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Meeting Calendar

AEWG 54

The 54™ Meeting on Acoustic Emission Working Group will be held on May 21-23, 2012 at
Princeton, NJ. The host is Dr. Mark Carlos of Mistras Group/Physical Acoustics. More
information is available at www.aewg.org. The first two days are for technical (and business)
sessions and Wednesday, May 23, is for international committee meetings (RILEM TC-MCM &
ISO TC135/SC9/WG4), half day each. For accommodation, call Hyatt Regency Princeton, +1 (609)
987-1234 or http://www.Princeton.Hyatt.com.

EWGAE 30 -ICAE 7

The 30™ European Meeting on Acoustic Emission Testing and 7" International Conference on
Acoustic Emission will be held on September 10-12, 2012 at Granada, Spain. The host is
University of Granada and the organizing committee is co-chaired by Drs. Antolino Gallego and
Amadeo Benavent-Climent. Key dates are, Abstract submission: March 25, 2012 and
Submission of full papers: June 15, 2012. See more information at 2012.ewgae.eu. More can be
requested from Leandro Morillas, Scientific Conference Secretariat, ewgae2012@ewgae.es, Tfl:
+34 958241000 (Ext. 20411) Granada (Spain).

TAES 21
Japanese Committee on Acoustic Emission (JCAE) plans to hold 21st IAES on November 27-30,
2012, at the Okinawa Jichikaikan in Naha city, Okinawa, Japan. It is the 21* in a series that
began in 1972. Key dates are, Abstract submission: June 30, 2012 and Submission of full papers:
August 24, 2012. See more information at iaes21.org. More can be requested from

Dr. Manabu ENOKI,

Department of Materials Engineering, The University of Tokyo

7-3-1 Hongo, Bunkyo-ku, Tokyo, 113-8656 Japan

Email: info@iaes21.org; Phone: (+81)3-5841-7129; Fax: (+81)3-5841-7181
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AE Activity: Report of WCAE-2011 Beijing: Gongtian Shen

World Conference on Acoustic Emission - 2011 Beijing was held from Aug. 24 to Aug. 26, 2011
in Beijing, China. A total of 136 people from 19 countries attended this conference. The
Proceedings published 88 papers*, including six keynote lectures, 44 orally presented papers and
20 poster presentation. Business meeting were held in the afternoon of Aug. 24, 2011. 114
delegates from 19 countries attended this meeting. A motion for establishment of the World
Congress on Acoustic Emission, the name of which was changed later to International Society on
Acoustic Emission (ISAE), was passed by the majority of the delegates. Allen Green (USA) was
elected as the Honorary President of ISAE and Gongtian Shen was elected as the Interim
President of ISAE. The constitution of ISAE is being drafted. The elected Interim Executive
Board meeting in Aug. 26, 2011 decided that the next WCAE will be held in October, 2013, in
Shanghai, China.

* Twelve papers from the Proc. of WCAE2011 are included in this Volume after revisions.

Dr. Gongtian Shen, Chairman of WCAE2011, presented one of the six keynote lectures.

Scenes from the WCAE2011 venue.
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MODAL AE ANALYSIS OF FRACTURE AND FAILURE IN COMPOSITE
MATERIALS, AND THE QUALITY AND LIFE OF HIGH PRESSURE
COMPOSITE PRESSURE VESSELS

MICHAEL R. GORMAN
Digital Wave Corporation, 13760 E Arapahoe Rd, Centennial, CO 80112

Abstract

The use of modal acoustic emission testing and analysis techniques to determine the quality
of newly manufactured vessels and to detect and analyze damage in vessels that are in service
can provide the required confidence in the safety of high pressure composite (HPC) pressure ves-
sels operated at pressures up to 103 MPa (15,000 psi). These vessels are made of composite ma-
terials, such as carbon fibers embedded in a resin matrix, the fiber content being approximately
60% by weight. A practical method for distinguishing fiber break and matrix cracking events by
a combination of energy and frequency is described and a new rolling ball impact energy calibra-
tion technique provides a method for comparing source energies with wave energies. Back-
ground energy oscillation appears to give detailed insight into failure progression. Fiber-bundle
tip vibration can reveal the presence of already broken fiber bundles. The curvatures of cumula-
tive events and energy curves quantitatively measure pressure vessel stability and are used in the
current ASME code as accept-or-reject criteria for HPC pressure vessels. These tools are useful
for manufacturing acceptance, in-service testing, quality control, fatigue, stress rupture and com-
posite repair applications.

1. Introduction

This work is compendium of results developed over the past twenty years on the study of
acoustic emission (AE) in composite materials, particularly in high pressure composite pressure
vessels fabricated with composite materials like carbon and glass fibers embedded in an epoxy or
polyester matrix. All of the testing described herein was performed with wideband sensors, as
opposed to the resonant types that have been traditionally used in practical AE testing, and all
analysis was done on the recorded waveforms. Ever since the original discovery that plate waves
[1] were the main practical waves to be studied in AE work on composite pressure vessels, and
indeed metallic vessels and many other practical structures as well, all work done by this author
has been based on the capture and analysis of wideband waveforms. Since the publication of [1],
many articles by different workers have been published under various titles such as plate wave
AE [2, 3], wideband AE, waveform-based AE [4, 5], guided wave AE or wave-based AE as can
easily be seen by doing a web search using these key words. There are now many works pub-
lished on the subject and this subject has come to be known in the literature more and more as
modal AE [6]. Accept-or-reject criteria of high-pressure composite (HPC) pressure vessels in
the current ASME code for newly manufactured vessels and under consideration by NBIC (Na-
tional Board Inspection Code) for in-service vessels are based on this foundation.

1.1 Acoustic Emission in Composite Materials

Composite fracture mechanisms are manifold but consist mainly of matrix cracking, delamina-
tion between layers, fiber breakage, fiber to matrix debonding and fiber pull-out. These are the
sources of AE in the material. Another very important source is friction between newly created
fracture surfaces.

J. Acoustic Emission, 29 (2011) 1 © 2011 Acoustic Emission Group



An AE event is an impulse or transient wave that propagates outwardly in all directions from
a source. A source is a disturbance, such as a fracture or rupture in the material that gives rise to
the transient stress wave. Sources and waves can be modeled using elastodynamic theory. As
the wave propagates through a plate-like material it changes shape due to dispersion and attenua-
tion. The wave is detected by one or more sensors coupled to the material at some distance from
the source. The detected signal that is analyzed is called the waveform. Since there are multiple
fracture mechanisms in composites, the waveform produced by a given fracture mechanism must
be distinguished from all others if the fracture mechanism is to be uniquely identified.

An AE waveform is distinguished by 1) the wave (mode) shapes, 2) the wave (mode) ener-
gies and 3) the wave (mode) frequency spectrum. The waveforms can be calculated using elas-
todynamic theory. Stress and strain analysis, fracture mechanics and testing of composite mate-
rials provide additional insight into how to use the elastodynamic modeling to analyze measured
waveforms. The waves are analyzed to determine whether the source is a delamination, small
matrix crack event, fiber breakage event, frictional event or simply unwanted noise.

In propagating through the material AE waves behave much as any other sound waves. They
can reflect, refract and diffract depending on the material and structural features encountered.
The most salient feature of waves in plates is dispersion. Theory predicts that the different fre-
quency components travel at different speeds. This means that the wave will change shape as it
propagates. The waveforms shown in Fig. 1 are examples of the by now well-known E and F
waves, or, extensional and flexural wave modes, respectively. The change in shape, or disper-
sion, can be readily seen between channels three and channel four some distance away. This is
not just a reduction in amplitude, but an actual physical separation and recombination of the dif-
ferent Fourier components in the waves. Superposition of these components creates the shape of
the wave modes at any given point in time and space.

av> ¢ x Tiusec. V:Volt Freq kHz

Fig. 1. The waveforms for an event in a composite pressure vessel. The wave arrives first at
channel 3. Ordinate is volts and abscissa is time in Is.



1.2 Composite Pressure Vessels in Fatigue

Composite materials consist of many types of material systems such as fiberglass/polyester, fi-
berglass/epoxy, aramid fiber/epoxy and carbon fiber/epoxy, plus hybrid systems. The fatigue
performance varies with the material system, structural design, ply angles or winding angles,
laminate stacking sequence or winding pattern, cycle loads and loading pattern and so forth.
Test specimens have survived hundreds of thousands or even millions of loading cycles. Com-
posite materials are now used for the primary load bearing components of several military and
civilian aircraft due to their long fatigue life and weight advantages. Composite materials have
been used since the 1960s for construction of high-pressure rocket motor pressure vessels.
Composite pressure vessels in CNG service have been around for a couple of decades. DOT ap-
proved 31 MPa (4500 psi) self-contained breathing apparatus (SCBA) cylinders made with com-
posite materials are routinely used by firemen around the world.

It has been well-known and accepted since the late 1980s that there are literally thousands
upon thousands of tiny matrix cracks in a typical composite pressure vessel after the first few
loading cycles. Composite failure progresses in stages. A point is reached called matrix crack
saturation. From this stage onward more critical fiber breakage occurs. Experience shows that
pressure vessel failure is mainly due to fiber failure.

1.3 Literature Discussion — High Pressure Composite Vessels and Fatigue

There is a body of literature on AE monitoring during testing of pressure vessels going back to
the 1970s. Perhaps the most referred to study of HPC pressure vessels under fatigue loading is
the work by Chiao et al. that was performed at Lawrence Livermore and published in 1978 [7].
The fatigue tests were run at a fairly high maximum tensile stress of 91% of average burst pres-
sure. This is very high compared to the operating pressures of ASME, DOT, and ISO pressure
vessels where the fatigue stress ratio is normally less than 40%. AE monitoring was applied only
to the specimens that were pressurized quasi-statically to burst. The 25 fatigue specimens tested
in that program were not monitored by AE.

Awerbuch et al. published in 1984 [8] perhaps the most extensive laboratory study of AE in a
composite material used for pressure vessels undergoing fatigue loading. In that work 96 coupon
specimens cut from filament wound graphite/epoxy panels were tested. One-third of the panels
were loaded quasi-statically to failure in tension and about one-third were cycled in tension to
progressively higher loads until failure. The remaining one-third of the specimens were cycled
at a fatigue ratio of 0.1 for either 5,000 cycles or 15,000 cycles. Some details of this study are
worth mentioning here.

The specimens were examined under a 250x closed-circuit TV camera while undergoing loading.
Damage development could be monitored in real-time along with the AE. After cycling, the speci-
mens were loaded in tension to failure (rupture). Some of the specimens had damage inflicted in the
form of notches. After failure, the specimens were examined by photomicrography and scanning elec-
tron microscopy to examine the fracture surfaces. Material from each plate, from which the speci-
mens were machined was documented before testing to get a baseline of the material before any load
was applied. X-ray radiographs and ultrasonic C-scans were taken of the original and tested condi-
tion. All these different examination provided details about the failure mechanisms.

During fatigue loading, the camera was focused on the edge of the specimen and matrix cracks were
observed to initiate at the voids in the matrix. Gradually the cracks would link the voids together.
Transverse cracks would also appear in the 90° plies. This was followed by delaminations between
the helical plies, the 90° plies and the 0° plies. The opening and closing of the rugged fracture sur-
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faces was easily observed to correlate with the AE. Indeed, most of the AE was clearly due to fric-
tional rubbing of the fracture surfaces.

The emission events, E, were accumulated as a function of cycle number, N, and an interesting fact
was that the emission would suddenly jump to a new level after so many hundreds of cycles. The
events would then accumulate linearly for a while before another major increase would be seen. De-
spite all of the damage that occurred during cycling, an increase in the average remaining strength
was observed. The specimens that were cycled 15,000 times at the highest absolute stress did show a
slight reduction in strength of about 9%. All cycled specimens showed an increase in compliance
over specimens that were not cycled.

Maximum fatigue load and stress had a dramatic effect on AE events. For example, an increase of
maximum fatigue stress from 47% to 53% changed the event sum after 5,000 cycles from around
10,000 events to over 30,000 events for identical undamaged specimens, but there was no effect on
strength. One would conclude that, left undamaged by any outside influences, the fatigue capabilities
of filament wound graphite/epoxy composite material are very good.

Testing specimens in tension to failure after they had been cycled showed that AE events initiated at
approximately 8 — 10% of the fatigue load. This was most likely due to frictional emission and not
new damage. The data showed that it takes a higher load of about 120% of the fatigue load to stimu-
late emission from new damage.

The specimens that had damage inflicted, in the form of double edge notches, failed at lower loads, as
expected due to the reduced cross section remaining after notching. AE also initiated at a lower load.
All notched specimens failed close to the notches.

From this work we conclude that inflicted damage, not (low cycle) fatigue, is the key factor
that will affect the strength of filament wound graphite/epoxy pressure vessels. The stress con-
centrations created by significant damage will cause crack growth and/or fiber breaks, which re-
lease AE impulses.

Fiber breakage and matrix cracking details were discussed in [2] and [4] and in a report by
Failure Analysis Associates to General Motors Corporation, 1997 [9]. NGV Type Il vessels had
short cuts introduced across their carbon fibers and were subsequently pressure cycled for 15,000
cycles. The stress concentration at the ends of the cuts led to matrix cracks (splitting) that gradu-
ally worked their way completely around the circumference. The AE waveforms from the ma-
trix cracks were captured and stored. Burst testing showed that the effect of the cracks on vessel
strength was negligible. NGV Type IV vessels were cycle tested for 15,000 cycles. Impact
damage had a large effect on strength reduction. As part of this test program, a laboratory study
of fiber tow specimens elucidated the spectra of fiber breaks and matrix cracking. As expected
from theoretical calculations [10], fiber breaks and matrix cracks had different frequency spectra.
However, it was noted that the spectra can overlap and thus the spectrum alone is not sufficient
to distinguish the two; their respective wave energies must be taken into account. A method for
doing this is given in this paper.

Fultineer and Mitchell [11] discussed the results of testing carbon-fiber overwrapped pres-
sure vessels that had been in service. They proposed a specific number of AE (ringdown) counts
as a criterion, by which to remove vessels from service. ASTM E2191-10 for this type of vessel
(size limited to 2.5 cubic feet of water volume) is a standard based on this. Interestingly, the no-
tion of using the “knee” of the cumulative AE count curve is mentioned but not used; that is, it is
not developed into a criterion for dispositioning vessels. Using the “knee” to disposition vessels
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has been problematic. We propose, however, that the shape of the cumulative AE event curve at
pressure holds can be used to determine if the vessel stabilizes appropriately. Our experience
shows that the exponential fit to pressure hold “rollover” or curvature of the cumulative events
curve for hundreds of identically manufactured vessels falls into a certain range of values. This
is not unexpected for it is essentially a measure of the relaxation time of the material under load
and a measure of the quality and repeatability of the manufacturing process.

2. Waveform Recording

The E and F waves are digitized and stored for analysis. The recording system, including
sensors, or, transducers, must have proper sensitivity, fidelity, signal to noise ratio and band-
width so that the E and F waves can be identified. The equipment needed for AE testing of HPC
pressure vessels is quite straightforward.

A typical recording system consists of

sensor

preamplifier

high-pass and low-pass filters

amplifier

A/D (analog-to-digital) converter

a computer program for the collection of data

a computer monitor for the display of data

a computer program for the analysis of data

Itis deswable that the front end of the E wave for a given event be distinguishable; i.e., that it has
not been interfered with by superposition of another wave so much so that it cannot be clearly
identified and used for analysis purposes. This is called a clean front end.

O No WM R

There is usually some amplification applied to the signal. Typically, for the first pressuriza-
tion of a virgin vessel, an 80-dB threshold is used so that only the higher energy events are de-
tected. A 56-dB threshold or lower is used for subsequent pressurization and fatigue cycling.

Sensors are coupled to pressure vessels by some viscous liquid or gel; for example, silicone
vacuum grease. They are positioned by measuring the propagation and attenuation of waves ex-
cited by pencil-lead breaks. The displacement of the wave motion on the surface of a vessel is
desired, so, ideally, sensor calibration would be in volts/meter of displacement over a specified
frequency range. This can be done with a basic Michelson interferometer setup such as that used
at NIST. This also aids in making comparisons with elastodynamic calculations. Sensor sensi-
tivity is usually in the range of about 0.1 VV/nm over the range from 50 to 400 kHz.

3. Fiber Breakage Events and High Frequency Components in the Frequency Spectrum

Fiber-bundle breakage is the most severe kind of event as far as pressure vessel strength is
concerned. Reasoning is given below that suggests that AE waveforms due to fiber-bundle
breakage can be distinguished in practical testing 1) by the presence of the highest frequencies
available in AE signals, and 2) by the shape of the frequency spectrum; that is, by the relative
energies of various spectral ranges within the frequency spectrum. The mode shapes are highly
dependent on the exact material, thickness and location of the fiber breakage within the material
but are of distinctive waveforms.



Since real composites are not transparent and individual fibers are small (~10 'm diameter)
the conjecture that fiber breaks are occurring can only be proved indirectly, but the evidence
comes from several directions, both theoretical and experimental. There are several pieces of
evidence that fiber breakage is detected: 1) by elastodynamic modeling, 2) by simple physical
considerations using typical fiber and matrix properties, 3) by the fact that the distinctive wave-
forms occur at the higher loads as predicted by statistical fiber failure (weakest link/shear lag)
models and confirmed by experiment, 4) by the fact that the distinctive types of waveforms occur
in great numbers at the higher loads but not at the lower load levels, 5) by the appearance of fiber
broken end tip vibrations (more about this later) only after the fiber break waveforms appear, 6)
by work - energy considerations based on the direct observation of fiber breaks in specially pre-
pared coupon specimens.

A crack may look, for example, like a displacement jump. The jump in opening is some fi-
nite value and because of continuity the crack must begin and end in unruptured (but possibly
stretched) material. A jump is often modeled as a step function or impulse or some other func-
tion. Any function can be considered as a sum of Fourier components so a simple way to think
about a crack is to think of building it out of oscillators of varying material constants and
stretches. In wave propagation theory, the source characteristics determine the wave frequen-
cies, while the material dictates the velocity and wavelength. Considering a fiber as a spring, the
oscillator force (F) can be written in length change (**L)

F=KkAL,

where the spring constant is k = EA/L. Taking mass m = pV and V=AL, the angular frequency
(#) can be written

®> =k/m=AE/ml=AE/pVL=E/pL’.
Using values for glass fibers,

1 =./22(10°)/2.6(10°) / L
or f=463/L, while epoxy values yield

1 =./2(10°)/13(10%) / L

or f = 197/L. It can be seen that, all other things being equal, the (highest) frequency in a matrix
crack is about half that of a glass-fiber break. Higher frequency ratios can be expected in CFRP
composites. Relative frequency values similar to those calculated here are close to those found
in experimental data.

Another physical approach to deciding if fiber breakage occurs in much shorter time than
matrix ruptures is to consider the velocity of sound in the matrix versus the fiber. Crack speeds
can be no faster than the speed of sound and, in fact, have been found to be far less. Theoreti-
cally, crack surfaces can be created at the Rayleigh surface wave speed. The velocity of sound is
much faster in fiber than matrix.

To investigate the frequency spectrum further, the elastodynamic governing equations for a
composite plate were coded in a computer program. Typical graphite/epoxy moduli were in-
serted and the waveforms due to different source motions were calculated. The forcing function
was chosen to be an impulse and impulses of varying time lengths were studied. As expected,
the highest frequencies were in the waveforms produced by the fastest source, confirming the
physical reasoning above. Notably, the calculated waveforms resembled those in experimental
data suspected of being fiber breaks.



Next, we turn to the experimental evidence. Hundreds of pressure vessel tests were investi-
gated over many years, including both CFRP and FRP vessels, to determine when waves with
the highest frequencies appeared as a function of load level, or pressure. Waveforms with the
highest frequency components occur as the higher load levels are reached. Importantly, the
number of these waveforms per unit time increases (greater rates) above 80% of ultimate stress
in agreement with statistical fiber failure theory. Laboratory tests on impregnated fiber tows and
on coupon specimens were carried out as well and show the same pattern as above; that is, at the
higher load levels, waveforms containing higher frequencies begin to appear and increasingly so
as the specimens are ramped to failure [9, 12].

Waveforms from the test of an FRP vessel are exhibited in Figs. 2 — 4. They show the differ-
ences between matrix cracking and fiber breakage waveforms by their frequency spectra and en-
ergy differences.
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Fig. 2. Matrix splitting waveforms in a unidirectional FRP overwrapped vessel. The spectra for
these waveforms (channel 3, 4, 5) are shown in Fig. 3 below.



The waveforms for matrix splitting, as shown in Fig. 2, are observed frequently throughout
tests and they can be quite energetic achieving loud audible sounds. The cracks can be observed
in many semi-transparent or translucent materials FRP materials. The frequencies of these very

large energy matrix events are very low and it can be seen in Fig. 3 that they excite sound in the
audible range below 10 kHz.

Fig. 3. Amplitude (linear, volts) versus frequency for channels 3, 4 and 5 on a fiberglass vessel

showing the spectrum of the matrix cracking (splitting) occupies mainly the low frequency part
of the spectrum below 50 kHz.

Fig. 4. a) Waveforms of fiber breaks on a ramp to burst at about 80% of ultimate load. Note
multiple breaks. Broad spectrum uses entire range of the transducer response.
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Fig. 4. b) Broad FFT spectra of fiber-break signals at 80% of ultimate load covering entire range
of the transducer response. Channel 5 (bottom) data is from a short segment between blue lines
in Fig. 4a.

Turning next to fiber-break waveforms in this same test, we can see the much broader spec-
trum. The wave window in Fig. 4a for this same vessel at about 80% of burst pressure shows
several fiber breaks. These waveforms have sharp front ends and high frequencies, shown in
Fig. 4b. These are events with much higher frequencies in the spectrum. The higher frequencies
of a fiber break may even be superposed on the lower frequencies of a matrix crack. Fiber
breaks may be present alone or they may occur during matrix fracture, in which case the wave-
forms will be superimposed on each other.

We conclude based on the experimental evidence and theoretical reasoning that we are ob-
serving fiber breaks. Based on reasoning about the energy involved in the source motion, we are
likely observing (partial) fiber-bundle breaks. The energy in AE waveforms is discussed later
after an energy calibration method is presented. The distribution of energy in the frequency
spectrum, which is, of course, related to waveform shape, is required for unambiguous identifica-
tion of fiber breakage.

Next, we discuss an interesting type of waveform that is observed only after fiber breakage
has occurred, namely, an extremely narrowband waveform. This type of AE wave can be ob-
served quite often in composite pressure vessel tests. The (center) frequency varies with differ-
ent materials and geometries, but they typically look like the one shown in Fig. 5.
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Fig. 5. The waveform and spectrum of a fiber-bundle vibration. The wave is between two verti-
cal blue lines near 4000 !'s on top figure and is shown expanded in the insert.

Thus, not all the sharp spikes are fiber breaks. Some are due to fiber vibration. These events
can show up at just about any point in the pressurization after fiber (bundle) breaks have oc-
curred arising as frictional events on pressurization and depressurization. They can accompany a
fiber-break waveform as well.

4. Energy of AE Waves

The energy in an AE wave depends on the amount of motion at the source, i.e., the size of the
disturbance to the wave propagation medium. Different fracture sources have larger and smaller
motions (displacements) associated with them. For example, matrix splitting along the fiber di-
rection in a unidirectional composite can be a large motion that creates high-energy waves. Indi-
vidual fiber breaks do not involve significant motion and, therefore, according to work-energy
considerations, should be relatively low energy events, especially below 80-90% of burst pres-
sure. On the other hand, the motion of matrix cracks involves much greater volume of material,
than a fiber break and would therefore be much more energetic. For example, matrix cracking
along a fiber direction, sometimes called splitting, can be so energetic that it is audible.

Fiber-break waves have distinct features. Even when the wave appearance is similar to ma-
trix fracture waves in time space, the difference is clear in the frequency domain. A fiber break
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is a fast source, while a matrix crack evolves much more slowly due to greater than ten to one
difference in their tensile moduli. The speed of the fiber break produces the high frequencies,
much higher than a matrix crack event can produce. Frequencies higher than 2 MHz have been
observed in proximity to a fiber break [12]. However, these very high frequencies are attenuated
rapidly as the wave propagates. Practically speaking, the observation of frequencies above 300
kHz, combined with certain other characteristics of the frequency spectrum, is enough to confirm
a fiber break. It should also be noted that it is fiber-bundle breaks that are usually detected in
structural testing and not the breaking of individual fibers. The energies of individual fiber
breaks are very small, about 30 nJ for a glass fiber, for example.

4.1 Scaling Fiber Break Energy
The wave energy is computed by the formula

U:jrﬂdt/z,

which is the formula for computing energy in the AE signal, where V is the signal amplitude in
V and Z is the input impedance at the preamplifier.

Fig. 6. Rolling ball impact calibration setup.

A rolling ball impactor was used to create an acoustical impulse in an aluminum plate. The
measured energy in the wave was then used to scale the fiber-break energy. See Fig. 6. The im-
pact setup uses a steel ball 12.7 mm ($”) in diameter, made of chrome alloy steel hardened to R¢
63, precision ground and lapped to a surface finish of 38 nm, within 2.5 I'm of diametral accu-
racy and sphericity within 0.63 'm. The plate of 7075-T6 aluminum was 1220 x 1830 x 3.2 mm
size and simply supported by steel blocks. The inclined plane was aluminum with a machined
square groove 9.5-mm wide, which supported the ball and guided it to the impact point. The top
surface of the inclined plane was positioned next to the edge of the plate and stationed below the
lower edge of the plate such that the ball impacted with equal parts of the ball projecting above
and below the mid-plane of the plate. A mechanical release mechanism was used to release the
ball down the plane. The ball roll length was 305 mm and the inclined plane angle was six de-
grees. The impact produced an impulse that propagated to sensors coupled to the surface of the
plate 305 mm away from the edge. The sensors were coupled to the plate with vacuum
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grease. The energy of the leading edge of the impulse, known as the wave front, was measured.
The vertical position of the ball impact point was adjusted gradually in order to “peak up” the
acoustical signal, much as is done in ultrasonic testing where the angle is varied slightly to
maximize the response. The center frequency of the first cycle of the E wave was confirmed as
125 + 10 kHz. See Fig. 7. The energy value in J of the first half cycle of the E wave was used to
scale the fiber-break energy, as illustrated later in this work. This provided an “end to end” cali-
bration meaning that the energy was measured using the complete AE instrumentation (sensor,
cables, preamplifiers, amplifiers, filters and digitizer) that was used in actual test situations.

Fig. 7. Front end of waveform created by rolling ball impact calibration setup. FFT shows cen-
ter frequency of first cycle (between two blue lines) is approximately 125 kHz.

The energy linearity of the complete AE instrumentation (sensor, cables, preamplifiers, am-
plifiers, filters and digitizer) was measured by using different roll lengths of 203, 305 and 406
mm. The start of the E wave was taken from the first cycle of the waveform recognizable as the
front end of the E wave to the end of the E wave which was taken as 10 !s later. (The time was
calculated from the dispersion curves for the specified aluminum plate.) A linear regression was
applied to the energy data and a goodness of fit R? > 0.9 was obtained.

4.2 Fiber-bundle Breakage Energy Calculations and Accept/Reject Criteria

Now that scaling AE waveform energy has been covered, we can show how it is used to develop
accept/reject criteria for pressure vessels. In order to determine if fiber-bundle breakage has oc-
curred during the filling operation, the frequency spectra of the direct E and F waves are exam-
ined and the energies in certain frequency ranges are computed as given below.
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Definitions
Energies (U) in the ranges are defined as
50 — 400 kHz: Uo
100 - 200 kHz: U,
250 — 400 kHz: U,
The criteria for determining if high frequency spectrum events have occurred are given by the follow-

ing formulas:
Uo/(Urgg) % 10%
Uz/(Ul + Ug) % 15%
U,/ Uy % 10%

The percentages given are conservative and may mark some matrix fracture waveforms but not miss
any fiber fracture waveforms. They can be adjusted if needed to accommodate a less conservative
criterion for the detection of damage growth. Uggg is the energy of a fiber-bundle break calculated
using the average breaking strength found in the literature, either from the manufacturer’s data or in-
dependent test data. The formula used for calculating average fiber break energy is

,2

Urs = Al
2

where & is the strain to failure of the fiber, E the Young’s modulus of the fiber, A is area of the fiber
and | is the ineffective fiber length for the fiber and matrix combination. If the ineffective length is
not readily available, four (4) times the fiber diameter is conservative. We take Uggg = 100 X Ugg,
where Urs has been calculated and scaled by the rolling ball impact energy as in the examples below.
If these criteria are met, fiber-bundle break damage has occurred during the test and the vessel should
be removed from service. Common fiber-bundle sizes are 1000 and 3000 fibers per tow so 100 fibers
represents a partial bundle break.

Example of Fiber Break Energy Calculation

Suppose d =7 I'm, E = 69.6 GPa and ¢ = 0.01 (average breaking strain) for some type of glass fiber.
Using A = "d%4 and | = 4d, Ugg = 30 nJ. Note that this is just an example for one composite material.
The values used to calculate fiber-break energy need to be appropriate for the material being tested.

Example of Scaling Calculation
Suppose that the rolling ball impact (RBI) acoustical energy measured by a particular high fidelity AE
transducer is U"%zg = 0.5 nJ and the impact energy Ugg = 1.9 mJ (due to gravity). Fiber break en-
ergy of a glass fiber Ugg = 30 nJ would correspond to a wave energy

UAEFB = Ugs X UAERBI [ Ugg

=30nJx 0.5n)/19mJ = 7.91J.

This is the number used to calculate the value of Urgg and is used as the fiber-break energy in the ac-
ceptance criterion above and the energy acceptance criterion illustrated below in Section 5.

Amplifier Gain Correction
All energies are corrected for gain. (20 dB amplifier gain increases apparent energy 100 times and 40
dB gain 10,000 times.)

Typically, the failure of a high-pressure composite vessel is fiber dominated but delamination

also can be measured by modal AE techniques. The analysis methods are based on identifying
the delamination events by the wave characteristics [13].

5. Frictional Acoustic Emission (FRAE)

Friction between fracture surfaces plays an important role in understanding AE in fatigue

testing. It is an indicator of the presence of damage because it is produced by the frictional rub-
bing between existing and newly created fracture surfaces. Even the presence of fiber-bundle
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breakage can be detected by examining the waveforms produced by frictional emission. Increas-
ing FRAE intensity throughout a pressure cycle means more and more damage has occurred.

FRAE is also useful for detecting stress concentrations. For normal vessel behavior, FRAE
is distributed fairly equally, channel by channel, over the entire vessel. An active channel points
to a stress concentration near that sensor.

FRAE commonly consists of three types of waveforms, 1) broadband (both high and low fre-
quencies in both the E and F waves), 2) low frequency rumbling (mainly F wave) and 3) narrow-
band waves. The narrowband waves have been observed in pressure vessel testing going back
some years and are of particular significance. The tips of fiber bundles protrude into the void at
a break and the bundle acts like a small, cantilevered beam. The fundamental vibration mode,
and sometimes a couple of higher order modes, can be observed in the frequency spectrum. Ex-
perimental studies carried out on bundles and partial bundles at the edge of composite coupons
and theoretical calculations of the beam frequencies corresponded well with fiber-bundle sizes
and lengths measured. These results will be presented elsewhere, but see Fig. 5 for a characteris-
tic waveform and singular spectrum appearance. These vibrations are often observed just after a
fiber-bundle break event. They also are observed during depressurization as fracture surfaces
recombine and sometimes are even detected on pressurization as fracture surfaces separate and
activate the vibration.

The broad bandwidth FRAE waves are due to rubbing between fracture surface flanks. The
asperities on the crack flanks often grab, stick and then give way rapidly which results in a
broadband signal that can sometimes contain very high frequencies, though not as high as in the
fiber break waveforms discussed previously. Sometimes the fracture surface rubbing excites
waves of only low frequencies that have their own unique appearance. Usually, all three types of
FRAE are excited during depressurization when all the fracture surfaces try to rejoin and fiber
bundles are stimulated into vibration as the plastically deformed areas no longer fit precisely to-
gether, creating mechanical forces within the material.

It should be noted that a certain amount of FRAE is normal on every cycle both on loading
and unloading. Large deviations in the intensity (numbers of waveforms and their energies) of
frictional events from the average expected indicate that new damage has occurred. It should be
noted that a certain amount of FRAE is normal on every pressure cycle, both on loading and un-
loading. Copious and energetic FRAE indicates the presence of extensive damage.

5.1 Acoustic Emission Allowance Factor, F

Friction between fracture surfaces plays an important role in understanding AE in fatigue testing.
It is an indicator of the presence of damage because the frictional rubbing between existing and
newly created fracture surfaces produced it. As noted above, even the presence of fiber-bundle
breakage can be detected by examining the waveforms produced by FRAE. Increasing FRAE
intensity throughout a pressure cycle means more and more damage has occurred. Therefore, for
a vessel to pass, no AE event should have energy greater than (F) x Uggat any time during the
test. We call F the acoustic emission allowance factor. The smaller the allowance factor, the
more conservative the test. For example, an F = 10" is the equivalent of more than three fiber
tows, each tow consisting of 3,000 fibers, breaking simultaneously. This should be a conserva-
tive figure in most cases for vessels containing hydrogen, air, and other gases, such as natural
gas.
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6. Background Energy Oscillation

Damage decreases the ability of the composite material to redistribute load effectively.
Composite materials work by redistributing load from broken, weaker fibers to stronger neigh-
boring fibers that can carry the load. While this process is occurring the material is locally strain-
ing and producing scores of small tremors. If these small tremors continue, strong emissions will
eventually follow because the composite is unable to handle the load as normally expected. The
small tremors are numerous and form an almost continuous signal that is observed as an increase
in the background energy. We define background energy as the minimum of the average energy
over a preset length of time in the waveform window. The moving average of the energy data is
plotted against time, along with the pressure. The number of points in the average depends on
the type of vessel and test.

As a composite pressure vessel progresses towards failure under increasing pressure, an in-
teresting effect appears. As a vessel is loaded to higher pressure, the background energy begins
to oscillate. In a monotonic loading to burst it seems to indicate the precise point in the cumula-
tive events curve, at which significant damage begins to occur. Background energy oscillation
appears to be associated with the onset of significant fiber breakage, which primarily dictates
composite (pressure vessel) failure.

The data in Figs. 8a and b are for two fiberglass-overwrapped vessels that burst at 114.6 and
102.9 MPa (16683 and 14972 psi) or about 11.7 MPa (1700 psi) apart. The oscillations began at
62.4 and 51.9 MPa (9082 and 7551 psi), respectively. A 50-!s window was stepped through
each waveform window recorded during the test and the energy was computed. Then, the mini-
mum was found. The energy in the pre-trigger portion of the waveform window is a good way
to observe the fluctuations in the background energy, and the pre-trigger energy (PTE) also
shows the background energy oscillation effect. A 30-point moving average of the energy min-
ima is plotted in the right figures of Figs. 8a and b. See three more examples in Figs. 9a-c. The
data in Figs. 9a, b, and c, are for carbon-fiber overwrapped pressure vessels. The background
energy oscillation points are 60.7, 69.9, and 77.3 MPa (8837, 10180, and 11264 psi), respec-
tively. Oscillation of background energy is observed at much lower pressures than burst pressure
if a vessel is weak and starting to fail prematurely. Background energy can be used as an ac-
cept/reject criterion

Background energy at high pressure is compared to the quiescent background energy. The
quiescent background energy can be determined by doing a pencil-lead break on the vessel at
steady, low (preferably zero) pressure prior to commencing the pressurization (or filling opera-
tion for, say, hydrogen vessels) and calculating the energy of the pre-trigger portion of the wave-
form window in the usual manner (integral of voltage squared over time). At the start of a test,
the (quiescent) background energy is usually measured before load is applied. In a good vessel,
background energy may increase by a factor of ten or more on pressurization to proof pressure,
and then it decreases significantly during a load hold because the driving force of pressure in-
crease is halted. If the vessel is depressurized at this point, the background energy will return to
quiescent levels. This behavior is shown in Fig. 10 for a CFRP vessel, which performed nor-
mally to design pressure. Note that background energy rises during pressurization, but falls dur-
ing both pressure holds. If the vessel is weak, the background energy will rise by a factor of 40
or more from the quiescent level and if the vessel is very weak and progressing to failure the
background energy will begin to oscillate. This behavior is shown in Fig. 11, which is a CFRP
vessel of the identical design to the vessel in Fig. 10, but which failed prematurely. Note that the
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magnitude of the rise was higher in this composite material than typically found in vessels like
CNG and SCBA vessels. Typical rise in a good vessel was around four times, while in poor ves-
sels, it was about ten.

Events vs. Time per Channel - # Events: 331
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Fig. 8a. Fiberglass-overwrapped vessel (FRP5914) that burst at 114.6 MPa (16683 psi). Left
figure shows events and pressure vs. time. Right, Background energy vs. time.
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Fig. 8b. As above for vessel FRP9050: 102.9 MPa (14972 psi) burst.

The background energy drops during the load hold, as it should, although the large increase
in background energy before the first hold is significant and indicates that the vessel is weak
from the start. As the pressure is increased the background energy begins to oscillate as the
weakness in the vessel is exhibited as the load is redistributed. As the pressure rises, the oscilla-
tion of the background energy indicates that the vessel is struggling with the increased load. In
all vessels studied, the background energy begins to oscillate as burst pressure is approached.
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Background energy appears to give some warning time that a vessel is progressing to failure, so
it may also find use in stress rupture monitoring.
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Fig. 9a. Carbon-fiber overwrapped vessel (CFRP 138059) that burst at 125.9 MPa (18,333 psi).
Left figure shows events and pressure vs. time. Right, Background energy vs. time.
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Fig. 9b. As above for vessel CFRP130029: 130.1 MPa (19,952 psi) burst.

During a test, if the background at one sensor is high compared to quiescent background en-
ergy, it indicates that that section of the vessel has difficulty handling the load. Matrix and fiber
failures occur within that section as load transfer progresses over a surrounding region of the ma-
terial. Load transfer continues until a strong region is encountered and the progression of the
damage stops. However, if the load is increased further, the scenario may repeat and failure may
soon result. There seems to be a peak in the background energy oscillation. As the load is in-
creased beyond a certain point, the background energy oscillation begins to diminish in magni-
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tude. This occurs just before burst. As the vessel comes apart the background energy may in-
crease dramatically once again. Before this point, when the oscillations diminish slightly, there
appears to be enough time to halt the test. At the point when the first oscillations begin, the load
is generally about 75% of burst pressure. This effect has been observed in both fiberglass and
carbon fiber vessels with various different matrix materials.
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Fig. 9c. As above for vessel CFRP139536: 137.8 MPa (20,075 psi) burst.

Fig. 10. Background energy and pressure vs. time for a CFRP vessel that held the design pres-
sure. Note that the maximum energy level was below 0.03 V2-1s.
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Fig. 11. The background energy vs. time for channel 7 for a CFRP vessel that burst below de-
sign pressure. The peak background energy value (0.13 V- 1s) was >4x that of good vessel. The
observation of a steep rise in background energy is a definite warning of vessel weakness.

Pre-trigger energy (PTE) is a good practical indicator of background energy as shown in
Figs. 12b-g. Figure 12a shows changes in cumulative events for different channels and pressure.
Marks of #1 to #6 indicate the pressure levels that correspond to the waveform windows in Fig.
12b-g. At the beginning of a test (Fig. 12- Mark1), the PTE is essentially zero and signal before
the trigger (broken vertical red lines in Fig. 12) shows a flat line. Pre-trigger energy or PTE in-
creases early in the pressurization when a weak vessel is pressurized as shown in Fig. 11. In Fig.
12-1, the tenth event in this test is shown. This was the first pressurization of this vessel. The
background energy must be followed for each sensor. In this case PTE = 0.003 V2-1s for chan-
nel 7. Channel 7 is the uppermost cumulative event curve containing the large circle in Fig. 12a.
The succeeding figures (Figs. 12b to g) give examples for PTE at increasing pressure level in a
weak vessel. Figure 12-c shows the waveforms for the 63" event. The pressure is still very low,
but the (channel 7) PTE = 0.034 VV>-1s. The vessel shows weakness early on. Figure 12-d shows
the waveforms for the 120" event. A pressure hold is about to occur. Background energy
(channel 7) PTE = 0.0959 V%-1s. In Fig. 11-e, an event that occurred during a pressure hold is
shown and the background energy is once again low; PTE = 0.0029 V21s (channel 7). The
small tremors have vanished for the moment. Figure 11-f shows event #235, which occurred just
after the pressure hold as the pressure began to increase once again. The small tremors begin
again and background energy or PTE = 0.0817 V/%-1s (channel 7). PTE continues to increase, on
average, until burst is imminent. The average is important. The number of small tremors varies,
of course, as the load is redistributed due to material variations. At higher pressures, PTE
reaches a saturation value of about 0.2 VV>-1s (channel 7).
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Fig. 12a. Pressure and cumulative events vs. time for a vessel that failed below design pressure.
Marks of #1 to #6 give the pressure levels when six events in Fig. 11 were recorded.

Here is another example of background energy behavior on an FRP vessel that was hoop-
wrapped over a steel liner (G1091, June 18, 2009), as opposed to the fully-wrapped vessels
above in Figs. 8-12. Cumulative events and pressure versus time are plotted in Fig. 13a for one
of the channels on the FRP vessel. The data are for the burst run; i.e., pressure was raised till
burst as indicated. Note that the event energy (given as the size of triangles on the cumulative
event plot) gradually diminishes. Corresponding plot of background energy is shown in Fig. 13b.
We see that the background energy oscillation begins at about 75% percent of the burst pressure.
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Fig. 12b, c. Waveforms for channels 5, 6, 7, and 8 showing voltage vs time. Pre-trigger line is
the vertical dotted line at ~100 Is. #1: 10" event, #2: 63" event,

Fig. 12d, e. As above. #3: 120" event, #4: 191% event during pressure hold.

21



Fig. 12f, g. As above. #5: 235" event, #6: 263" event.

Fig. 13a. Cumulative events and pressure vs. Fig. 13b. Background energy oscillation ef-
time for a burst test of a hoop-wrapped fiber- fect during the pressurization to burst. Fig.
glass pressure vessel with a steel load-sharing 13a at left shows the cumulative event curve.

liner.

22



6.1 Background Energy Accept/Reject Criteria

In the in-service code (ASME/NBIC), which was written for high-pressure vessels that are in-
service, the background energy of any channel should not exceed 10 times the quiescent back-
ground energy of that channel. During a load hold, background energy should reduce to quies-
cent levels. Any oscillation in background energy during a load hold shows that the vessel is
struggling to handle the pressure. Pressure should be reduced immediately and the vessel re-
moved from service. For vessels that have been cycled many times, there should be almost no
change in the background energy at loads up to operating pressures and no oscillation whatso-
ever. Any oscillation in background energy means that the vessel is weak and the pressure
should be reduced immediately.

7. Cumulative Events Analysis

Acoustic emissions are generally copious in number on the first loading of a new vessel. It is
well known that thousands of matrix micro-cracks develop in composite vessels during the initial
pressurization as the composite material adjusts to the load. This is in fact beneficial, much as
shakedown testing of a metal vessel is beneficial to the metal vessel.

It is proposed here that the shape of the cumulative events curve is more informative about
the integrity of the vessel than the absolute number of events. This conjecture is guided by rea-
soning from weakest link fiber strength theories and shear lag models of composite behavior, and
it has been borne out in experimental testing. Weakest link theories are progressive failure mod-
els and shed a lot of light on why AE events accumulate as they do with increasing pressure.
They also suggest that not all AE events are deleterious to vessel strength and why simple count-
ing, although important, may not always be as reliable an indicator of vessel condition as desired.

High-pressure composite vessel failure is fiber dominated. Weakest link theory maintains
that fibers can be considered as a chain of links. When the tension reaches the strength of the
weakest link, the fiber breaks. If the fiber is bonded in a matrix, the matrix transfers the stress
through shear to the neighboring parts of the fiber. Also, neighboring fibers experience a stress
concentration since the stress is higher near the break. The stress reduces to the imposed stress at
a distance called the ineffective fiber length. When the tension is increased the next weakest link
breaks. The weak links are randomly distributed due to the manufacturing process. This is
analogous to Griffith’s theory of flaws in glass fibers, which, in turn, led to Fracture Mechanics,
which has proven very successful in understanding material failure. In fact many codes and
standards are based on it.

Fibers in a tow are considered a bundle of chains. When the tension is increased the next
weakest link breaks. This could be a link in the same fiber or it could be a link in a neighboring
fiber. The stress concentration at a break could force a link in a neighboring fiber to break. The
stress concentration compounds on neighboring fibers and they may break further compounding
the stress concentration. At a certain point, this process continues and the composite proceeds
rapidly to failure. The work of the weakest link mathematicians is to model this process and
predict composite failure. The models work well for small samples but there is a volume effect
in large composite structures that is difficult to model. Nevertheless, the significant variation in
burst pressures of identical vessels lends support to the weakest link theory. Typically, many
weak links fail throughout a composite structure before a stress concentration becomes large
enough to initiate general failure. Many studies have shown that the majority of fibers do not
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begin to fail until the stress reaches approximately 80 - 90% of ultimate stress, i.e., burst pres-
sure.

Similarly to cracks being blunted in a metal pressure vessel that sustains a given pressure, the
composite material rapidly adapts to the stress concentrations due to all the fiber breaks (and ma-
trix fractures) by redistributing the stresses to stronger sections. Unlike with steel where the
crack blunting occurs nearly instantaneously (there is no known creep behavior in steel at room
temperature), in composites there is time dependent behavior. The point of AE monitoring is to
verify that stable redistribution is taking place. This is why counting AE events and observing
the shape of the cumulative events vs. time curve during load hold demonstrates the stability of a
composite and is a very important technique. A vessel that passes this test will behave as ex-
pected.

Some composites stabilize rapidly and other more slowly. The shear lag driven stress redis-
tribution does not take place instantaneously but takes some time as the matrix creeps in the vi-
cinity of a stress concentration. The time dependence of the load transfer is reflected in the
shape of the cumulative events vs. time curve. A stable vessel will exhibit a cumulative curve
with exponentially decaying curvature.

A model that works well is an exponential equation of the form
y=Aexp(Bt)+C,

where B defines the shape of the cumulative event curve and, for a stable vessel, B must be nega-
tive. Some values of B for comparison are

B =-0.02 is for rapid stabilization (~1 min.)

B =-0.00001 is for slow stabilization (~ 166 min.)

=-0.0017 - 0.006 is for moderate stabilization (~5 min. to 30 min.)

The HPC pressure vessels all exhibit a fiber dominated failure mode, and follow the exponential
characteristics. The numbers also agree with stress relaxation studies [14]. The shape of the
cumulative events curve is similar for HPC pressure vessels made of glass, Kevlar and carbon
fiber. The cumulative energy of the AE impulses vs. time and pressure should also decay expo-
nentially. The same equation can be used to fit the curve and once again the exponent must be
negative and be within a certain range of values.

A 3 to 6 meters long vessel is large. Each section on a large pressure vessel essentially be-
haves like an independent specimen in the sense that fibers failing at one end do not create a
stress concentration at the other end. The cumulative events and energy curves must be plotted
for each channel and events must be sorted by first arrival to verify the stability of that section of
the vessel.

If engineering failure analysis states that delamination detection is important, delamination
can be measured by monitoring AE by identifying the delamination events by the wave charac-
teristics specific to delamination type failure. Delamination waveforms in composite materials
have been described in detail elsewhere [13].

A specific analysis procedure is given below so it is clear how the analysis of cumulative
events and energy curves is carried out. Note that waveforms from matrix splits, matrix cracks,
fiber breaks and frictional emission due to fracture surface fretting are all included. These can be
distinguished and separated out if desired, but this is not required for simple stability analysis.
Wave analysis is used when plotting cumulative events vs. time mainly to distinguish signals
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from noise and to verify or audit that the first arrival channel was determined by the computer
program correctly. Typical steps to do composite stability analysis are:

1.

S

Filter data to eliminate any external noise such as EMI, mechanical rubbing, and flow
noise. EMI is characterized by a lack of any mechanical wave propagation characteris-
tics, particularly a lack of dispersion being apparent. EMI can be further identified by co-
incidental arrivals on more than one channel. The two criteria should be considered to-
gether to ensure it is not simply an event that happened to be centered between the sen-
sors. The appearance of the modes, or mode shape, is determined by the material, thick-
ness and propagation distance and will be obvious when observed during test setup. Me-
chanical rubbing frequencies are usually very low frequency and can be determined by
experiment. Flow noise is characterized by waves that fill the waveform window. It can
be filtered out by setting a pre-trigger/post-trigger energy ratio.

Use only events that have clean front ends and in which first arrival channel can be de-
termined. Clean means a pre-trigger energy of less than 0.01 V(-Is, which is computed
by the integral of the voltage squared over time for the pre-trigger portion of the wave-
form window.

Plot X versus t on the filtered data, where X = first arrival cumulative events and energy.
Plots should always show the pressure data.

Identify pressure hold times.

Extract data from cumulative events-time plots just for pressure hold times. Apply expo-
nential fits by channel for pressure hold and display both data and fit. The values are de-
termined by the fittoy = A exp (B t) + C. The B value is the shape of the cumulative
events curves. C is an intercept and A is a scale factor. B values for some composites
range from —0.00001 to —0.1. See notes on analysis below. A prototype vessel provides
the initial B value, provided that it behaves as expected, i.e., the cumulative AE events
and energy decay with time in the load hold and the vessel burst pressure is satisfactory.
B should be negative and R®at least 0.80. A positive B value indicates that the event fre-
quency was not decreasing and the vessel is not normal.

Example of Cumulative Events Analysis

A typical cumulative events vs. time and pressure curve is shown in Fig. 14a. Four sensors were used
in this test. Hold pressure was 124 MPa, which was 1.8 times operating pressure. The vertical lines
mark the pressure hold region (320-570 s). This is the behavior of a good vessel. The cumulative
events plot exhibits a strong negative exponential curvature with time during pressure hold. Each
point represents an event and the four waveforms recorded for the event. Channel 1 is chosen and the

Fig. 14 a) Cumulative events and pressure vs. time. b) Exponential fitting of the cumulative
events vs. time for channel 1 during pressure hold period.
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result of an exponential fit is shown in Fig. 14b. Exponent B is -0.01827 and goodness of fit is R( =
0.91. Exponents are similar for similar vessels and fall within a range. The observed exponent shows
that this vessel stabilizes rapidly.

A typical result of the first (virgin) loading of a fiberglass-overwrapped steel liner vessel in
Fig. 15 shows that the cumulative events curve stability test can be performed during autofret-
tage. When this same analysis is done on event energy, a result similar to Historic Index [15] is
produced.
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Fig. 15. Autofrettage showing cumulative events and pressure vs. time for the virgin test of the
vessel. (G1091 AF June 18 2009)

When doubt exists about the stability of the composite material, that is, the emission persists
and does not decay at a specified rate, or the energies of the emissions are not decaying during a
load hold, then there is evidence that a serious stress concentration exists. This is not normal
HPC pressure vessel behavior. However, it is important to realize that events with higher ener-
gies can occur anytime during a pressure hold and little energy jumps may be detected. This is
part of the nature of composite materials and is not of concern as long as the overall rate of ap-
pearance of energy jumps is decreasing and the energies do not exceed specified limits. If the
energy of an event is very large, it is a good idea to use waveform analysis to identify the frac-
ture source and then assess vessel integrity through engineering analysis of stress and strain,
FEA and failure analysis that incorporates the types of flaws and their locations determined by
modal AE analysis.

8. Conclusions
e Integrity of high-pressure composite (HPC) pressure vessels can be assessed against specific

accept/reject criteria by modal AE methods, including fiber break energy, background energy
oscillations, frictional AE (FRAE) and cumulative events and energy curves. The
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accept/reject criteria can be tied to engineering analysis, for example, the amount of fiber
breakage allowed by finite element analysis or perhaps netting analysis for a given section.

e Fiber-break events are determined better by a combination of energy and frequency spectrum
than by the presence of high frequencies alone.

e The background energy oscillation effect begins at approximately 60-75% of burst pressure
and is a clear indicator of gradual reduction in local load carrying capacity of the material as
stresses are redistributed to bear the pressure.

e Energy in AE waves can be scaled by using the rolling ball impactor method. The scaling
method also gives good agreement with the energy of crack growth in metals [16].

e An AE allowance factor, similarly to the factor of safety for stress, can be adjusted to be
more or less conservative in dispositioning vessels.

e The use of modal AE and the effects described herein, such as determining fiber breakage,
matrix cracking and so forth, can be to extended to composite materials in various applica-
tions besides pressure vessels such as aircraft and aerospace structures, automobiles and so
forth.

©

. Suggestions for Further Research

1) Does the background energy oscillation effect show itself in stress rupture tests and what
load levels?

2) s burst pressure predicted by the background energy oscillation effect?

3) Do the broken fiber tip vibrations indicate composite condition?

4) What factor of safety should be applied for fiber breakage?

5) What are the best ways to determine the acoustic emission allowance factor?
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IMAGING OF DEEP STRUCTURE USING REFLECTION WAVES
DETECTED BY SPECTRAL MATRIX ANALYSIS
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Abstract

A new spectral matrix method for detecting the arrivals of linearly or elliptically polarized
waves was developed and applied to reflection imaging of the earth’s crust and upper mantle. In
this method, parameter values representing the confidence levels of the detection of the arrivals
of linearly or elliptically polarized waves are used to image the reflectors. This paper describes
the theory for the detection of polarized waves and discusses their detectability in relation to a
synthetic three-component signal. The dependence of detectability on time-window length and
on the center frequency of the analysis was quantitatively evaluated for this signal. Next, earth-
quake data for events around Sendai, Japan with magnitudes ranging from 2.0 to 5.6 were ana-
lyzed and the reflectors imaged by a migration technique based on the confidence levels of polar-
ized wave arrival detection. By assuming P-P and S-S reflections, reflectors due to characteristic
changes in the mantle were identified at depths of 350-500 km, demonstrating the feasibility of
using a spectral matrix to detect polarized waves and to image the earth’s crust and upper mantle.

Keywords: Spectral matrix, reflection survey, repeating similar earthquake
1. Introduction

Estimation of the structure of the earth’s crust and upper mantle such as the region of phase
change is important for revealing the evolution of the lithosphere. In this regard, laboratory ex-
periments have clarified the phase changes of rock in relation to temperature in the upper mantle,
and theoretical and seismic tomography studies have addressed the stagnant slab in the mantle
[e.g. 1 - 4]. The measurement method used to explore the earth’s crust and mantle is a critical
aspect of such studies, and the development of various reliable imaging methods based on differ-
ent principles is important for verifying and understanding the detailed structure of the earth. A
reflection survey, which uses reflection waves for imaging structures, is a powerful method for
identifying acoustic anomalies and boundaries, and various techniques to measure reflectors and
process the collected data have been developed [e.g. 5]. The detection of reflection waves, how-
ever, can be difficult because of their relatively low energy and because of ambient noise. It is
easier to detect reflection waves by using three-component seismic measurements rather than
one-component signals because a three-component seismic signal makes it possible to evaluate
three-dimensional (3-D) polarization, allowing the discrimination of wave modes such as P-wave,
S-wave, and Rayleigh wave modes [6 - 11]. Polarized seismic waves contain information about
the earth’s crust and upper mantle, and characterization of the polarization is a key subject in
seismology and geophysical exploration, where reflected and converted seismic waves are used
to evaluate subsurface structures.

A method using a three-component signal for the detection of reflections has been applied to
induced micro-earthquakes/AE in geothermal fields. In such studies, linearly polarized coherent
waves are detected in coda waves by principal component analysis of the spectral matrix. The
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parameter representing the linearity of the polarization is migrated by the diffraction stack migra-
tion technique, and the feasibility of the method for extracting reflectors such as fractures has
been demonstrated [12 - 14]. This result implies that a similar analysis applied to polarized
seismic waves might be useful in reflection surveys, even without the use of many observation
points or artificial seismic sources. Moriya et al. [15, 16] and Moriya [17] proposed a method to
detect the arrivals of polarized waves and to calculate the statistical confidence of the arrival de-
tection. They evaluated the linearity and ellipticity of the polarization by spectral matrix analysis
and examined the feasibility of the method to analyze both synthetic and earthquake signals.

Recently, many seismic observatories have been established, and seismic networks of three-
component seismic detectors with broad-band frequency characteristics have been used for seis-
mic observations, allowing the representation of the 3-D particle motion of seismic waves by the
locus of the three-component signal. Unknown structures in the earth’s crust might be detectable
by these networks if the different polarization states and arrival times of polarized seismic waves
can be identified.  The detection of reflected waves as waveform data is a fundamental tech-
nigque that is a key to successful reflection imaging. This paper describes a statistical method for
detecting the arrival times of polarized seismic waves in a three-component seismic signal. The
application of the method to earthquake data follows in order to image reflectors in the earth’s
crust and upper mantle and to demonstrate the feasibility of the method for estimating subsurface
structure.

2. Statistical Detection of Polarized Seismic Waves Using Spectral Matrix Analysis

The particle motion of seismic waves represents the polarization and the analysis of polariza-
tion makes it possible to detect the arrival time of waves. The arrivals of linearly or elliptically
polarized waves can be detected using spectral matrix analysis [17]. A statistical parameter that
represents the confidence level for the detection of the arriving wave for the