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With the publication of this volume, this Journal will shift to the open-access mode, terminating
the paper/CD distribution and subscription services. I wish to thank all of you, authors, reviewers,
co-editors, book agencies and readers, who have supported this Journal for the past 32 years.
Some of the reasons for the founding of this publication have faded as there are so many venues
for quality publications. In particular, academic authors require impact factors, which are
incompatible with our goals. We will continue providing a forum in timely manner with web-
based distribution, rather than annual basis, with rigorous review as in the past to maintain the
quality we have sustained. We hope future contributors and readers keep the confidence in
Journal of Acoustic Emission in the new approach for disseminating the information useful to the
global AE community.

Kanji Ono, Editor and Publisher



Research and Applications of AE on Advanced Composites

Kanji Ono' and Antolino Gallego2
' Department of Materials Science and Engineering, University of California,
Los Angeles, CA 90095, USA
? University of Granada, 18071 Granada, Spain

Abstract

This paper reviews progress in acoustic emission (AE) research and its applications to high
performance composite materials and structures. The achievement and inadequacy in under-
standing of AE from composites are examined along with cases of successful usage in commer-
cial and aerospace fields, taking into account limitations due to high attenuation and anisotropy.
New goals for the future are also discussed in view of new analytical tools and vastly advanced
instrumentation.

Keywords: attenuation, localization of damage, inspection, Lamb waves, wave propagation, fi-
nite element method (FEM), frequency analysis, modeling and simulation, pattern recognition,
signal processing, aerospace, chemical and petrochemical, advanced composites, fiber reinforced
materials, pressure vessel, structural health monitoring, composite structural evaluation, compo-
site materials NDT.

1. Introduction

Acoustic emission (AE) played an important role in the development of glass-fiber reinforced
composite (GFRP) rocket motor cases for Polaris A3 circa 1962 [1]. It was the beginning of AE
applications that have expanded greatly over the last 50 years. AE was next deployed in testing
propellant tanks for the Apollo lunar module and other aerospace applications [2]. Aerojet engi-
neers recognized the variation in AE to originate from resin, interlaminar and fiber failures [1, 2]
and modified manufacturing processes, e.g., by eliminating the geometrical inflection points in
design to reduce the interlaminar shear stresses [3]. They used the summation of AE amplitude to
successfully predict the burst pressure and developed practical AE source location equipment [1].
Continued work on rocket motor cases at Thiokol introduced Kaiser effect and load-hold emis-
sions to the burst pressure prediction [4]. These pioneering accomplishments still form the back-
bone of AE pressure vessel inspection technology today.

Research on fiber-reinforced composites started in early 1970s [5-7]. Results verified correla-
tions of AE to micro-fracture mechanisms. In one of the earliest AE papers on composite materi-
als research, Liptai [5] showed the breakdown of Kaiser effect (this is now known as Felicity ef-
fect) and gradual reduction of Felicity ratio (aka Load ratio per JSNDI for concrete applications)
in cyclically loaded fiberglass reinforced plastic (FRP) NOL rings. The latter was recognized as
static fatigue (or stress rupture, a well-known glass failure mode due to load hold) of glass fibers,
but no follow-up AE study was apparently published. Significance of these findings was initially
unnoticed, however. Kim et al. [6a] clearly observed Felicity effect in carbon fiber reinforced
plastic (CFRP) as well, but dismissed this effect while Kimpara [6b] also found Felicity effect,
but treated it as error. The first peer-reviewed paper on composite research seems to be from
UCLA’s Tetelman group on boron-epoxy composite [7]. They correlated fiber fracture to AE,
electrical resistance and compliance changes.
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A breakthrough came in 1977 when Fowler recognized that AE activities found before reach-
ing prior maximum load indicate the degradation of FRPs [8, 9]; for this behavior, he coined a
new term, Felicity effect, and defined Felicity ratio as (load at AE re-start during reload-
ing)/(prior maximum load)[see also the follow—up work, 10-12]. Subsequently, the Committee
on Acoustic Emission from Reinforced Plastics (CARP) was organized, including Fowler, Teti,
Crump, Hagemeier among others [13, 14]. Through extensive collaborative field tests, CARP
developed FRP inspection technology and published method documents through Society of the
Plastics Industry, then through ASME/ASTM [15, 16]. This Recommended Practice spelled out
loading scheme, AE analysis and interpretation methods and evaluation guideline, enabling
widespread AE applications of FRP vessel examination, in chemical industry in particular.
Fowler [12] documented success achieved in reducing major accidents via this AE method. In a
revised document published in 1995 [17], intensity analysis method is used, relying on severity
and historic index, along with emission during load hold, total counts, high amplitude emission,
Felicity effect as key elements of evaluation. Dr. Fowler states (e-mail, 2012) “In the absence of
CARP, the revised procedure became an open document. A number of organizations modified it for
their own in-house needs. Some equipment vendors programmed it for use with their proprietary
equipment. Even though not a public document, the technique has widespread use.” His students ex-
tended its uses in FRP design and analysis [18, 19]. Fowler [20] and Davies [21] gave details of
the intensity analysis method, which has also been used in MONPAC system for examining met-
al chemical processing equipment [22].

With improved FRP technology combined with the advances in AE instrumentation, numer-
ous studies on research and applications followed and have been documented in AE Testing vol-
umes of ASNT Nondestructive Testing Handbooks [23], where one can find many AE uses, such
as for testing bucket-truck FRP booms. Also available are six-volume conference proceedings of
AECM [24a-f], ASTM and ASME codes and standards, and many journal/conference articles
that reach into thousands. Hamstad contributed important reviews [25, 26] along with his many
papers with his extensive composite research since early 1970s. See also other notable reviews
[12, 20, 27, 28]. Gorman [29] and Wevers [30] reviewed AE methods for structural health moni-
toring (SHM) field. See [31] for a review of newer AE analysis techniques. Drouillard and Ham-
stad indexed early AE papers in [32].

We must realize first that AE has not provided an effective NDT tool for some parts of com-
posite industry. Such a tool is sensitive to existing defects, and is globally applicable to a large
component in real time monitoring condition. While many success stories exist in FRP industry,
as noted above by Dr. Fowler, AE has only played limited roles in many aerospace sites. We
know AE can do better. In this paper, selected aspects of research and applications will be re-
viewed to highlight the progress achieved and to point to areas in need of more work. The main
focus will be on development from the last 10-15 years since references cited above [23-30] have
provided adequate coverage for the earlier period. Hopefully, we can go to the next level of un-
derstanding to give better solutions. Applications of advanced composites are expanding beyond
aerospace and chemical industries into transportation industry and utilities. Such expansion pre-
sents renewed challenges for AE to be a worthy NDT method. We do have to overcome prob-
lems due to high signal attenuation in composites and need to explore the causes of Felicity ef-
fect and stress rupture, just listing a few. Collectively, we should resolve these obstacles, and
make AE into a truly indispensable NDT method.

181



Research

Fiber fracture

From the early days of AE, glass fiber (GF) fracture has been recognized as energetic AE source
detected close to the fracture load. AE from single fibers, tows (or strand) and unidirectional
(UD) composites was initially characterized with amplitude distribution in order to compare with
other failure mechanisms. By now, the difficulty of using AE amplitude by itself in signal dis-
crimination is well recognized. However, a misconception that fiber fracture always produces
high-energy event still persists to this day and this section is intended to clarify the situation.

For typical 10-um diameter UD GFRP, peak amplitude ranges from 60-80 dB (ref. 1 pV=0
dB; literature in the 80s often used 1 ptV=20 dB and one needs to reduce amplitude values by 20
dB) [33-35]. This range depends on the fiber diameters and sensors used, but GF results are fair-
ly consistent over the years when sensor difference is accounted for. Wolters [33] used sensitive
resonant sensors with less than 10-mm propagation distance and found 40-60 dB for 6 um, 65-85
dB for 13 um and 80-100 dB for 24 um fibers, while another reported 50-70 dB for 13.5 um GF
[34]. In our test of woven GFRP [36], high amplitude AE signals of 60 dB mean level were
found at above 90% of the failure load, verified as fiber fracture microscopically. Woven GFRP
failure mechanisms are the subject of a detailed study [37], and complementary AE study should
allow better understanding of woven composites, which are increasingly used in aircraft fuselage
with carbon fibers, such as Boeing 787 (A.K. Mal, July 2012, private communication). Recent
studies [38-40] reexamined single fiber composite (or SFC, with epoxy matrix) tests. Nordstrom
[38] used 18-um glass fibers and found peak amplitude of fiber fracture at 80 dB (150 kHz sen-
sor). He also obtained Weibull moduli of 7-9 and correlated the shape of stress-strain curves to
progressing fiber fracture (see also [41]). Bohse [39] used 20-um glass fibers with peak ampli-
tude of fiber fracture to be 58-81 dB (PAC-WD sensor used). More recently, de Oliveira [40]
conducted careful SFC tests determining the amplitude of fiber breaks along with source location
data. Such amplitude correction with source location was introduced earlier [42], but has seldom
been used since. Carey [43] also introduced distance correction in his AE signature analysis
work on CFRP. Using 21-um GF, SFC showed 20-dB attenuation over 45 mm and fiber-break
AE mean amplitude of 73 (53-79) dB (58 dB for 11-um GF); the lower values are due to the use
of a wideband sensor (DWC B1025). In single tow 9-um GF composite experiment, Nanjyo et al.
[44] obtained lower amplitude values ranging from 46-56 dB (Pico sensor). Diameter and sensor
differences are responsible for the observed variation in amplitude ranges since GF strength and
modulus are essentially unchanged. Berthelot obtained comparable amplitude range for 13-15
um GF and for 7-um T300 CF [45, 46].
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Fig. 1 Peak amplitude distribution of fiber fracture at 40-60% of the fracture load from 9-ply UD

sample with pre-cut mid-plies [48]. Celion G50 fiber.
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When carbon fibers (CF) were tested initially, peak amplitude of AE signals for T300 CF
was 30 dB less than glass fiber [34, 47]. In part, this is because most carbon fibers have 7-um
diameter, and earlier CF strength was lower (T300 tensile strength = 2.65 GPa circa 1982). In
our study [48, 49], the peak amplitude range was 30-50 dB for Celion G50 UD composites of
various cut-ply arrangements (MAC175 sensor). This is 10+ dB lower than our GF results [36].
These AE signals from CF started to occur at 25-33% of the composite strength and also had
short duration (mostly <50 us) [34, 47, 48]. Figure 1 shows the peak amplitude distribution due
to fiber fracture at 350-530 MPa, corresponding to 40-60% of the fracture stress from 9-ply UD
sample with the middle 3 plies pre-cut [48]. Berthelot [46, 75] and Awerbuch [50] observed sim-
ilar amplitude range (30-50 dB) during tensile and fatigue tests of CFRP coupons (CF not speci-
fied in [50], but probably T-300). Nanjyo’s tow composite tests in 1992 [44] were also conduct-
ed for PAN (M50, 5-um diameter) and pitch (XN50, 10 um diameter) CF as well, giving compa-
rable amplitude as GF data cited above; 44-56 dB for M50 and 38-58 dB for XN50. These CF
were stronger than T300 or G50; 4.2 GPa for M50 and 3.7 GPa for XN50, accounting for the
higher amplitude by nearly 20 dB (Fig. 2). In this study [44], the Weibull analysis of CF fracture
strength and AE hits-strength distributions was reported. For three lots of CF, Weibull moduli of
5.7 to 13 were found for the fracture strength, while AE hits had higher Weibull moduli, m =7 to
35, indicating multiple CF fracture in the tow tests [44]. A recent statistical analysis of AE sig-
nals from non-bonded GF bundles showed m to be 2.8-4.0 for 15-um diameter fibers [41], which
are about a half of m = 5.6 to 9 in tow tests [38, 40].

Recently, a new method for composite fracture study appeared [51, 52]; this is “High resolu-
tion Synchrotron Radiation Computed Tomography (SRCT)” and was used to capture fiber dam-
age progression in a cross-ply CFRP laminate. Wright [51] showed that transverse-ply cracks
initiate at 20% of the failure load, whilst 0°-splitting initiates at ~40% and large delaminations at
~60%. It is important to note that these cracking events occur in advance of significant fiber
breaks that start after 60%. In Scott [52], fiber fracture was analyzed and compared with other
studies, including AE. AE results for fiber fracture accumulation showed the same trend as
SRCT and Weibull moduli are similar (also similar to [38, 40, 44]). The number of fiber breaks
(N¢) was found to follow

N¢=C (o/5,)", (1)
where G is stress and G, is characteristic stress and m is Weibull modulus. See also [38]. It is
hoped this method can be used widely leading to more definitive AE mechanistic studies.

800 =
(2) XNSO % (b) MS0J
600 soor-
2 o} 2w}
200 200
40 50 60 70 80 90 100 40 50 60 80 90 100
Amplitude dB Amplitude dB Amplitude dB

Fig. 2 Peak amplitude distribution of fiber fracture of a) XN50 pitch CF, b) M50 PAN CF, c¢) E-
glass fiber tow-composite samples. Pico sensor. [44]

SFC tests with 7-um carbon fibers, Bohse [39] showed amplitude of fiber fracture at 45-75
dB with the median value of 65 dB (WD sensor used; fiber unidentified, but ~late-90s vintage),
comparable to usual GF fracture amplitude. In this work, CF diameter is ~1/3 of GF (-18 dB in
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area) and less than 10 dB amplitude difference implies that higher CF modulus (by a factor of
3.5) accounted for the comparatively stronger AE in CF fracture (assuming comparable fracture
strains). This CF SFC fracture result is 20-30 dB higher than previous studies from the 1980s
[34]. This higher range of AE amplitude for CF fracture seems to reflect higher CF strength (2.5
GPa for G50 to 6.3 GPa for Toray T1000) and higher fracture strain values (0.7% for G50 to
2.2% for T1000). This is obviously due to dramatic improvements of CF properties in the last
three decades. Thus, if one uses newer CF fracturing at 3-5 GPa (50-80% of T1000 fiber
strength) in lieu of the G50 CF fractured at 350-530 MPa in 1988, 40 dB stronger AE signals are
expected. Thus, we should observe CF fracture amplitude of similar or higher magnitude as 10-
um GF. In fact, Sause et al. [53] showed this recently. Comparing E-GF (6.5 um) and T800-CF
(5.2 pm), he obtained fiber fracture energy of 12.6 and 13.1 mNm’/s®. Assuming similar signal
durations, the amplitude is expected to be comparable for comparable fiber diameters. It should
be clear that AE amplitude from fiber fracture can vary widely. Small diameter, low strength CF
produces AE amplitude comparable to the matrix sources (in 30-40 dB), while larger diameter
fibers lead to higher amplitude to 80 dB. For thicker filaments, it can be even higher; AE signals
from 150-pm boron filaments produced 95+ dB signals [54]. Fiber optic samples also give simi-
lar strong AE.

Recent tow composite tests using T1000 CF indicates the number of CF fracture at stresses
below 60% of the fracture strength is grossly reduced with improved CF quality (no amplitude
data was reported unfortunately) [55]. Figure 3 shows this behavior in tensile testing with inter-
mittent load hold (ILH) for characterizing Felicity ratio, but cumulative hits start to rise rapidly
after the fifth load hold or at 213 Ibs (failed at 352 1bs) or 60.5% of 6.77 GPa fracture strength.
The same NASA group examined Kevlar tow composites as well. In this case, fibers start to fail
at ~90% of the fracture strength [56]. This behavior is in common with GF composites. Detailed
analysis of these experiments of UD composites should clarify this situation on amplitude levels.
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Fig. 3 AE of T1000 CF tow-composite test using ILH schedule at NASA. Red: Applied load (in
Ibs), Blue: AE. [55] (1 Ibs =4.54 N)

184



When a carbon or glass fiber fractures, it does so in brittle manner. Typical crack velocity in
brittle fracture is several tenths of mm/us or higher (e.g., 0.52 mm/pus for PMMA [57] and
1.6 mm/us for glass [58]). Actual cracking velocity is expected to be much smaller as a static
crack needs to accelerate under stress. For GF and CF, fracture time is expected to be 0.7~2 us
assuming crack velocity of 5~10 m/s (or um/ps). The lower velocity limit is for GF [58], while
CF crack velocity is expected to be twice that since CF moduli are ~4 times that of GF (crack
velocity scaling with the Rayleigh velocity [57]). This translates to the center frequency of
0.5~1.4 MHz for AE signals from fiber fracture, which is partially within the high frequency
range of common AE sensors, such as PAC WD, Pico and DWC B1025/B1080. Indeed, Gorman
[59] reported such fiber-break signals from a COPV cover the entire range of flat sensor re-
sponse (20-400 kHz), in contrast to matrix cracks (splitting), for which detected signals had fre-
quency contents confined below 50 kHz. He also observed that, in hundreds of pressure vessel
tests, including both CFRP and FRP vessels, waves with the highest frequencies appeared when
the load or pressure level exceeds above 80% of ultimate stress. Thus, tow composite behavior
extends to the windings of COPV. SFC samples in de Oliveira’s study also showed high-
frequency components [40]. His signals contained strong 300-1050 kHz components (using
DWC B1025), especially when debonding accompanies a fiber break or when 7-um CF SFC has
a fiber break. He attributes the effect of debonding to the higher freedom of the fiber ends at
fracture. In contrast, GF fiber break signals without simultaneous debonding (11 and 21 pm GF)
have the highest peak at ~170 kHz with gradually decreasing high-frequency components. Gor-
man [59] observed similar vibration-induced AE from broken ends of tows and further clarifica-
tion of debonding may be worthwhile in providing new inspection scheme. It should be noted
here that Kim and Nairn [60] showed that fiber-matrix debonding always accompanies a fiber
fracture in GF and CF SFC. Their epoxy resin (Epon 828) did not exhibit flat or conical fracture
envisioned by earlier work [34]. We must have independent proof before assigning to an AE
cluster a mechanism of fiber fracture with or without debonding.

When using broadband sensors, the observed peaks in the frequency spectra have to be treat-
ed with caution. Unless one has broadband flat-in-frequency sensor and propagation path, the
peak frequency differs from the source-defined frequency. Most available sensors today have
limited frequency range and have resonance peaks. Sheet or plate geometry has preferential fre-
quency ranges of wave propagation. For example, Bohse [39] correlated fiber fracture to 500-
kHz peak using WD sensor while matrix fracture contains lower frequency peaks only. This
work and many others clearly demonstrated that one can often identify AE mechanisms via the
frequency domain information. In fact, it is an important part of our pattern recognition analysis
studies on composite AE [61a-c]. On the other hand, one cannot conclude fiber fracture has such
a frequency peak because the WD sensor used is the origin of this peak (WD has three main res-
onances including one at 500 kHz [62]). Such arguments assigning frequency peaks to some spe-
cific AE sources have shown up too often in the past [63-65], yet most such claims revert to spe-
cific sensor or sample resonances and sensor-source path has significant effects. For example, de
Groot et al. [64] examined a variety of CFRP and assigned frequency ranges to specific mecha-
nisms. Such correlation is valid for the test condition they utilized, but the particular peaks origi-
nated from the use of WD sensor again, which was also the sensor used in Giordano et al. [65].
Eaton et al. [66] warned that “the overriding effects of specimen geometry and sensor response
can produce misleading results” in their study to use frequency for separating source mecha-
nisms having the differing relaxation time. One should not expect specific frequency peaks in
other test arrangements, except for the general concept of faster source events to have higher fre-
quency contents. It is instructive to refer to the most broadband AE study reported to date by
Scruby and Battle, extending the limit to 3 MHz (-6 dB point) [67]. They did find two peaks for
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the signal from fatigue crack propagation, the main one at 600 kHz. However, these peaks are
due to the normal modes of the sample. Even more broadband system is needed to identify the
key frequency of fiber fracture via the frequency spectrum analysis since fracture time is quite
short, on the order of 0.1-1 ps.
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Fig. 4 Waveforms of fiber fracture (theory-broken line; experiment-solid line). [68]

This situation regarding the frequency peaks also arises in theoretical studies. For example,
Guo et al. [68] obtained the solution of the wave motion produced by a general source in a com-
posite plate using laminate theory with transverse shear correction. He identified the distinguish-
ing features of the wave motion produced by various micro-fracture events (e.g., matrix cracking,
delamination, fiber break, etc.) in thin composite laminates. Guo represented fiber fracture with
0.125-ps cracking time in a model CFRP plate among others. Using the experimental transfer
function of a broadband sensor (B1025) showing 200-2000 kHz bandwidth (within 3 dB of the
peak at 1 MHz,), the calculated waveform for CF fracture shows dominant ~1 MHz oscillations.
See Fig. 4. The apparent frequency in this waveform is much lower than the expected center fre-
quency of the original crack model, or § MHz. Note that Guo did not claim fiber fracture AE to
have 1 MHz peak frequency. Recently, Sause [69] used finite-element modeling of laminated
composites and crack models for CF fracture (in-plane) and resin fracture (out-of-plane) with
0.1-pus cracking time. The CF crack produced displacement signals dominated by ~1-MHz S,
waves (where So velocity starts to decrease sharply), whereas the resin crack produced 100-300
kHz A, waves. His model included Lamb wave propagation of 50 mm from the source. Here, the
Lamb-wave dispersion effects play the central role in limiting the upper frequency limit of the
simulated AE signal and deciding the centroid frequency. Sause has presented more extensive
analysis of related modeling in his thesis work [70]. His results point to the additional factor we
must consider in trying to assess the source function when AE moves through thin sheets/plates.
[It is noted that Ichikawa et al. [A1] reported theoretical calculations for the intensity of Lamb
wave modes and dispersion effects as a function of frequency-thickness product. They used steel
as the medium, but confirmed the Lamb-wave behavior observed by others. See Appendix 1.]

In considering the frequency contents of AE signals, one must not forget that high frequency
components are attenuated rapidly as the signals travel from the source to sensors. Unless the
sensors are almost over the source, the high frequency components above 200-300 kHz are re-
duced to background beyond 0.5~1 m distance. This has been known for 30 years and was incor-
porated in the CARP procedures, but we have no effective remedy applicable to typical applica-
tions. In laboratory, sensors are close to sources and we can try to understand the basic behavior.
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Fig. 5 Observed and matched calculated waveforms with source parameters. UD GFRP test. [71]

Another approach to the study of fiber-AE originated from Takemoto group at Aoyama
Gakuin University. Suzuki et al. [71] conducted elaborate experimental analysis of GF fracture,
deducing the source function for detected AE signals during tensile testing of UD FRP. The goal
of getting the force-time function of an AE source is similar to the deconvolution approach from
the 1980s, but waveform simulation and matching of source parameters distinguish this method
from the past attempts [72]. Suzuki [71] incorporated the viscoelastic nature of FRP by introduc-
ing a frequency independent relaxation function, R(t), after Weaver [73] and extended the
Green’s function approach of Ohtsu and Ono [74]. Suzuki [71] used a NIST-type displacement
sensor, as well as an 8-channel source location system that identified the source position (using 8
Pico sensors). Both displacement waveform and location data were fed as input to waveform
simulation algorithm. Adjusting the source rise time and crack volume, theoretical and experi-
mental waveforms were matched. Here, the latter waveform was obtained by a conical displace-
ment sensor of NIST design derivative (PAC S9208). Examples of such pair are shown in Fig. 5
for fiber-break cases. A cross plot of source parameters, crack volume vs. rise time, in Fig. 6,
indicates the crack velocity limits of 2-22 m/s. The median crack velocity is 6.5 m/s in a good
agreement with the measured crack velocity in glass of 5 m/s [58].

Note that, in elastodynamic theory [73, 74], the source parameter representing its magnitude
is given by the product of the source area (4) and displacement (b;), or crack volume. In fiber
fracture, fiber opening equals b;, not the released elastic energy. Thus, the energy analysis given
in the past, such as by Lorenzo [70] and Berthelot [75] needs to be modified. Another overlooked
aspect of AE signal analysis is the modeling of sensor input. For example, Berthelot [75] used a
rectangular pulse to represent a crack signal, which is a sensible first-order approximation for
surface displacement due to an opening crack detected at the epicenter. Note that the source dis-
placement function is step-wise, but with a slope (Fig. 4 in [75]). Because Green’s function is
convolved with the source [74], surface displacement becomes a Gaussian-type mono-pole pulse
(left: Fig. 5, [75]). It was simplified to a rectangular one (right: Fig. 5, [75]). AE sensors, howev-
er, typically respond to the velocity component. Thus, the sensor responds to two sharp pulses of
opposite polarity separated by the duration of the rectangular pulse (Ty). In this case, the FFT of
the velocity response has the center frequency of 1/2Ty, instead of the displacement response that

187



peaks at zero and vanishes at 1/Tr. When one uses a Gaussian shaped displacement pulse (a half-
width of 0.22 ps; Appendix 2, Fig. A2a), its FFT gradually vanishes without multiple zero points
as can be seen in Fig. A2b. Note the half-width is 2 MHz, equaling the inverse of the base width
of ~0.5 us in Fig. A2a. The derivative of the Gaussian pulse is known as a Gaussian mono-pulse
and is shown in Fig. A2c. The FFT pairs of Gaussian mono-pulses of 0.2 to 2 MHz are shown in
Fig. A3. It is evident that these pulses are broad and one can hardly use the spectra for source
discrimination. Even recent AE modeling efforts have not taken these points raised here and
reevaluation is called for.

3
b1, pm

Crack volume, m

0 0.2 0.4 0.6 0.8
Source rise time, U sec

Fig. 6 Crack volume vs. source rise time. Data points are within the zone between crack veloci-
ties of 2.3 and 22 m/s. [71]

Still another issue evolves from the examination of Fig. 5. Note the three waveforms origi-
nated from fiber fracture, but with different propagation paths and distances (6.2 to 12.2 mm).
These differences resulted in P, SP and S waves arriving at variable timing. Typical argument for
the frequency contents relies on the P-wave arrival. However, a sensor detects all arrivals and
time differences dictate the frequency spectra of the received AE signals. This aspect must be
accounted for as well in discussing the frequency content of an AE signal when it consists of
bulk waves.
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Fig. 7 Typical waveform from a transverse matrix crack in [0/90,/0] CFRP. [77a]
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Matrix and interfaces

AE signals originating from the matrix and interfaces are varied and range from weak to strong,
making unambiguous characterization difficult in practical composite structures. Several differ-
ent mechanisms are expected to overlap as well. In model composites, however, clear distinction
is possible.

Transverse matrix cracks: In 1979, as a part of an extensive investigation on composite failure
mechanisms, Bailey et al. [76] first reported using AE for detecting transverse crack initiation in
GFRP, while CFRP produced no AE due to pre-failure degradation. Prosser [77a] reported one-
to-one correlation between observed S, Lamb wave signals and transverse matrix cracks in
cross-ply composites (Fig. 7) when 90°-ply thickness exceeds 0.4 mm (3 plies). Notice that this
signal is of high-frequency type (~700 kHz) and in thick cases (>6 plies) of very high amplitude
(>80 dB). Gorman and Ziola [77b] showed even stronger events in (0/90); CFRP, ranging up to
98 dB, but with >100 pus duration. [Note this work is the first to exploit the plate wave character-
istics of AE signals in typically thin composite samples.] Some of these signals with short dura-
tion are hard to differentiate from fiber-break signals. When transverse matrix cracks occur, three
possible micro-mechanisms exist; 1) matrix (resin) cracking, ii) debonding of fiber-resin bounda-
ries and iii) fracture of bridging fibers. Matrix is low strength and slower fracture produces only
low energy (amplitude) AE. See [39] for epoxy cracks having ~55 dB AE even for large area
cracks. Matrix cracks are present in notched woven-roving fracture surfaces in [36, 37] as resin-
rich areas of the size of roving diameter exist throughout the composite. In laminates made from
UD prepregs, only the interlaminar layers have contiguous resin constituent and the contribution
of mechanism (i) is limited. Debonding is expected to be the main mechanism for the transverse
matrix cracking in laminates with straight fibers and as the source of first ply failure. Mecha-
nisms 1) and ii) typically coexist in woven composites [36, 37]. Woo and Choi [78] characterized
debonding AE to have low amplitude (under 70 dB) and low frequency (lower frequency peaks
than the sensor resonance of 265 kHz for PAC p30) using in situ microscopical observation of
the notch-tip zone. They showed, however, that once macro-cracking begins, higher ampli-
tude/frequency (>70 dB, 430-450 kHz) peaks are dominant, implying bridging fiber failures con-
tribute substantially. Fracture surface showed both of these (ii and iii) mechanisms. Elevated
temperature exposure (wet or dry) affects the matrix-bonding behavior, which was detected with
AE. SchoBig et al. [79] used environmental SEM to assess damage mechanisms of short-fiber
GFRP and identified 14 different mechanisms and recorded AE simultaneously. However, too
many processes occur together. No clear correlation to AE signal characteristics is established so
far. Bussiba et al. [80] exposed CFRP (0/10 layup) to 100°C for 2 weeks and saw accelerated
debonding with the knee strain down from 1.5% to 0.6%. Wet exposure of GFRP was reported
in [61c, see also 81].

Godin et al. [82-85] made a series of well-designed studies using UD, angle-ply and cross-
ply composites with advanced pattern recognition analysis. Using Kohonen map and k-means
methods, they identified four distinct signal types and attributed them to matrix cracking, interfa-
cial debonding, fiber fracture and delamination. Waveforms of the 2™ and 3™ types are visually
indistinguishable, however. The use of Kohonen maps appears effective in identifying clusters of
AE signals and will be examined in a later section. In de Oliveira’s thesis [40], he summarized
nearly 20 other AE works on transverse matrix cracking and also reported own cross-ply GFRP
testing [see also 60]. He developed artificial neural networks based on self-organizing maps with
waveform and wavelet-transform data as input. Among six clusters identified, transverse matrix
cracking produced two types of AE signals having characteristic S, waves centering at 350-400
kHz lasting 30~60 us. The low frequency part arrived first as expected for S, waves. Shorter
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duration signals (type II) are attributed to the initiation, while longer ones (type I) to the propaga-
tion of transverse matrix cracks [60].

Delamination-Shear: Ono [48] reported AE from the delamination of UD CFRP with pre-cut
plies with several different shearing zones. Shear strength level was 5 — 24 MPa. Overlap length
ranged from 25 to 75 mm (13 mm width). Tensile loading produced initially medium amplitude
signals (50 - 70 dB) with an average event duration of ~120 us from the initiation of Mode II de-
lamination. At higher loads, high amplitude events (70-130 dB) of long (> 200 ps) event duration
were found. These are caused by rapid advances of delamination under mainly Mode II loading
with out-of-plane stress near cut edges. Lagunegrand et al. [86] examined free-edge delamination
on £30° angle ply CFRP and identified 90-100 dB signals as Mode-III delamination induced AE.
This delamination occurred between +30° and —30° plies in shear, while mixed mode shear was
reported in [15,/90,/-15,]s laminates. Scholey [87] examined delamination in large-sized QI
CFRP samples with cut plies, getting 10-50 pm A,-wave amplitude as the area of delamination
reaches ~30 x 50 mm after loading. Surprisingly, duration is only ~100 ps, implying delamina-
tion expands in small steps. Huang [61b,c] examined waveforms of various AE origins of CFRP
tensile samples (UD, cross-ply, quasi-isotropic) in conjunction with pattern recognition analysis.
One of six types identified is due to delamination, which becomes active just prior to sample
failures. As shown in Fig. 8, type-D delamination signal has the lowest frequency content (~100
kHz) and long duration, while fiber-break AE (types A and B, latter with larger matrix debond-
ing) has highest frequency content and short duration. (Type C is from transverse matrix crack
with ~100 kHz peak, type E from splitting with ~400 kHz peak and type F from shear crack in
+45° plies at medium frequency.) Corresponding power spectra show features originating from
WD sensor resonances (esp. at ~100, ~230, ~300 and ~400 kHz) as the sensor primarily detected
signals under its face in the middle of a narrow sheet sample. Effects of Lamb wave types may
be present for types A and D, in particular.

De Olveira [40, 42] identified two types (IV and V) of delamination-induced AE signals in
cross-ply GFRP tests. Both are A,-mode waves with low frequency contents under 400 kHz
(down to 20 kHz in type V) and strongest contents at 150-230 kHz. Type IV was observed at
lower loads, attributed to matrix-fiber decohesion as well as delamination. Type V appeared near
final fracture when delamination activity was high.

Delamination-Opening: Bohse and coworkers [88, 89] studied Mode I (crack-opening type) de-
lamination using DCB specimens and correlated AE energy with strain energy release rate (Gy),
supporting the concept of damage zone concept ahead of the crack tip. They consider the pres-
ence of matrix cracking and matrix-fiber interfacial debonding, the latter in stronger interface
condition. Some bridging fiber fracture is possible as well as in [78]. This also has more high
frequency component, allowing the discrimination of the two mechanisms. In both, however, the
main frequency feature is the dominant low frequency components below 200 kHz. Amplitude of
these AE is mostly (~90%) in 60-80 dB range. Another CFRP DCB tests [64] reported essential-
ly same results with a comparable low frequency peak (120 kHz with minor one ~300 kHz, both
characteristic of WD sensor). This low frequency peak was also seen in epoxy resin crack and in
lap-shear AE.

Recently, Sause et al. [53] published a comprehensive study of DCB tests with AE analysis
examining interlaminar crack propagation in GFRP and CFRP. They conducted pattern recogni-
tion analysis to identify three clusters, corresponding to matrix cracking, interfacial failure and
fiber breakage, using mostly frequency-based features, such as average, centroid, initiation, peak,

191



weighted peak frequency, six partial powers, etc. Cross plot of partial power at 450-600 kHz vs.
weighted peak frequency easily separated the 3 clusters. Figure 4 in [53] compares observed and
FEM-simulated signals and wavelet spectrograms, showing good agreement. Interfacial failure
dominates cumulative signal amplitude, followed by matrix cracks. Fiber breaks contribution is
low as this comes from bridging failure. This theory-test-model hybrid approach holds great
promise in assessing complex structural composite design under various loading conditions, in-
tegrating AE as a part of health-monitoring scheme.
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Fig. 9 Amplitude vs. duration of tow-composite samples with (a) no and (b) maximum surface

treatment. [44]

Fiber-pullout: In tow composite tests, Nanjyo [44] used 4 different levels of (pitch-)CF surface
treatment. Without treatment (level 0), many fiber pull-outs of up to 100 um were observed after
failure. With maximum treatment (level 5), fiber-matrix bonding improved and few fiber pull-
outs were found producing flat fracture surface. Comparison of these two conditions on ampli-
tude-duration plots indicates events with 60-80 dB amplitude, longer than 80 ps duration in-
creased more than ten-folds in the level-0 sample. These long duration signals are due to fiber
pull-outs. This means pull-out AE amplitude is 9 dB higher to fiber fracture (Fig. 9) on average.
However, differentiation must rely on duration. Single glass-fiber pull-out experiment by Mielke
[90] produced similar results regarding amplitude, though fiber diameters of 20-25 pm were used
and fiber-break amplitude was ~10 dB higher than pull-out signals while another study examined
pull-out of SiC fiber from glass matrix [91]. A more recent work used AE in single Kevlar-fiber
pull-out tests, and showed energetic signals of 50-90 dB (Pico sensor). However, AE part is dif-
ficult to evaluate lacking key details [92].

Mixed mode cases: Mizutani et al. [93] examined fracture of cross-ply CFRP under central point
loading and observed four separate types of AE signals. Signal simulation using laser sources
allowed him to establish source mechanisms of fiber fracture, transverse crack, delamination
(shear) and matrix crack, designated as type-A, -B, -C and -D. These 4 signal types are shown in
Fig. 10 together with wavelet spectrograms. Two sensors placed at 90° angle from the loading
point (along 0° and 90° relative to the surface fiber axis) showed vastly different waveforms,
helping the identification process. Of 327 total, initial 70 events showed the following: Mode-I
type fiber fracture in the front layer (the first event + 3), followed by transverse matrix cracks in
the mid-lamina (27), from the middle part on, delamination (15) and splitting-type matrix cracks
(11), (13 unidentified). They also studied the same experiment, but under dynamic loading
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condition. Details can be seen in JAE [94]. Four types of cross-ply CFRP plates were impacted.
Lamb-wave AE signals were detected by small AE sensors on both surfaces to separate S, and
A, modes. Only Impact-AE is obtained when the impact energy is below a fracture threshold.
When internal fracture occurs, both Impact-AE and fracture-induced AE (or Fracture-AE) were
detected. Most of strong AE signals were correlated with splitting matrix fracture source (type D
in Fig. 10).
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Figure 10 Waveforms and wavelet spectrograms of 4 types of signals from point-loaded cross-
ply CFRP. [87]

There are other types of matrix fracture. For example, matrix fracture similar to the trans-
verse matrix crack, but fibers oriented along the loading direction, also occurs. This is usually
called splitting and corresponding waveform is that of type E in Fig. 8 [61b,c] (also type III in
[40, 42]). Another type of matrix fracture occurs under shear stress along the fiber-matrix inter-
faces in angle plies, such as those £45° plies in quasi-isotropic laminates. This has a characteris-
tic waveform of type F in Fig. 8. Both E and F types have slowly rise time, reflecting slower
growth of such cracking (WD sensor was on top of these sources 0.5 mm away, so no propaga-
tion induced slow rise time). The characterization of signal types relied on the laminate types and
when these signal types were emitted during loading. (Note these features are dependent of test
conditions: these tests used thin (~1 mm thick), narrow (13 mm wide) CFRP samples with WD
sensor attached at mid-section. See also [95].)
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Felicity effects

When damage accumulates in materials, Kaiser effect breaks down. This is usually characterized
by Felicity ratio; the stress of AE restart/prior maximum stress. Felicity ratio has been linked to
the residual strength of composites, and has been studied over many years: see Hamstad’s thor-
ough discussion in 1986 [96]. Changes in Felicity ratio on laminates are shown in Fig. 11a and b.
In Fig. 11a, Hamstad [96] shows a schematic plot of GFRP data by Fowler and Gray [10], where
it drops with applied load. Awerbuch’s data on a multi-ply CFRP decreased with increasing prior
stress above 1/3 of the tensile strength of 272 MPa [97]. Felicity ratio was down to 0.7 with prior
stress of 220 MPa or 80% of the maximum. These are data from tensile coupons. On bend testing,
GFRP also exhibited Felicity effect, but stress level at the start of decreasing Felicity ratio is
higher (75-80%) instead of 45-60% in Fig. 11a, as shown in Fig. 12 [98]. Obviously, the differ-
ence arises from different failure mechanisms between tension and bend tests, but exact cause is
unknown. AE monitoring in compression-after-impact or bending tests with damages showed the
reduction of FR values [e.g., 99, 100]. Various AE parameters including FR were combined with
neural networks for burst pressure prediction [e.g., Hill, [23], pp. 382-387].

The origins of Felicity effects need to be explored further as we find few articles beyond
Hamstad [96]. It is obvious that the stiffness of fiber-damaged zone is reduced and stress/strain
differentials develop against the surrounding sound zones upon reloading. This is realized during
any unload-reload step [cf. 41], since the stiffness is proportional to the fraction of intact fibers.
A damaged zone has a lower stiffness and deforms more. The stress/strain differentials, in turn,
produce additional interlaminar stresses, leading to premature delamination. This can be the
source of Felicity effect in impact-damaged vessels. In the absence of fiber damage, delamina-
tion itself should give rise to frictional AE during an unload-reload step. At any interlaminar, res-
in-rich layer between plies of different fiber orientations, interlaminar shear stresses are always
present. While the shear fracture strain is of the order of 1% in most resins used today, it is
common to use longitudinal-hoop fiber angles of 60-70° and substantial interlaminar shear
stresses result upon loading. With our current AE methods, separating delamination and friction-
al AE signals is feasible. With the above scenarios for Felicity effect, we should expect strong
FR dependence on lay-up sequence.
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Fig. 11 a) FR vs. applied load of GFRP [96].  b) FR vs. applied stress of multiply CFRP [97].
Felicity ratio (FR) provided sensitive measure of developing damage under compressive tests

[101]. CFRP laminates with 914 or PEEK resin matrix having a seeded defect were cyclically
loaded and f =1 — FR was used as damage indicator (of internal delamination). Applied load P
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and f are related with laminate specific manner with high R*-values >0.98. See Fig. 13. As the
marks for visible crack indicates, f-value gives the warning of internal damage.
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Fig. 12 FR vs. stress ratio of a GFRP under bending load [98].

] | | | [ [ |
1| P=11530 + 38369(0°>" | | /GA'/ L it IR - o AR
| R?=0991 ; [ I S
T T 3 - T % « 'O/90 test n°1
z .| P =2502 + 87452 ! - O//90 test n°2
. '/ ‘ e R?= 0,983 ‘ — /90 identified curve
e¥7 < | T+ AS4/PEEK test n°1 . z:::n:; -
- % = n
9 20 ¥ 2 AS“PEEK"“:‘Q ' "' — - 30//0 identificd curve
o T300/914 test n°1 l0: ! | \ra— « 45//0 test n°l -
10 4/ . Macro-cracks » T300/914 test n°2 ” E 0 Appearance of |+ 4si0restn2
: appearance — Identified curves ED macro-cracks - - + 45//0 identified curve
i} B ——— ——— — B B e 03 TR At 8 w—
0 005 01 015 02 025 03 035 04 0 005 01 0I5 02 025 03 035 04
a) f=1-FR b) f=1-FR
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orientation [101] Loading is compressive and CFRP has an internal defect to initiate delamina-
tion. Appearance of macro-cracks is marked by squares.

Several stressing sequences are used in obtaining FR. The usual one is to unload from the
previous maximum as in [101], whereas incomplete unload sequences are more convenient to
perform. One such example is shown in Fig. 3, called intermittent load hold (ILH), while CARP
procedure calls for 10% unload with stepped loading (Fig. 4, [15]). The origin of Felicity effects
is most likely from frictional (secondary) AE [97], but the link between Felicity effects and re-
sidual strength is empirical. Toward clarifying this link, NASA has embarked on extensive basic
study of FR as they view this as one key element in the prediction of composite over-wrapped
pressure vessel (COPV) performance. Specifically, it was found that some COPV failed in accel-
erated stress rupture testing; that is, COPV is pressurized and held for extended periods. They
cannot afford such a failure in space [102]. Tow composite tests using Kevlar 49 and IM7 and
T1000 carbon fibers were initiated with 4 sensors mounted on 250 mm long samples [55, 103-
105]. AE results for a T1000 tow test was seen in Fig. 3. FR from this and similar tests showed
quite different behavior compared what we have observed previously. Figure 14 shows the new
findings. Data for an IM7 COPYV is also included for comparison. Felicity ratios given here were
determined using the first AE event for Kevlar-epoxy tow, and the mean of the first 15 events for
T1000 tow, IM7 tow, and the single IM7 COPV. FR values are in all 4 cases higher than 0.9
even very close to the failure load. FR is above 1.0 up to load ratio of 0.6-0.7 for CF and 0.85 for
Kevlar fiber. For COPV, FR stays above 1.05 to load ratio of 0.78. First, these finding again
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imply that fibers remain intact to much higher stress levels than older CFs like G50 used in [48]
(IM7 is relatively old, however) as discussed earlier in conjunction with Fig. 3. A recent study
[106] of T1000 Weibull modulus indicates that m-value at lower strength range exceeds 30
(overall m = 5.9), thus virtually eliminating fiber fracture below 80% of the average strength.
Second, frictional mechanisms are not as active as in old CFRP, reflective of better interfacial
bonding. Interlaminar shear strength has doubled from previously common AS4/3501 (76 MPa)
to newer T1000 CFRP (150 MPa). This condition is true even in COPV, in which windings of
various orientations are expected to lead to interlaminar shearing and friction (it is unclear if this
particular COPV was subjected to autofrettage* (*an over-pressurization step to put the metal liner in com-
pression), which can suppress AE at lower loads.) Third, flaws like splitting or delamination are
not expected in tow composites, although this is not the case for COPV. As higher FR values are
linked to low damage state and higher failure strength, more extensive studies on composite Fe-
licity effects seem to be highly advisable. These should point to improved materials and manu-
facturing processes. FR on pressure vessels will be discussed later.
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Fig. 14 FR vs. load ratio for T1000 carbon-epoxy tow (black-dotted), IM7 carbon-epoxy tow
(grey-dashed), Kevlar 49 -epoxy tow (white-solid lines), and an IM7 composite overwrapped
pressure vessel (large crossed hexagonal symbols). 95 % confidence intervals also shown. [105]

Wave propagation

Typical composite structures comprise thin members and AE signals are transmitted as Lamb or
plate waves of extensional (or symmetric) and flexural (asymmetric) modes. Many composite
members are anisotropic as well. Basic aspects on plate waves have been covered well in [12]
and standard textbook [107]. In composite AE field, work by Gorman and coworkers [108-110]
brought the focus on the peculiar wave propagation behavior of AE signals in thin composites,
especially on the aspect of source orientation producing different wave modes. Hamstad and his
NIST colleagues enhanced our understanding with extensive finite element modeling studies to
shed light on the source types and resultant plate waves [111-114]. Large wave attenuation in
composites has been accounted for in CARP methods [8-17, 20, 21]. Downs and Hamstad [115]
showed the sharp amplitude drop (20 dB in 6 mm) due to geometrical spreading in CFRP vessels
of inverse-square-root distance dependence. More recently, the anisotropic nature of composite
plates has been included in analysis. Mal et al. [116] used a classical damping factor approach to
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anisotropic wave analysis and found satisfactory results between theory and experiment (though
this work is difficult to transfer to AE study). Sause incorporated suitable source models and
wave propagation analysis on such CFRP model sheets [53, 69, 70]. Using complex elastic mod-
ulus obtained by air-ultrasonic technique [117, 118], some wave propagation analysis included
attenuation factors as well [119-122]. Anisotropic velocity calculations are also reported for
common CFRP layups [123-126].

Actual measurements of attenuation are limited. Suzuki [71b] measured P-wave attenuation
in 60% UD-GFRP as a function of propagation direction and frequency. Along the fibers (at 0%),
attenuation was 60 dB/m for 0 — 1 MHz and 180 dB/m normal to fibers (at 90°), 0 — 1 MHz. See
Appendix 3. Suzuki also showed the relaxation function model of Weaver [73] fits the data
above 1 MHz, but measured attenuation did not diminish at low frequencies contradicting model
prediction. Prosser [76a] obtained apparent attenuation of S, and A, waves in IM7/977-2 CFRP
of 1.2 and 3.7 mm thick quasi-isotropic laminates. For S, mode in the thinner plate, attenuation
was 42 dB/m (410 kHz) and for A, mode it was 83 dB/m (85 kHz). For the thick plate, corre-
sponding values were 35 dB/m (230 kHz) and 51 dB/m (90 kHz), indicating the effect of thick-
ness and frequency. Attenuation observed on a CFRP pressure vessel [115] was higher. These
values change when geometrical spread of inverse-square-root (Lamb waves) is accounted for.
Gallego and Ono [127] reported attenuation measurements on CFRP plates of three types of
layups (UD, XP, QI). S, and A, wave modes are separately evaluated and frequency effects are
examined. Attenuation is also high. It is evident that any AE analysis must consider frequency-
dependent signal loss through the transmission. It must be pointed out that some of theoretical
papers on Lamb wave attenuation [117-126] state that guided waves propagate long distances.
This is contrary to their results, many showing 100+ dB/m, and without experimental support.

Applications

Pressure vessels and tanks - 1

When AE applications mature, we find few reports in publications especially after these are
compiled in reference books, like NDT Handbook [23] and codes and standards established. Ap-
plications to chemical tanks and vessels fall into this category after the first three AERC/AECM
conferences [24a-c]. Rocket motor case applications are at a similar state [see [23], pp. 377-381];
actually, few reports had appeared from the beginning due to their sensitive nature. In this con-
nection, it is interesting to find a review on the burst pressure prediction; Joselin [128] covers the
subject quite comprehensively, introducing each paper adequately without inserting own inter-
pretation. Thus, a reader must judge which approach is successful/unsuccessful on his/her own.
Also many papers from AECM series conference proceedings are missing, as access to them
may be difficult outside the US. Still this review is a recommended reading on this topic.

There are two important issues at this time. One is the evaluation of impact damage and the
other is estimating the residual life of COPV. The first topic is not limited to pressure vessels,
but it is one of the critical problems in aerospace circle. This has been studied with AE for more
than 20 years [e.g., 129-135]. It is known that impact energy links to the burst pressure. Many
AE parameters have been “successful” in predicting the burst pressure [23, 128]. An example of
burst pressure-Felicity ratio correlation is shown in Fig. 15 [130]. While the sample size of this
study is small, it is believed a larger database has been prepared to show the same trend within
the aerospace circle. Yet industrial practice still uses AE as a supplementary method. As a tool
for space COPV inspection, Chang [136] in 2003 assessed AE to be better on “inspection time”
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and “field use”, as average on “flaw characterization”, “simplicity”” and “COPV preparation” and
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as weak on “whole field”, “data evaluation” and “sensitivity”. In the AE field, we think “whole
field”, and “sensitivity” as AE’s major strong points, but actual judgment by the practicing engi-
neers is much more critical.

As mentioned in Felicity effect section, NASA is attempting to use AE for COPV burst pres-
sure prediction [102-105]. This is now based on the higher levels of newly measured FR values
of near unity. Figure 16 shows Felicity ratio with increasing previous highest pressure for an IM7
COPV during two separate pressurizations to 6800 psi (circles) and to burst (crosses). A linear fit
is made to both pressurization data. Once the FR value at burst is established with confidence,
this will allow burst pressure prediction from lower pressure ILH loading schedule. As noted be-
fore, this FR-pressure relation is comparable to tow composite behavior. This surprising similari-
ty is promising in a sense that newer COPV manufacturing is eliminating many sources of flaws
that previously decreased FR values, and also reduced COPV strength. It is hoped to see even
better correlation develops in the case of newer T1000 fibers.
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Fig. 15 FR values are almost linearly related to failure strength of spherical Kevlar COPV [130].
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Fig. 16 Felicity ratio vs. increasing previous highest pressure for an IM7 COPV. Data from [105].

In connection to the use of FR values, it should be noted that another parameter is useful in
some cases. Downs and Hamstad [133] defined Shelby (countdown) ratio, which is (the load
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during unload when a predefined AE activity level is reached) divided by (the previous maxi-
mum load). This ratio was used much like FR values in correlating to the burst strength of CFRP
pressure vessels. This ratio is being used in the NASA study discussed above [102-105].

The second problem of estimating the residual life of COPV comes from stress rupture be-
havior of high strength fibers. It is well known that silicate glass suffers from static fatigue, i.e.,
time dependent fracture due to the presence of moisture, aka. stress corrosion cracking. Similar
effects exist in COPV made with Kevlar and carbon fibers. Figure 17 shows sustained load de-
sign curves for three types of COPV. These are used for determining the allowable sustained-
load operating stress for a specified time at load using a probability of survival of 0.999. The
time at pressure represents the sum of the time that the COPV is pressurized at or above 60% of
mean expected operating pressure [136]. Over a long period of service, allowable applied stress-
es are quite low relative to the static strength. Of the three fibers, carbon fibers give the best per-
formance at longer times (>100 hrs).
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Fig. 17 Sustained load design curves for three types of COPV. Data from [136].

Since fiber fracture is the root cause, AE can play a significant role in resolving this problem
of estimating the residual life. From the earliest days of AE, the stress rupture issue was recog-
nized and Liptai [5] reported the process of stress rupture of a GFRP NOL ring. See Fig. 18a,
which follows two hrs of loading before fracture with rising AE counts. This sample was loaded
to 80% of the expected fracture load. Another NOL ring was loaded in fatigue at 50% of the ul-
timate load. At each 2000 cycles, it was loaded to 75% with AE monitoring, shown in Fig. 18b.
As listed in the figure, estimated FR values decreased with loading cycles, quickly dropping to
~0.5 (as noted earlier in Introduction). Since then, however, only a few reports of AE monitoring
of stress rupture of FRP appeared in the last 40 years [136-140]. There are reports of FRP stress
rupture studies [e.g., 141-143]. NASA conducted wide-ranging study of Kevlar COPV used in
Space Shuttles (24 used in each orbiter vehicle) after the Columbia accident and reestablished the
reliability to be 0.998 relying mainly on accelerated pressurization testing. Raman spectroscopy
was used to evaluate the residual stress state of Kevlar [144]. No mention of AE appeared in the
report. However, another program is in progress [55,102-105,140] at NASA. On stress rupture
tests, only a glimpse of data can be viewed so far [145], showing the usual increase in AE just
prior to failure. In some cases, other data appear inconsistent [140] and we need to wait for the
completion of the program. Still the location data on a successful test of a COPV shows several
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concentrations of energetic AE events within 24 hrs of final failure (slide 19, [145]). Two views
are given in Fig. 19. Such data point to the availability of information that warns incipient failure
if continuous AE monitoring is used. Without monitoring, projecting 0.999-level reliability will
probably require a new strategy yet to be formulated.
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Fig. 18 a) Cummulative AE counts vs. time at 80% of fracture load applied. b) AE counts vs.
load under fatigue load with intermittent proofing. Data from [5].
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Fig. 19 Distribution of energetic AE events in 24-hrs period before the final fracture. Kevlar
COPV. Data from [145] with color inverted for easier viewing.
Pressure vessels and tanks — 2

AE tests of smaller tanks have occupied some European AE groups of late. These have to be
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done at low cost and rapidly. See [146-148]. A similar effort was undertaken by Propane Educa-
tion & Research Council in the US, using ISO11119-3 as the basis. They chose to use only visual
inspection, relying instead on the safety factor [149]. They stated in their Exemption request to
the US Dept. of Transportation (prepared by Battelle) that “Electronic methods which have been exam-
ined to some level of detail in the laboratory include acoustic emission and acousto-ultrasonics (sic). Other potential
inspection methods include holography, shearography, and thermography. These methods are used by highly trained
staff in controlled laboratory and manufacturing plant conditions for quality control and special purpose applications.
However, available data indicate the quality of damage detection in composite cylinders by these methods is incon-
sistent and varies significantly with the material selection, design, and manufacturing techniques. Consequently,
unique NDI test criteria will be necessary for each different cylinder design, even though they may be from the same
manufacturer. Practical application of these methods will be erratic and inconsistent for operations which inspect
more than one cylinder type at one time, as is typically done in cylinder and propane industries.” Their products,
LPG/CNG cylinders, are inexpensive, requiring the lowest cost inspection method. Yet, this
seems to be the state of general NDT community that is so ignorant of the state-of-the-art in AE
technology. The safety factors they incorporated are still of interest; This value, minimum stress ratio,
is defined as the ratio of the fiber stress at calculated design minimum burst pressure divided by the fiber stress at
2/3 times test pressure (i.e. working pressure). For cylinders without liners or with non-load-sharing liners, the stress
ratios are:

e Glass fibers - 34
e Aramid fibers — 3.1
e Carbon fibers — 2.4

These cylinders are designed to last 15 to 50 years and the minimum stress ratio is to assure
against failure due to stress rupture. Note CF can be stressed the highest. It is not known if this
has received DOT approval.

On the side of chemical vessels, AE is well accepted thanks to the efforts of Dr. Fowler and
the CARP, as mentioned in the Introduction. A manufacturer of FRP vessels [150] recommends

AE testing of their product as follow: “Acoustic emission tests on used equipment are most effective when
there is baseline information available. It is therefore recommended that all critical FRP equipment be baseline AE
tested soon after start-up. Once in service, the amount of AE testing that is done is the owner’s prerogative. Often,
equipment is tested at a point in time approximately halfway through the estimated life span of the equipment. On-
going testing will depend on the results of this test. When critical equipment is nearing the end of its service life,
regular AE testing can provide a meaningful structural evaluation that may prolong equipment use and prevent un-
expected failure. Acoustic emission testing identifies and locates active defects in laminates by detecting minute
acoustic impulses that are generated as a defect propagates under load. A major advantage of this procedure is its

ability to monitor an entire piece of equipment quickly.” This is a welcome testimony for the validity of
AE testing.

Small, but extremely high-pressure cylinders also present technical challenge, as in the case
of 100-MPa hydrogen cylinders [151]. Also see Gorman [152] for AE specific discussion. A new
ASME Code case was developed based on AE to provide the accept-or-reject criteria. These are
based on the curvatures of cumulative events and energy curves that quantitatively measure pres-
sure vessel stability. These are COPV, but the liners do not carry load, unlike the space counter-
part discussed in the previous section (these carry 20-30% load [144]). An example of AE cumu-
lative event (XAE during load hold) analysis is shown in Fig. 20. Left curves are AE events
curves for 4 channels. At 320-570 s, load is held and event rates started to decline, which are fit-
ted with exponential functions of the form

YAE=Aexp (Bt)+C, (2)

t = time and A, B, C constants. For the curve on the right, shape factor B is —0.0183 and good-
ness of fit is R = 0.91. When B is negative, AE event rates decay and the vessel is accepted as
stable. Other factors used include the number of fiber breaks, fiber break energy, background

201



energy oscillation effect (which begins at 60-75% of burst pressure) and frictional AE. This
Code is now published from ASME (Section X, Appendix 8, 2010) [151b] and being applied in
the field. This Code requires for vessel acceptance that the value of B falls between —0.1 and —
0.001 and R*> 0.80. Alternately, it is possible to use time required for the structure to emit 99%
of AE events on a dwell, namely, toge,. Here, toge, = In (0.01)/B and takes values between 25 and
40 min. For various non-AE requirements, see [151a and b].
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Fig. 20 a) Cumulative events and pressure vs. time. Load is held between two vertical lines. b)
Exponential fitting of the cumulative events vs. time for channel 1 during pressure hold period.
[152]

Wind turbines

Increasing size of wind turbine power generators demands constant monitoring and maintenance.
Articles of applicable NDT methods and of AE methods have appeared [153-157]. Ciang et al.
[153] reviewed various SHM methods, with a broad discussion on AE with a dozen references.
Some new approaches are suggested. Reference [154] suggests somewhat limitedly “AE is con-
sidered more robust for low-speed operation of wind turbine compared to the classic vibration
based methods. This approach is also more ideal for identifying early faults in gearbox bearings.’
Reference [155] is a brief summary, while [156] reported on an AE test of 25-m long blade with
a static step loading schedule and noted locations of AE events at 77% of the fracture load. Sen-
sor placements tightly (20-50 cm spacing) surrounded the eventual failure site.

b

\

Fig. 21 Surface damage above the spar-cap skin interface with 3 R61 AE sensors (#i8—20). [100]
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AE Energy Rate vs cycle
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Fig. 22 AE energy rate vs. fatigue cycles. [157] Fig. 23 AE event locations near the spar cap
end. [157]

Rumsey et al. [157] conducted high-cycle fatigue loading of TX-100 blade of 9-m length to
over 4 million cycles. Dr. Beattie performed AE testing portion. This blade has 6-mm balsa
wood at center, a glass cloth supporting a single ply of UD carbon fibers at 20°, then the top mat
layer on both sides. At mid-length, spar cap is joined to the base side, where eventual failure was
predicted and AE monitored. At ~2.5 million fatigue cycles, a large visible crack developed par-
allel to the chord axis on the high-pressure side at ~4.5 m. The crack then grew along the 20° oft-
pitch-axis carbon fiber direction until the test was stopped at 4 million cycles. Figure 21 shows
the surface damage above the spar cap skin interface with 3 AE sensors (PAC R6I) nearby. Al-
most immediately with test start, AE detected AE events and followed the evolution of blade
failure around the end of the spar cap at 4.5 m, but no significant damage in any other monitored
areas (24-channel system used). Significant AE appeared at 3.55 million cycles and extreme
damage indications started at 3.78 million cycles (see AE energy rate in Fig. 22). The locations
of the AE events (Fig. 23) matched the visual damage shown in Fig. 21. The most significant re-
sult of this test was that only AE was able to predict and identify the damage location and severi-
ty while a few other SHM sensors failed to see the damage.

Another approach for AE characterization, i.e., pattern recognition/neural network, has been
used for AE signals from turbine blade tests. [158-160] This approach provided damage grade
assessment, relatable to the state of cracks and other flaws developed in fatigue loadings [158].
Load-hold emissions were useful in setting up the classifiers. Other methods evaluated different
aspects of blade state assessment [159, 160]. This application is still developing and new meth-
ods are expected in this Conference.

Space Shuttle

NASA tried to develop and implement on-board impact detection technologies after the loss of
the Space Shuttle Columbia. Prosser [161, 162] described a system called Shuttle Wing Leading
Edge Impact Detection System (WLEIDS). It had been installed on all Space Shuttle missions
till recent retirement of the fleet. The system tested accelerometers and AE sensors for detecting
the impact of launch foam debris on the leading edge made of reinforced carbon-carbon and on
thermal protection tiles. Even though a foam block tested was ~0.8 kg, its speed is 240-290 m/s
and produced detectable damages with the sensors. Some hypervelocity (6.8 km/s) tests were
done, indicating different waveforms from the slow impacts. Implementation on shuttle fleet re-
lied on flight-qualified accelerometers that proved to function at lower frequency range than AE
sensors, while reducing the signal acquisition frequency down to 20 kHz, beneficial in data
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storage and transmission to the Mission Control on earth. For each Space Shuttle, 66 sensors
were on board and 22 battery-powered data acquisition/wireless transmission units were mount-
ed in each wing cavity. The system recorded data from all sensors continuously during launch
and ascent to orbit. The data was transmitted wirelessly to a laptop computer in the crew com-
partment and then downlinked to ground. The monitored data consists of rms values of g-force.
A summary file of the largest peaks is also stored and used for preliminary analysis. When war-
ranted, detailed analysis follows. For all flights since Columbia, the WLEIDS has performed ex-
ceptionally well. None of probable impact events have been of amplitude consistent with critical
damage to the RCC leading edge and in-flight inspection at the suspected impact locations using
the Orbital Boom Sensing System has not revealed damage. Post-analysis of the entire records
evaluated the system performance on flight for future deployment. Some of the waveform rec-
ords in the ground tests can be seen in [161] and key components of the Shuttle Wing Leading
Edge Impact Detection System are shown in Fig. 24.

Wing Leading Edge
with 22 Reinforced
Carben-Carbon Panels

Reinforced
) \ Carbon-Carbon|
A\ \ Panel

Thermal Sensor

F,

Fig. 24 Key components of the Shuttle Wihg Leading Edge Impact Detection System. [161]

Sandwich structures

In practical composite design, sandwich structures are widely used [163]. Aluminum or Nomax
honeycomb core is widely used in aerospace applications and foam core is common in less de-
manding design. AE studies of such structures are not many. Burman [164] conducted an exten-
sive study of sandwich composites under static and fatigue loading conditions and used AE for
monitoring crack initiation and growth in the core. AE location aided failure process study on
invisible subsurface damages. AE behavior is typical one with rising AE near fracture, and am-
plitude reaching into >80-dB range. Sandwich composite panels are finding new applications in
rehabilitating aging infrastructures [165, 166]. Reference [165] used a small AE system and ob-
tained some AE results on tensile samples, but only rough data outline is given. Larger samples
with cyclic loading are also tested, but results are not clearly analyzed or presented. [166] used
16-channel AE system and obtained some AE results during stepwise loading and signal attenua-
tion on the panel, but definitive results are yet to come. In these ambitious projects, it is hoped
that past AE experience in the literature is used to better outcomes.
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In similar composites with 30+% GFRP skin and balsa-wood core, Hoa [167] studied their
AE behavior extensively, producing an ASTM document (ASTM E1888-12). It is worth noting
that, starting from FR concept, Hoa defined a trend number Z = A,/A;, where

A is AE parameter (counts, hits) upon loading to P;.

A, is AE parameter (counts, hits) upon reloading to P;.
Under cyclic loads, Z tends to vanish in a good vessel (or a zone), while Z in damaged one starts
to rise. This parameter is useful in judging this type of sandwich composite and may be applica-
ble for other types.

Aircraft applications

In 1984, we were invited to monitor the testing of a prototype all Kevlar composite aircraft
(Avtek) using AE. See Fig. 25, which shows an 8-channel AET-5000 system. The Avtek plane
was supported at the main wings and canard wing tips while the mid-fuselage was pulled down.
30- and 175-kHz sensors were distributed, especially at the canard attachments. This position
turned out to be much weaker than design load, producing significant AE and stopping the test
before damage. This demonstrated the AE test’s worth, but the Kevlar plane project did not con-
tinue long unfortunately.

——

Figure 25 AE monitoring of prototype—gvtek aircraft in 1984. Dr. I. Roman, on leave from He-
brew University of Jerusalem, operated AET-5000 system. [The original of the cover photo
shown in JAE vol. 3]

AE applications in aircraft industry appear to have advanced according to the anecdotes from
AE equipment makers, but little is known in the open literature for obvious reason. Only about a
dozen papers appeared in JAE in the past 30 years with direct connection to airframe, but only
metallic. Composite structural components are increasing their importance even in commercial
aircraft, but the role of AE is apparently limited. Pfeiffer and Wevers [168] detailed AE and
Lamb wave methods for aircraft SHM applications as a part of AISHA project under European
Research Area. For critical damages, appropriate Lamb modes are being identified for such parts
as helicopter tailbooms and Airbus slat tracks. Takeda [169] reviewed small-diameter optical fi-
ber sensors for damage monitoring and structural health monitoring (SHM) of composite struc-
tures. They also reported on results from ACS-SIDE project in Japan with optical SHM. Fiber-
Bragg grating (FBG) sensors are combined with PZT actuators for Lamb wave inspection of
CFRP structures. Several articles on NDT in aircraft manufacturing appeared recently [170-174],
but only one briefly mentioned AE’s use in predevelopment-design phase [170]. Our concerted
efforts to change the perception of key people in this industry are needed. For example, an im-
proved activation method of impact/delamination damage for AE diagnosis will be needed to
provide a better technique to aircraft people. On composite panels, the benefit of global
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inspection with AE often evaporates from high wave attenuation behavior. An innovative meth-
od is required also.

Figure 26 shows expanding uses of composite in modern commercial and military aircrafts.
This poses a formidable challenge for NDE/NDT of composite components during manufactur-
ing, service inspections, flight conditions and SHM. Numerous laboratory tests have been carried
out during last decades on large composite components for aircraft structures. At the beginning
of the 1990s, Boeing designed and built a 64-channels AE system, called AE Pre-failure Warn-
ing System (AEPWS), which was used on a prototype of a low tail horizontal stabilizer (LTHS)
box [175]. AEPWS, based on calculation of the AE energy (MARSE), was used to monitor se-
lected flights for the first lifetime (50,000 flights) of fatigue cycling of the LTHS. At the end of
the 1990s, Saab Aerospace (Sweden) monitored by AE two full-scale test on the JAS 39 Gripen
combat aircraft, partially manufactured from CFRP [176]. In the first one, the wings and the ver-
tical stabilizer (which are primarily manufactured from CFRP) were monitored by a 72-channels
PAC AE system in order to localize damage in the early stage. It was possible even without any
false alarms and no more damage was detected by other NDT techniques. During the more than
100 real-time tests FR index was checked.
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Toward the goal of more active AE utilization in composite aircraft area, some papers are of
interest [177-179]. Leone et al. [177] monitored AE in several honeycomb sandwich composites
curved fuselage panes, each containing a different scenario of damage, using the Full Scale Air-
craft Structure Test Evaluation and Research (FASTER) placed in Atlantic City (US). In particu-
lar, the evolution of particular notches artificially made on the full-scale T700-CFRP sandwich
panels was monitored by AE using an 8-channel 150 kHz resonant sensor configuration located
in circle (see Fig. 27). A good correlation was found between the notch progression (see Fig. 28)
and AE accumulated and during loading of the panels (see Fig. 29). The most of the events rec-
orded were below 70 dB (between 85-97 %). Figure 29 shows that the percentage of high-
amplitude events, normally associated with fiber breakage, was less than 5% of the total AE
events recorded.
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Fig. 27 Left: Honeycomb sandwich composite panel. Right: A segment of the panel showing the
AE sensors arrangement, a photogrammetry system and an artificial notch. [177]

Fig. 28 Notch—fip damage after complete final fracture in two sandwich panels. [177]
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Fig. 29 Load-time history and accumulation of AE events and amplitudes recorded during load-
ing two panels. Each dot signifies a three-hit event. [177]

Sensors and Sensing

Aljets [178, 179] completed a thesis with new approach to source location methods and validated
them on large CFRP plates. One is to use an array of 3 closely positioned (45 mm) sensors. Us-
ing this sensor array, wave modes and source locations are obtained with two different methods.
The array sensor approach is similar to Sachse’s patent of 4-sensor array, but the latter was for
source location purpose [180]. As we saw earlier in this review, the knowledge of wave modes is
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very important information today. More such work on large samples must be pursued to make
AE acceptable to industry engineers. In this connection, a new method of Lamb-wave detection
should be of interest. Yeum et al. [181] used a sensor of two coaxial PZT elements, a center disc
and a surrounding ring. This sensor needs to be placed only on one surface. The mode decompo-
sition can be performed at any selected frequency without changing the PZT size and/or spacing
configuration, aided by solving 3D Lamb-wave propagation equations with the PZT size and
shape as input. This technique was demonstrated for Lamb waves in an aluminum plate, but
should be applicable to composite plates as well.

Optical sensing of AE signals relied on bulky components initially, but the size of sensors
and associated equipment started to shrink. Wevers et al. [182] introduced an intensity modulat-
ed optical sensor based on the microbending into a CFRP plate and evaluated AE from develop-
ing damage, though S/N ratio needed improvements. Surgeon and Wevers [183] evaluated ef-
fects of adding optical sensors into CFRP plates. When optical fibers are near the stress-carrying
plies, degradation was detectable. Subsequent reports from this group [184, 185] examined sig-
nal processing aspect for S/N improvements and a different sensing principle, using polarimetric
single-mode optical fiber sensors. Other approaches also appeared more recently [186-188] with
interferometric techniques. FBG sensors are from a different principle and is amenable to source
localization. See Tsuda’s article [189] on its use in SHM applications along with [169]. For em-
bedded usage, see [190]. The main obstacle for wider uses of optical sensing is still the cost of
equipment.

Pattern recognition — Clustering

When we initiated using pattern recognition analysis (PRA) software, called ILS, in the early
1980s [61a, 191, 192], we relied on autoregressive modeling to obtain the signal feature vectors
and utilized principal component analysis. It was cumbersome, but the promise of signal discrim-
ination was encouraging. We next used Icepak software from TISEC in the 1990s, which vastly
ran faster and reported CFRP signal classification results discussed earlier [61b,c, 95]. With Ice-
pak, several algorithms including artificial neural network were available, but we primarily used
k-NN. In these studies, we had to supply the likely clustering scheme based on separate aspects,
such as special specimen geometry, loading range, microscopy, etc. Unsupervised PRA algo-
rithm started to appear [193] and Noesis software improved the coordination with PAC’s data
acquisition hardware in an integrated operation. This approach basically uses the standard AE
parameters along with partial power spectral density, chosen to represent different AE source
features. A different approach is taken in Vallen’s VisualClass that relies on time-staggered
power spectral features. In the past decade, PRA has become a common tool in AE examination
[194, 195; see also Hill, [23], pp. 382-387].

Kohonen introduced a new concept in classifying a large body of diverse data [196]. This is
known as the Self-organizing Map (SOM). It has been incorporated into PRA scheme for AE
data analysis [40, 82-85, 197-199]. For non-specialists, it is easiest to start with [40, 84]. In the
simplest term, SOM helps achieve “Birds of a feather flock together” phenomenon by directing a
data vector (characterized by multiple features) into an area of a map where other data vectors of
similar characteristics are already present. Godin [84] combined SOM with k-means method to
improve further AE data classification. [200, 201] are recent studies that take advantage of the
new PRA method with SOM. SOM Toolbox for MATLAB is available from Prof. Kohonen’s
group [http://www.cis.hut.fi/somtoolbox/links/somsoftware.shtml] and can be incorporated into
own data analysis package. With the SOM, robust unsupervised PRA is possible and this should
become a practical AE analysis tool shortly.
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Concluding Remarks

During the past ~50 years, we have expanded the knowledge base on AE. Still, further ad-
vances are critically needed to make AE an indispensable tool for composite industry. This arti-
cle has attempted to review “composite AE” from materials researchers’ perspectives and to sur-
vey how AE has contributed to various applications. The first part was reasonably achieved but
the second part was only partially fulfilled, as it has been difficult to gain information of AE
technology practiced in various industries. We have also identified a few crucial problems that
have to be resolved to reach our goal of making AE a useful tool for industry. These include dis-
placement-velocity sensor response, high wave attenuation in composites and the lack of under-
standing of Felicity effect and stress rupture. Promising developments include new methods for
high-pressure vessel monitoring sanctioned by ASME, SOM-based unsupervised PRA, and tack-
ling of issues with wave attenuation and stress rupture. We trust this article presents a fresh
summary of what has been discovered and utilized, points out obstacles to surmount and gives
some suggestions to future work, hopefully serving as inspiration for developing a new technol-

ogy.

Acknowledgment: The author (K.O.) wishes to thank Drs. Timothy Fowler and Michael Gorman for critically
reviewing this manuscript.
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Appendix 1: Lamb wave propagation

In 1986, Ichikawa et al. [A1] investigated the optimum conditions for using Lamb waves for
inspection of steel sheets, which fail from nonmetallic inclusions under heavy deformation. Us-
ing theoretical results, they developed an improved inspection system for use in steel production
lines. From the basic Lamb wave behavior, they noted complexity, such as 1) some modes are
difficult to excite or detect depending on frequency-thickness product, or f'd values, 2) the
sharpness of flaw reflection varies strongly with f-d values, and 3) flaw reflection pulse has a dif-
ferent frequency from that of the excitation pulse.

Pulse excitation and detection typically uses piezoelectric sensors that respond to normal dis-
placement; on the plate surfaces, one needs vertical particle displacements from Lamb waves.
For a plate of thickness, d, scalar and vector potentials are introduced to represent displacement
and stress within the plate using free boundary conditions on the surfaces. The components of a
displacement vector (U, W) for the wave propagation direction, x, and for the normal (thickness)
direction, z, are given by:

For symmetric modes:

U=ak.(

coshg,z _ 2¢:8s ooshS.z)
sinh ¢,0 o&+s2  sinhsgd

X exp[i(k.z—mt—izr-)]

sinh ¢,z 2k 5 sinh 5,2 )
sinhgd ko2+s,2  sinhsd
x exp[i(k,z—wt))

For asymmetric modes

U= ﬁk.(

(32)

—

W= —an(
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where d = 26, q? = kZ — k},q2 = k2 — k},s2 = k? — k2,52 = k? — k?, o = 2nf:angular
frequency, k; 4, 1 »- Wave number for symmetric (asymmetric, longitudinal, transverse) wave, o, 3

= constant. Wj is defined as an index to express the magnitude of the surface normal displace-
ment, W, relative to the integrated mean-square displacement as:

Wy e LTV Jod (4)
o, [ @+ wias

Using equations 3 and 4 with the shear modulus of steel = 80.3 GPa, density = 7.8 Mg/m’, Pois-
son’s ratio = (.28, the phase velocity and Wj in dB scale are shown against fd in Fig. Al (a) and
(b). These are reproduced from Figs. 4 and 5 in [Al]. It is evident that Wj varies widely
depending on the wave mode and f-d values. It is significant that the surface normal displacement
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of S, mode is less than —17 dB for fd < 1 MHz:-mm, while that for A, is always above —6 dB.
This explains why S, mode is usually not observed at low frequencies, especially for thin struc-
tures.

The wave dispersion also affects the pulse amplitude. The group velocity C, is given by
Cc 6C

_f
o= ( (5)
g
where C is the phase Veloc1ty. When a pulse with the center frequency f, and its spread in the
frequency domain Af (in half-value width) travels time ¢ over distance /, resulting in pulse spread

in time of A¢ (in half-value pulse width) of:

st= A,[ x 4f

3f] -f.,
_.A.ldf[ = / ] rr, (6)

where A, is a constant. A parameter D, defined below indicates the sharpness of a pulse affected
by the velocity dispersion. With the transverse velocity C;, we have:

by (¢ ) (&) @

Results of calculation are shown in Fig. Al(c) (which is Fig. 6 in [A1]). When the value of
D, vanishes, the dispersion effect is minimal. Again, D, varies strongly with f-d values, depend-
ing on the wave mode. Open circles marked P; to Pg(in Fig. Al (b) and (c)) indicate the points
where D, = 0. Table 1 in [A1] gives the f-d values (along with C/C,, C,/C, and Wy (in dB)) corre-
sponding to P; to Ps:

P; P, P, Ps P, Ps Ps P, Pg
f-dvalue 142 252 280 4.81 697 726 741 9.09
wave mode A, So A, A, St Az Az As
C/C, 0.79 1.23 2.00 1.33 1.38 280 2.60 1.40
Cg/CL 1.01 0.54 1.18 069 070 0.78 0.78 0.71
Wy (in dB) 60 40 -85 51 -52 38 -39 5.1

There seems another vanishing D, point at fd = 4.12 for S; mode, but Wy is low here. Judg-
ing from various wave propagation data, both theoretical and experimental, it appears that when
D, <+0.3~0.5, pulse propagation is possible without suffering excessive dispersion effects.

Considering both W5 and Dy, this work leads to approximate ranges where good pulse detec-
tion with low dispersion loss can be expected:

S, mode fd=1~2,>35

A, mode >0.5

S| mode ~2.7
Aj;mode 2~4
S, mode 35~7
A, mode >5.8
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Fig. Al. a) Phase velocity of Lamb waves vs. f°d values. b) Index for surface normal displace-
ment Wj in dB scale vs. f°d values. c¢) Parameter for dispersion effect D, vs. fd values. These
figures were assembled from Figs. 4-6 in Ichikawa et al. [A1], matching the abscissa.

223



Since Wy is in dB scale, it should dictate the outcome, while effects of D, parameter needs to be
explored experimentally.

This result of Ichikawa et al. [A1] is for isotropic medium and not directly applicable to fiber
composite materials. However, this gives for the first time explanations for oft-peculiar Lamb-
wave propagation behavior. In practical inspection setups, one also needs to consider frequency-
dependent attenuation effects.

Appendix 2: Gaussian Pulses

A Gaussian pulse is defined as a function of time ¢
G(®) = exp [~t2/20?] ®)

where o is a pulse width parameter [A2]. The pulse width at one-half of the peak height, 7, (al-
so called the full width at half-maximum or FWHM) is given by

ti; = /8In(8) 0 = 2.35482 0. (9)

Figure A2 (a) shows a Gaussian pulse with ¢, = 0.22 us [A3]. The power spectral density of
this pulse is given in Fig. A2 (b). It peaks at /= 0 and the spectral width at one-half of the peak
height, 112, is equal to 2.0 MHz. The half-height widths are related to each other by [A4]

tn Xf1/2:0.44. (10)

The time derivative of a Gaussian pulse defines a Gaussian mono-pulse (aka monocycle).
Using the center frequency, f, it is given by [A5]

V(t,f., A) = 2+/e Ant f, exp [-2(rtf.)?], (11)

where A is the peak height. A Gaussian mono-pulse at 2 MHz is shown in Fig. A2 (c) [A6]. In
the frequency domain, this is given by

A |2ef 1(f
V({f, fe, A) = ;\/%Eexp [_E(E)Z]' (12)
The inverse of the center frequency is essentially pulse duration, t. That is,
TXfo ~ 1. (13)

A pair of waveform and its frequency spectrum from [AS] was scaled to 2 MHz to 200 kHz cen-
ter frequencies. Four such pairs are illustrated in Fig. A3, (a) to (d).

The most striking feature of Fig. A3 is the broadness of the spectra. For a 2 MHz pulse (of
0.5-us duration), —3 dB half-power points are at 1 and 3.2 MHz. At 200 kHz (5-us long pulse),
the corresponding frequency range is from 100 to 320 kHz. Thus, a variation in source duration
has to be quite large to be noticeable in the detected frequency spectra. Since most sensors and
structures have natural frequencies, their dominance will be difficult to overcome.
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Fig. A2. a) 2-MHz Gaussian pulse. b) Its power spectral density. [A3] ¢) 2-MHz Gaussian mono-
pulse. [A6]
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Fig. A3. a) 2-MHz Gaussian monopulse and its power spectral density. b) Same for 1 MHz. ¢)

Same for 500 kHz. d) Same for 200 kHz. [A5]
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Appendix 3: Directionality of Attenuation and Source Types

Suzuki [71b] measured P-wave attenuation in UD-GFRP with 60% fiber content using a laser
technique. Figures 4.15(g), 4.16 and 4.17 from his thesis are shown in Fig. A4 below. These
show high attenuation especially for 90° orientation at 160-180 dB/m, but even for the orienta-
tion along fibers (0°) it is 60~80 dB/m. These are still 2 to 5 times less than in epoxy.
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Fig. A4. a), b) Frequency dependence of P-wave attenuation in GFRP. ¢) Orientation dependence
at 1.4~1.65 MHz. [71b]

Downs et al. [A7] examined the directionality of AE sources in an Al plate, that is, the orien-
tation dependence of FEM-generated AE signals due to three types of sources, i.e., in-plane di-
pole, microcrack initiation, and shear at 45° about the y-axis without a moment. They used wave-
let transform to characterize the absolute WT peak magnitude as a function of radiation angle
and source depth. The fall-off with increasing angle is dramatic for the in-plane dipole (nearly
100 %), as shown in Fig. AS. It is least for the microcrack initiation, except for a source at the
mid-plane, where the 45° shear has the least fall-off. The results also demonstrated that the WT
absolute peak magnitudes have their greatest values when the source is close to the surface and
have their lowest values when the source is located at or near the mid-plane.
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The directionality WT magnitude of microcrack sources is shown in Fig. A6, where 0°-
amplitude was used to normalize other radiation angles. Here, frequency: 270 kHz, propagation
distance: 180 mm, plate thickness: 4.7 mm. Sy and A, data behaved differently; Source depth
effect was present for the Ay mode, but not for the Sp mode. In both modes, the magnitude did
not vanish at 90°.
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Fig. A5. Absolute peak WT magnitudes for various source depths for in-plane dipole source at
180 mm propagation distance [A7].
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Fig. A6. Normalized peak WT magnitudes for microcrack source at 270 kHz; legend lists source
depth (mm), propagation distance (mm), and mode [A7].
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