling.
The additional AE caused by thermal cycling may be beneficial when using AE data to assess the structural
integrity of real composite structures. especially when the maximum loading (with AE monitoring) after
thennal cycling may be significantly smaller than the original (maximum) proof load.
The additional AE generated (due to previous thermal cycling or the presence of a bonded foam/adhesive layer)
and recorded during the next loading was similar in character to the AE generated during the formation of a
composite's "characteristic damage state" in two main aspects: a) the recorded AE was from uniformly
distributed sources; b) the quantity of AE due to the previous thermal exposure or foam/adhesive was
significant during the 1st loading, and was substantially reduced (perhaps depleted) dwing the 2nd loading. For
example, the quantity of AE events recorded (up to 57.2 MPa) in the 2nd ramp of a non-impacted vessel with
thennal cycling was about 6% of the AE quantity recorded (up to 57.2 MPa) in the 1st ramp; similarly for a
non-impacted foamed vessel. the events recorded in the 2nd ramp were about 4% of the total for the 1st ramp.
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ABSTRACT
The fracture behavior of composite materials essentially depends on matrix toughness and on
crack resistance of fiber/matrix interface. Single-fiber pull-out tests were performed to calculate the
interface debonding energy 2f Inl . The interlaminar fracture energy GIe of continuous
fiber-reinforced composites was determined by Mode I Double Cantilever Beam (DCB) tests under
conditions of stable crack propagation.
DCB tests were accompanied by Acoustic Emission (AE) monitoring. Sizes of damage zones
ahead of the crack tip were quantified by linear location mode. A special procedure for selection and
classification of AE signals permits the identification of AE source mechanisms from power spectra
of recorded waveforms.
Results from a series of unidirectional reinforced glass-fiber/polypropylene laminates with
variation ofthe fiber/matrix adhesion are presented. A micromechanical fracture model describes the
contribution of matrix and interface mechanisms to the interlaminar fracture energy is introduced.
Damage zone extensions are used for the calculation of energy release by interface related
micromechanisms. A correlation of AE energy release rate and power of interface debonding
processes is discussed.
KEYWORDS
Acoustic Emission; Micromechanical fracture model; Damage mechanisms; Glass-fiber/polypropylene laminate; Single-fiber pull-out; Double Cantilever Beam test; Interface adhesion; Interlaminar
fracture energy.

INTRODUCTION
Correlations between structure or morphology and mechanical properties are of special
interest in materials development. The delamination resistance essentially depends on the crack
resistance of the matrix and on the debonding energy of the fiber/matrix interface.
Strength and toughness of interfaces are measured by means of single-fiber (pull-out, push-in and
fragmentation) tests [1, 2, 3].
Critical energy release rates G Ie for initiation and propagation of a delamination are determined to
quantify the resistance of unidirectional continuous fiber-reinforced composites under Mode I
opening load [4].
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A plot of G/c versus delamination length (R-curve) is generated. The calculation of
toughness values is based on the knowledge of the fracture surface created under defined stable
crack propagation. However, the exact determination of the onset of delamination growth and ofthe
delamination length is experimentally difficult [5].
Energy dissipation processes are initiated in damage zones of certain sizes and shapes ahead
of the crack tip. Poor interface adhesion in composites results in lower debonding stresses and,
thereby, in larger damage zones compared to composites with good adhesion. Composites with poor
adhesion sometimes create secondary cracks, too. Fiber bridging by fibers near the fracture surface
often occurs after initiating the delamination.
As wen, realistic calculations of fracture toughness on the basis of micromechanical
dissipation mechanisms [6, 7, 8, 9] need information about activated mechanisms and about the size
ofthe damage zone as an independent toughness parameter.
AE monitoring offers a solution to these experimental and theoretical problems. It is the aim
ofthis work to characterize the extension of damage zone and the mechanisms involved by analysing
waveforms of AE sources around the crack tip. Besides, AE results are used to approximate the
energy dissipation by a micromechanical fracture model.

EXPERIMENTAL
Single-jiber pull-out experiments were carried out with a special test apparatus of high
stiffuess [ I]. The fiber/matrix interface debonding energy 2fInl was estimated from
force-displacement curves [10]. It has to be recommended that these debonding energies, beside
others, contain energy portions for crack initiation and interface friction of debonded areas, too.
They also don't consider interactions with neighbouring fibers in real composites. That means, 2f1m
values calculated from single-fiber pull-out tests by this way overestimate the interface crack
resistance. FEM analysis of the stress field arising in a single-fiber pull-out test shows that the
interface is stressed by a (Mode I and II) mixed-mode loading condition. However, the interface
failure is dominated by the fracture Mode I [3, 11] and so far comparable to the fracture conditions
of composites in the DCB test.

DeB tests were carried out on specimens with total length I = 120mm, width B = 20mm,
total thickness 2h = 4mm and an initial delamination length ao = 30mm. Piano hinges were used as
load-introduction with a cross-head speed of 2mm/min. Precracks were produced by a diamond saw
blade. Therefore, the determination of valid initiation values (onset of non-linearity and of visually
recognizable delamination growth) was not possible. Only propagation of delamination values are
used for discussion. They were calculated according to [4] for delamination growths beyond the
maximum load point up to!!a = 20...30mm. The delamination growth was measured optically at the
edge of the specimen as well as by acoustic emission.
Tensile tests perpendicular to the fiber axis combined with AE monitoring were performed
with a cross-head speed of 2mm/min. It was the aim of this test series to determine critical stresses
for the initiation of different damage processes (interface debonding and matrix fracture) under the
same loading conditions like DeB tests.
For Acoustic Emission testing a multi-channel MISTRAS 2001 system (physical Acoustics
Corporation / USA) was used in a linear location setup (Figure 1).
Parameter of AE monitoring were: 2 wideband transducer PAC WD with a distance of 75mm;
preamplifier PAC 1220A with gain 40dB and filter HP 20 (20... 1200kHz); fixed threshold of 40dB
and transient waveform recording with a sampling frequency of 4MJlz.
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Figure I. Location of AE Sources at the DeB Test

Materials of investigation were two series of unidirectional continuous reinforced
glass-fiber/polypropylene laminates (0° lay-up) produced by PCD Polymere GmbH Linz (A) with
fiber contents of 18...250/0 by volume, fiber diameter of 18...21 J..Lm and varied fiber/matrix adhesion
by physical (matrix PP 4) or chemical (matrix PP 5) coupling with different agents.

RESULTS AND DISCUSSION
The combination of a DCB fracture test with simultaneous AE monitoring gives useful
infonnation about microscopic and macroscopic aspects of the delamination behavior.
For example, Figure 2 shows the delamination force and the AE intensity (AE energy release per
second) versus time. The progress of acoustic emission can possibly be used for the determination of
the onset of delamination growth before maximum load is reached. However, this problem is not
topic of the article. Furthermore, acoustic emissions characterize the kinetics of delamination.
'Stick-slip' effects during delamination growth are recorded by alternate decrease and increase of AE
activity or AE intensity. How following discussion will show, a correlation between mechanical
fracture energy and acoustic emission energy release exists. It is based on the AE measurement of
surface movements by stress waves from elastic energy release by fracture processes on microscopic
scale.

1CD

0,3)

8)

0.15

~

~
If

~

:?;
'0

r::

.cD

0.10 S

2)

O,(!)

.E

W
o.m

0
0

Figure 2. Delamination Force and AE Energy Release Rate at DCB Test
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Determined by Location of AE Events (Amplitude;::: 80dB)
The characterization of the average damage zone length and the determination of the crack velocity
is possible by time-dependent linear location of AE sources at the crack tip of the delamination
(Figure 3).
What mechanisms cause AE signals? The spectral analysis of acoustic emission waveforms can give
a hint to answer this question [12].
Figure 4 shows power spectra of two composites with different fiber/matrix adhesion. Intensities
with frequencies f < 350kHz (flexural wave parts) are assumed to come from matrix cracks,
intensities with f > 350kHz (extensional wave parts) from fiber breaks. Interface processes should
show both parts because ofthe interface failure induced fiber vibration.
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Figure 4. Averaged Power Spectra of Selected Acoustic Emissions from DCB Tests of
GFIPP Composites with Weak Adhesion (Left) and Strong Adhesion (Right)
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All DCB test results indicate dominating matrix cracking with altering interface energy parts.
Increasing adhesion causes stronger interface debonding processes resulting in higher extensional
wave parts of the power spectrum (see also [12]). Fiber break behavior was not detected.
From stress intensity concept of linear elastic fracture mechanics the sizes ri] of damage
zones are determined by critical stresses (j~) for initiation of energy-consuming processes (i) ahead
of the crack tip
(1)

with composite Young's modulus E c and factor ~ ~

*

[6].

Figure 5 shows experimental values of damage zone lengths determined by acoustic
emission. Interesting infomation for later discussed fracture model is not the length 1D but its height
h D perpendicular to fiber axis. For unidirectional composites we assume

2rD =h D =X lD,

(2)

with X < 1.
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Figure S. Length ofthe Damage Zone at DCB Tests Determined
by AE vs Debonding Energy of the FiberlMatrix Interface
The critical composite stress for fiber/matrix debonding can be calculated by
(3)

with stress intensity Ucr ~ 2 at the fiber/matrix interface, Elnt interface Young's modulus and dF
fiber diameter. Figure 6 shows theoretical approximation compared with experimental values for
initiation of damage processes determined by significant increase of AE intensity.
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Figure 6. Dependence of Critical Composite Stresses on Interface Adhesion
The deviation from linearity at strong adhesion indicates an embrittlement of the composite
behavior. That means, matrix fracture occurs at a macroscopic stress level before interface
debonding becomes possible.
The micromechanical fracture model

(4)
with

Gc
Q>F
Q»F
GM*
D

11M*

interlaminar fracture energy of composite,
volume of debonded fibers (0 ~ eJ> :s; <I>F),
total fiber volume,
fracture energy of modified matrix (M* ),
energy dissipation for shear yielding, craze or micro-crack processes of modified
matrix near debonded interface areas,
energy for fiber/matrix interface debonding,
fiber diameter and
height of damage zone where interface related mechanisms are initiated

F

was developed to approximate the contribution of matrix and interface mechanisms to the
interlaminar fracture energy.
The term 'modified matrix' expresses a varied micromechanical behavior in consequence of structural
and morphological changes of the matrix by fiber inclusions and coupling agents. Energy
contribution due to the fracture offiber bridges is disregarded because it is negligible practically.
Figure 7 compares theoretical and experimental results. Theoretical behavior was calculated
under the assumption that all fiber/matrix interfaces take part in debonding processes ( eJ> = <I> F ).
Heights of damage zones. were fitted by equation (2) with x = 1/4.

F
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Figure 7. Theoretical and Experimental Contribution of Interface
Debonding Processes to Interlaminar Fracture Energies
Increasing matrix toughnesses shift GIe to higher levels. For the same matrix type theoretically
fracture energies of composites only depend on debonding energies.
How discussed previously, the experimental fracture energy shows, however, a transition from a
tough to a brittle composite fracture behavior after exceeding the optimum adhesion. Above this
optimum less fibers take part in debonding processes (~~ < ~ F) and related energy parts decrease.·
The modified matrix fails more brittle in consequence of strong interaction between fiber and matrix.
From analysis of AE signals it was pointed out that interface adhesion influences the power
spectrum in the extensional wave part. A suitable feature calculated from conventional acoustic
emission characteristic is the AE energy release. AE energy release rates in Figure 8 show a quite
similar tendency like experimental interlaminar fracture energies of composites (Figure 7).
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Figure 8. Correlation of AE Energy Release Rate and Power of FiberlMatrix Debonding
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Since AE energy portion from matrix sources should be nearly constant this effect results from
mechanical power of interface debonding mechanisms in the damage volume. AE energy decreases,
if debonding process is omitted and brittle matrix fracture becomes dominant. A physically better
founded correlation could be achieved by using waveform energies [y2S] instead of energy
equivalences [Vs].

CONCLUSIONS
Acoustic emission monitoring gives useful information about the fracture behavior involved
with DCB tests (delamination onset, kinetics of crack growth and micromechanisms).
Interface processes are characterized by enhanced parts of extensional wave components
(j> 350kHz) in the power spectrum.
The influence of interface adhesion on the interlaminar fracture energy is characterized
micromechanically by a linear increase with the fiber/matrix debonding energy.
Debonding and related processes become impossible above an optimum adhesion. Modified matrix
as well as composite fracture behavior changes from tough to brittle.
The AE energy release rate corresponds with the power of microprocesses occuring at the
damage zone.
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