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PREFACE

The rapidly growing importance of non-destructive testing and evaluation (NDT & NDE) methods
applied in the manufacturing, energy, construction, and maintenance industries, as well as in basic
research and development, has created a great need for practitioners, engineers, and scientists with
knowledge in this field. Non-destructive testing of materials is becoming increasingly important,
during the production process before individual parts are incorporated into individual pieces of
equipment and machinery. Testing during operation is becoming even more important in in-service
inspection where the condition of the material is checked, and further safe operation of the equipment
or machine is confirmed. Acoustic emission testing (AE) is an important part of non-destructive
testing. AE is a non-invasive technique that makes it possible to detect damage in materials and follow
their evolution in real time. AE signals resulting from the detection of elastic waves in the material
can provide comprehensive information on the origin of different sources of damage in a stressed
material, and also provide information on the development of discontinuities when the material is
subjected to different types of loading.

To promote the use and development of AE testing, the Faculty of Mechanical Engineering at the
University of Ljubljana has organised the EWGAE 35 & ICAE 10 conference. The three-day event
provides a forum for scientists, engineers, and practitioners to discuss the latest developments, identify
particular needs and opportunities for further progress, share knowledge and experiences with other
well-known experts, and outline milestones for further progress in the fields.

The editors would like to thank the authors of these proceedings and the members of the International
Scientific Committee for their work, collaboration, and constructive evaluations in selecting the final
contributions. We are proud to welcome all well-known experts in the field to share their scientific
knowledge in formal and informal discussions at the meeting. This proceeding comprise papers
presented at the EWGAE 35 & ICAE 10 conference held in Ljubljana, Slovenia from 13th to 16th
September 2022. The conference is supported by the Slovenian Society for NDT. The co-organisers
of the event are the European Working Group on Acoustic Emission (EWGAE) and the International
Institute of Innovative Acoustic Emission (IITAE).

Editors
Prof. Dr. Roman Sturm
Assist. Prof. Dr. Tomaz Kek
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A GLIMPSE AT FIFTY-ONE YEARS IN ACOUSTIC EMISSION
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ABSTRACT

After 51 years continuously involved in acoustic emission (AE) testing and research, it has been
interesting to look back over five decades. The equipment available in the early 1970s was
primitive compared to now. At the start of that decade, only one, recently established, commercial
company sold AE measurement equipment, and other useful equipment was internally built or
adapted from other technologies. Further, the data that came from an AE monitored test was
simply the number (counts) of penetrations of a fixed one-volt threshold expressed as an increasing
total or a rate and recorded on an x-y plotter. The purpose of this “glimpse” is to present advances
both within the author’s research as well as those that were adopted from others research that
were viewed as moving AE technology forward. This “glimpse” is not intended to be
comprehensive, instead it is limited to aspects the author was involved in. Among the topics to be
covered are advances such as understanding hydraulic test machine continuous noise, true root-
mean-square (RMS) voltage measurements, inclusion particle fracture or decohesion, tension
versus compression testing for unflawed metal samples, the pencil lead break, an acoustic
emission signal simulator, broadband sensors, digital waveform recorders, large transverse-
dimensioned plates, absolutely calibrated flat-with-frequency AE sensors, finite element modeling
(FEM) in isotropic materials, validation of FEM, computer-based digital AE systems, intensity of
frequency versus time of AE signals, superposition of group velocity results and FEM beyond the
case of dipoles in an isotropic plate.

Keywords: Acoustic emission, technology advances, historical perspective, key contributions.

1. Introduction

During a career of 51 years (to-date), the positions have been at three organizations. The initial
years were at Lawrence Livermore National Laboratory (LLNL), where rather than being in a
nondestructive testing group, the position was in a material testing group. Then in 1984 a move
was made to the University of Denver, CO as a professor and, in parallel, from 1992 various roles
at the National Institute of Standards and Technology (NIST) Boulder, CO. The purpose of this
paper is not to review in a comprehensive way what has occurred in the acoustic emission (AE)
field over the five plus decades. Instead, the goal is to provide a “glimpse” of some aspects of the
technology, where, progress was made that moved the technology to a more mature level. This
“glimpse” includes self-research progress, as well as, research by others that impacted these AE
projects. Up front, it should be clarified that there have been multiple contributors. A review of
publications (the majority relating to AE) showed a total of 49 co-authors. A few (Prof. Amiya
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Mukherjee, Mr. Jerry Whittaker, Ms. Karyn Downs, Dr. John Gary, Ms. Abbie O’Gallagher and
Prof. Markus Sause) of these had the most involvement. Finally, one other contributor was Mr.
Tom Drouillard who provided multiple references and/or papers that prevented reinventing AE
results. This information came from the extensive collection of papers (some 1,996) on AE that
eventually was published in the late 1970s [1].

2. Initial AE involvement

Until being hired, with no prior AE experience, to work in the field of AE only the AE name was
familiar. The initial task, in 1971, was to repeat the recent experiment that Dr. Clem Tatro
(supervisor and one of the initial persons in the US doing research in the AE field; starting in the
late 1950s) had done [2]. The experiment was an AE-monitored tensile test of an unflawed 7075
aluminum sample. Carefully, all the same test conditions (material batch, same extensometer, same
crosshead rate and pin-loading of the sample) were repeated, as well as, the AE related settings
(gain, preamplifier, couplant and sensor). The previous result of count rate and load versus strain
had a rapid rise in the continuous AE that started after the yield and increased until reaching a peak
at about 2% strain. That was followed by a gradual decline until about 10% strain. The new result
did not repeat the previous one, nor was any of the continuous AE even detected in the experiment.
This result was not a very successful start to an AE career! In seeking the reason for the lack of
AE in the attempted duplication, the only difference was the use of a different tensile test machine.
The previous experiment was done on a hydraulic machine, while the new test was done on an
older screw-driven (via a DC motor) machine. As the analysis progressed, the conclusion was that
the sensitivity was effectively different in the two tests. In the previous case, the gain (relative to
the fixed one-volt threshold) was set so as to exclude continuous background noise. In this case,
the continuous background noise was both the electronic noise of the preamplifier plus the noise
that came from the tensile test machine servo valve. In the new experiment, the screw-driven
machine was much quieter, so the continuous background noise was only the preamplifier
electronic noise. Thus, in the new case the sum of background noise plus the continuous specimen-
based AE was below the threshold. So, the first lesson in the AE career was the issue of the
presence of significant continuous machine noise from a servo valve in a hydraulic test machine.
Subsequently, at LLNL, the University of Denver and NIST Boulder, a modification was made to
locate the servo valve on an external manifold with connections to the machine actuator by
reinforced rubber hoses that provided attenuation of the servo-based noise.

3. Research on unflawed specimens that exhibited continuous AE

The first new research project was to characterize the effect of tensile-test strain rate on the
continuous AE from unflawed 7075 aluminum. The initial results using count rate were confusing.
This result led to the adoption of true root-mean-square (RMS) voltage as the measurement
technique, which removed the effect of a threshold on counts. This change resulted in much more
repeatable AE data and was the second lesson learned. A significant additional test-technique
change was made by use of a screw-driven test machine, where the crosshead rate could be
changed by pushing a button to immediately change to a new fixed rate. This procedure removed
the major effect of the changes from one sample to the next, since the strain-rate change was for
the same test specimen. The results of a series of similar tests, established the true RMS
(background RMS electronic noise level; correctly subtracted) was proportional to the square root
of the plastic strain rate [3,4].

Subsequently the effect of multiple variables (specimen reduced section volume, aluminum
manufacturer, orientation relative to rolling direction) on the continuous AE was studied for 7075
under tensile testing. This work proceeded until an unexpected result was obtained. In this case,
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burst-type AE was superimposed on the continuous AE. Careful and extensive specimen
polishing, while keeping track of the orientation of the tensile axis, revealed a very limited number
of relatively large, cracked, inclusion particles (some 20 pm to 60 um) with the cracks
approximately perpendicular to the tensile axis [5]. Analysis of these large inclusions showed the
element content was largely chromium [5]. Later, discussion with an aluminum manufacturer
indicated a filter intended to remove them when the melt was poured had likely failed.

The above “chance or lucky ” situation led to a significant change in the understanding of the
sources of the continuous-type AE in the plastic strain range for 7075. Up to this time, this AE had
been assumed to be from dislocation motion [6]. Three factors changed this notion. First,
publications [7,8] were discovered on the microstructure of aluminum alloys. These publications
revealed there were very large numbers of small inclusion particles in the size range of one to ten
um. Second, information surfaced that the 7075 materials in past testing was T651 (due to a plastic
stretching done after the aging treatment) rather than T6. Third, a compression test was done along
with tensile testing of 7075 T6 material. Testing real T6 material revealed two peaks in RMS
versus strain plots in both the tension and compression tests. The first peak was at the yielding and
the second after additional plastic strain. Correcting the RMS levels of both peaks in the
compression test result by the previously determined dependence of the RMS level on volume
(RMS proportional to the square root of the volume) and strain rate to those of the tension test, the
first peak RMS levels of the yield-related AE were found to be very close to each other (tension
0.14 V and compression 0.13 V). For the second peak, the corrected values were very different. In
tension the value was 0.44 V and in compression 0.02 V [9]. This situation for the first peak is
expected, since dislocation motion during yielding depends on the shear stress, which is the same
for both tension and compression loading. The considerably lower second peak RMS levels in the
case of compression versus tension led to a conclusion that the AE source after the yield region
was from particle fracture and/or decohesion rather than the previously assumed dislocation
motion. This result was a third lesson in AE. Subsequent testing, in tension, of samples from
aluminum alloy plates where the chemical composition had been altered to reduce the number of
these very small inclusion particles resulted in a significant drop, as expected, in the second peak
RMS values in tensile testing [10].

4. Use of AE in composite material optimization

At LLNL being a part of a materials testing laboratory, it was possible to add an AE sensor to tests
that were routinely made. In the case of proof and/or burst testing of small filament wound rubber-
lined S-glass or Kevlar 49/epoxy vessels (studied under a NASA contract), interesting results as
to a role for AE in the determination of the best winding pattern were observed. Changing from
interspersing the longitudinal and hoop windings to instead placing all the hoop windings outside
the longitudinal ones (non-interspersed) resulted in a large difference in the AE-determined
accumulation of damage as a function of pressure for S-glass fiber. Early damage in the
interspersed case correlated with an approximately 14% to 18% lower burst pressure compared to
the non-interspersed vessels [11].

A similar role was suggested for AE in the determination of best epoxy material for Kevlar
49/epoxy vessels. Eight vessels for each of eight different matrix epoxies were filament wound.
The 80-vessel build was selected to statistically find the epoxy(s), which provided the highest burst
pressure of the composite pressure vessels (COPVs). Adding an AE sensor to each test provided a
damage progression record, via counts versus pressure to failure. The AE data showed a direct
correlation of the total counts in an early low-pressure region with the eventual statistical average
failure pressure for low failure- and high failure- pressure epoxy systems. The two best epoxy
cases were matrix #1 (= 1,000 early counts; average burst pressure 18.8 MPa) and matrix #4 (=
2,000 early counts; average burst pressure 16.0 MPa). The poorest epoxy #7 had much more
damage (= 22,000 early counts; average burst pressure 14.8 MPa) [12]. The source of this early
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AE peak had been established earlier, when a similar vessel failed in the boss region rather than in
the hoop portion [13]. A closeup photo of the hoop portion revealed multiple approximately
equally spaced circumferential cracks parallel to the fiber direction. These cracks extended thought
the full thickness of the hoop wraps, and they occurred at lower pressures for the biaxial loading
due to the relatively low strength of the epoxy. When these cracks formed, they damaged the
filaments/fibers (more with poor performing epoxies) in the hoop portion. This damage led to the
low-pressure failures in the hoop region, under the hoop stresses (vessels were designed for hoop
region failure) in the case of the poorer fiber/epoxy combinations.

5. The introduction of the pencil lead break in AE

At the AEWG meeting at Williamsburg, VA in 1976, Dr. Nelson Hsu introduced to the attendees
the pencil lead break (PLB) technique (known as the Hsu-Nielsen source [14]). This technique
was most significant, as it was now possible, on demand, to apply a short-rise-time point source at
a known location. This technique was valuable for multiple reasons: source location studies,
verification of sensor coupling, effects of changes in sensor types, verification of AE channel
operation, wave propagation studies, and checking of sensors that might have been damaged. It
also provided the first possibilities for comparisons between different experimenters; if they did
similar PLBs. Many PLBs were done over the subsequent years leading to a painful middle right
finger “bump” that had to be surgically removed!

6. Composites and the Felicity ratio

In general, composite structures and coupons generate significant amounts of AE, particularly on
virgin loading. Mr. Timothy Fowler made an important observation (1977) relative to a second
loading or subsequent loading. Fowler defined the Felicity ratio (FR) based on the load/pressure
when significant AE started on this second/subsequent loading compared to the previous peak
load/pressure. The fiberglass reinforced plastic (FRP) experimental data [15] showed results that
directly tied the FR to the residual strength of the composite item. As is well known today, the FR
is a measure of the violation of the Kaiser effect. Felicity ratios for composites can be less that 1.0
(essentially the value when the Kaiser effect is present), and the smaller the ratio, potentially the
closer to failure the initial load (usually labelled as a proof loading) was. Fowler’s work led to an
ASTM standard [16] for AE testing of large low-pressure (internal pressure < 1.73 MPa and for
vacuum service 0 to 0.10 MPa) FRP tanks. The result of using the standard was that unexpected
failures, resulting in dangerous conditions for workers, of such tanks were not occurring. This was
a major advance.

In the case of aerospace-type COPVs, it was not straightforward as to the implementation of the
Felicity ratio (FR). The fibers used in aerospace in the 1970s were typically superior to fiberglass
(Kevlar and later graphite or carbon), and the fabrication method of filament winding was also
used for these types of COPVs, rather than typical hand-layups for FRP tanks. These COPVs were
often much smaller in size than the tanks typically used in the chemical process industry, and the
working pressures were much higher. Applications of the FR for aerospace-type COPVs initially
focused on the effect on burst pressure of impact damage. A project in the 1980s showed direct
correlations of the FR with the amount of impact energy (impacted in virgin condition) and the
residual strength for Kevlar-49/epoxy vessels [17]. A second project in the 1990s was for carbon
fiber/epoxy COPVs that had experienced impact damage (post proof testing). In this study, the
final residual strength was correlated with the FR (from a post impact proof test) and on the AE
generated during depressurization from that proof level (characterized by the Shelby ratio) [18].
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7. Characterization of AE measurement systems providing hit features

As AE measurement equipment progressed from simple counts to providing values for peak
amplitude, rise time, duration etc., the question was how comparable were these results from the
analog AE systems offered by different commercial companies? In addition, at this time, the AE
measurement systems could be characterized as “black boxes” with their details only known to
their designers. Dr. Adrian Pollock (who the award is named after) with his colleague Mr. T. Kevin
Bierney recognized the need to characterize the AE measurement equipment. They developed,
produced and sold an AE Simulator. This two-channel instrument could be hardware programmed
to provide simulated signals with variable rise time, variable decay time, different carrier
frequencies, different peak amplitudes (to either a preamplifier or to the main AE system) as well
as spaced-in-time two simulated events, with a known fixed time interval between them to check
delta time results from two different hits. In addition, the simulator allowed the measurement of
the AE systems threshold, as compared to the “set” value of the threshold. Also, the simulated AE
events could be generated at a certain event rate with a counter accessory to count how many had
been generated in a certain test time. This allowed one to compare how many events were recorded
by the AE system and how many were “lost” during the test. Such measurements were important,
since at the time computers built into the AE systems were still very slow compared to those today.
At the University of Denver, tests were made on three available systems from different AE
manufactures. The same event signals from the simulator were fed into each of the channels of the
three systems. A paper comparing the results was published in 1988 [19]. Further, the
characterization of event rates (possible with the simulator) that a given AE system could “keep
up” with, could be used to properly set loading or pressurization rates for composite AE testing
where high event rates are common.

8. Addition of digital waveform recorders

Up to the time when digital waveform recorders were first available, the only view of continuous
or burst AE that could be studied was from a Polaroid camera picture made from an oscilloscope
screen. Such pictures provided little opportunity to fully analyze the signals. So, when digital
signal data could be obtained and inputted to a computer for subsequent analysis, it was a major
step forward in the AE field. This was possible as a result of advancements in the electronics world.
Initially, such recorders had limited digitization rates, dynamic range and memory. With improved
electronics and computers, current AE measurement systems can digitize (including pre-trigger,
at high rates, with many bits and large memory) each AE hit on multiple channels even for a higher
event rate of composites testing. These systems also have software available for analysis, or the
digital information can be exported for other analysis approaches. The important advancement of
digital recording opened up many possibilities for analysis of the AE signals and also increased
the accuracy of the features of AE hits.

9. Use of large transverse plates and broadband AE sensors for wave propagation studies

Another significant development for the progress of AE, was introduced when visiting Prof.
Michael Gorman’s, laboratory at the Naval Postgraduate School, Monterey, CA. Gorman
demonstrated how the AE signals from PLBs on a 3.1 mm thick aluminum plate with large
transverse dimensions could be used to compare with analytical calculations. Gorman used a
broadband sensor and in-plane as well as out-of-plane orientations of the pencil. Due to the large
size, there were no reflections present in the direct arriving signals. Gorman’s ideas developed the
concepts of extensional and flexural modes (fundamental Lamb modes) and showed how these
modes were present and identifiable in the resulting AE signals [20-22]. Gorman also emphasized
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the importance of frequency filtering of certain analytically modeled results to correspond to the
frequency range that AE sensors responded to. As many may be aware, Gorman’s research results
led to starting the company named Digital Wave for AE work; with the equipment based solely on
waveform recording. A unique feature was the use of a narrower frequency bandpass for the trigger
circuit (to better eliminate noise signals from being digitized) compared to the circuit with a wider
bandpass for the digitization of signals. The adoption of large transverse sized plates in subsequent
years greatly enhanced PLB-based wave propagation studies in metals, polymers, composites and
veneer wood plates.

10. Absolutely calibrated flat-with-frequency AE sensor

A very significant development came out of a large AE research project at NIST Gaithersburg.
There were three parts to this development. First, was the preparation of a large cylindrical steel
block with a diameter of 900 mm by height 430 mm and a highly finished top surface. Second,
was the use of a capacitive sensor that directly measured the out-of-plane displacement of a surface
wave (primarily a Rayleigh wave) generated by the fracture of a glass capillary. The combination
of the first two provided the important development of absolute AE sensor calibration [23]. Third,
was the design of a conical (tip diameter of 1 mm) piezoelectric element backed by a large shaped
brass block (609 g). Combining all three parts, resulted in an absolutely-calibrated out-of-plane
displacement sensor (in NIST terminology a Standard Reference Material (SRM)) [24]. These
sensors, flat with frequency from about 30 kHz to at least 1.2 MHz, with a matched preamplifier,
were essential in the next described development. Dr. Frank Breckenridge (mainly the calibration
block) and Mr. Tom Proctor (mainly the conical sensor) were the primary individuals behind this
NIST work. Then, for the first time an AE sensor could be sent to NIST for absolute calibration
(for a charge of $500 in the late 1990s) where the wave passed under the sensor face, rather than
the typical face-to-face characterization of a sensor’s frequency response.

11. Initial far-field finite element modeling of waves

At the start of 1992, a sabbatical leave commenced at NIST Boulder. The first and probably the
most significant advance in the author’s career in AE came about upon meeting Dr. John Gary at
a seminar. The result of this meeting shaped a significant part of the AE career since then. At
NIST, experiments were being done using out-of-plane PLBs on a large aluminum alloy plate (3.1
mm by 1.22 m by 1.52 m) to compare the signals, from pinducers fabricated with different
piezoelectric materials, to signals from a NIST SRM absolute sensor. Upon describing the
experiments, Gary mentioned a personal code (Fortran) for explicit finite element calculations for
wave propagation that might model the waves generated from the out-of-plane PLBs. With the
code, the signals were modeled at 254 mm from the source on a 3.1 mm thick large aluminum
alloy plate (so edge reflections would not be present). In the model, the PLB force of 1 N was
shaped in time and magnitude to an experimental result by Breckenridge [25]. The modeled results
were compared with the digitally recorded voltage signals from the absolute SRM sensor at 254
mm from the PLB, after modifying them by the sensor calibration constant to change the results
to out-of-plane displacement (m). The very close match of the modeled result to the experimental
one for both the flexural region as well as the extensional region was at that time the first far-field
FEM result for an AE-like signal [26]. This result experimentally validated the code for this 2D
axisymmetric case. This result started a collaboration with Gary and Abbie O’Gallagher
(coworker) that lasted for many years, even after Gary retired. Next (1995-96) the 3D version of
the code was experimentally validated by the close match to the absolute sensor result from in-
plane edge PLBs on a steel plate 25 mm by 1.32 m by 0.78 m, again before edge reflections
appeared [27,28]. Later, a yearlong visitor from NASA brought plates (3.175 mm thick aluminum
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alloy) that by a carefully controlled vertical position of in-plane edge PLBs validated the 3D code
when the edge reflections were included [29]. This provided results (never done with analytical
calculations) for AE-like signals (multi-mode and multi-frequency) that included edge reflections.
Finally, the 3D code was validated for buried self-equilibrated dipole sources as well as muti-
dipoles in different directions. This validation used analytical results from Prof. Yih-Hing Pao,
and colleagues and students at Cornell University. Ultimately, the modeling conditions required
to obtain a converged and validated results were published [30].

Over the succeeding years many studies were made of different variables: depth of sources, dipole
orientation, muti-dipoles, radiation patterns, source rise time, plate thickness, propagation
distance. An interesting study with buried in-plane dipoles was made of the amplitude
reinforcement in the AE signals in a typical laboratory-sized test sample as compared to a large
transverse sized sample (like for field testing). The reinforcement was up to 10 to 12 dB in these
modeled cases; important when using laboratory tests to determine amplitudes expected for the
same sources in field tests [31]. In addition, using the perfect FEM signals, attempts were made to
develop source identification methods for different dipole cases [32]. Also, signal-to-noise was
studied by superimposing real preamplifier noise on the noise-free FEM modeled data [33]. The
ability to carry out the modeling was facilitated by two factors. First, Gary’s code was efficient
due to the use of a uniform mesh (coupled with an approach that took advantage of this) as
contrasted to potential commercial codes with non-uniform meshes. Second, the computer
facilities at NIST provided work stations with large memory and multiple processors. Later as
computers became even faster with more memory and parallel processing capability, a desktop
could be used. FEM provides the means to model AE type experiments on a computer from buried,
fully known and self-equilibrated sources at fixed positions with perfect sensors. Thus, it also
provides a way to study wave propagation of AE-type signals with perfect conditions. This
approach is likely much less costly and provides results even when an experiment could not easily
be done (very thick plates [[34]). Further, such modeled data is ideal to develop and test possible
signal processing methods, since the data is noise free and is from a perfect sensor. Also, the
modeled data can be frequency filtered to correspond to different sensors.

12. A small conical near flat-with-frequency sensor

The conical sensor that Proctor developed was not amendable to being placed on typical laboratory
AE test specimens due to the large brass backing mass (609 g). With funding from the US
Agriculture Department at the University of Denver, work on an improved broadband sensor for
acoustic studies in wood was being done. So, during the continuing involvement at NIST Boulder,
a complementary series of experiments was started to determine if the backing mass could be
reduced without a serious reduction in the “flatness” with frequency. These experiments examined
the changes in the frequency response as the mass of a brass cylinder backing a conical element
decreased. The process was done by progressively machining the size of the brass and then
repeating out-of-plane PLBs on a large aluminum plate. The signals from the conical element were
compared to those from the absolutely calibrated SRM sensor. The experimental results were
encouraging, and it was apparent that it might be possible to use a smaller backing mass. After
discussions with NIST colleague Dr. Chris Fortunko (an EE), it was decided to adopt a technique
used in an AE sensor produced in Japan [35] in the fabrication of small sensors. This involved
placing a very low-noise field-effect transistor (FET) very close to the conical element (along with
a bias resistor). The special preamplifier needed for this approach had been obtained from a
commercial source. The purpose of the internal FET was to improve the sensitivity by reducing
the voltage division due to the low capacitance of the conical element relative to the parasitic
capacitance of a wire to a normal external preamplifier. A series of four conical sensors was
fabricated with the brass backing mass changing from 129 g to 3.0 g along with steel sensor cases.
The results showed that a complete sensor could be fabricated with a much lower backing mass,
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without a large sacrifice frequency response [36]. So, a final design change was made. To
potentially reduce waves transmitted to the backing mass from reflecting back to the conical
element, it was decided to use a backing mass of 7 g of granite (due to the structure of granite).
Two versions, one without the FET and one with the FET were completed and sent to NIST
Gaithersburg to be calibrated. They both had approximately flat with frequency response, but the
one with the internal FET had much better response (up about 13 dB, based on the NIST absolute
calibrations; at zero gain). This was a significant improvement, as now the sensor with internal
FET approached the signal-to-noise (S/N) ratio of resonant sensors [37]. Later, a modified
commercial version (design modified by Prof. Steve Glaser) has been available, known as the
KRN sensor. The NIST-built sensor with internal FET has been used in studies for wave
propagation in metal, polymer and composite large-transverse-sized plates as well as during
fatigue testing of large transverse sized center-cracked samples at NIST Boulder.

13. AE testing in tensile fatigue of large transverse sized center-cracked plate samples

With a goal to provide “natural” AE signals from a sharpened crack without the complications and
reinforcement of amplitude due to reflections from the test sample edges and also allow the
radiation pattern to be observed, a large specimen was designed for use with the small conical
sensors with internal FET. Specimens (from both steel and an aluminum alloy, all expensive) were
fabricated that had a reduced section of 533 mm wide by 483 mm (load direction) for the 6.4 mm
reduced section thickness. Large cut-outs in the grip region were designed by application of static
finite element modeling to create a near uniform axial stress field in the region of the center crack
(verified by strain gages). Electrical discharge machining (EDM) created through center cracks
that were sharpened in fatigue. In addition, to the conical sensors at various angles from the center
of the sample, in some experiments some resonant sensors were also used along with very small
diameter (approximately 6 mm) PICO sensors, one near each crack tip. The signals from these
were often used to trigger (greatly reduced recording sources that did not originate at the cracks)
the simultaneous waveform recording of up to eight channels, as well as, to identify which crack
tip the source came from [38]. Unfortunately, these experiments were only partially completed as
the funding from Federal Highway Administration (FHWA) was not renewed for reasons not
related to the progress of the research. In the 2024 T651 aluminum alloy during fatigue
(tension/tension), some interesting events were observed from crack tip region sources at the peak
cyclic loads [39]. First, events with dominant flexural mode were observed as compared to those
with dominant extensional mode. FEM results had shown that buried dipole sources near the mid-
plane have a dominant extensional mode, while those some distance away from the mid-plane
have a dominant flexural mode Second, events with opposite flexural mode polarity were
observed. FEM results had shown a change in polarity of the flexural mode indicates the sources
being on different sides of the midplane. Thus, a significant advancement was the large sample (so
reflections from the specimen edges do not complicate the direct arrival signals or reinforce their
amplitude; important relative to possible following field testing) coupled with the reasonably flat-
with-frequency, broadband sensors (so the extensional mode can be distinguished from the flexural
mode when reflections are not present) to monitor real AE from a sharpened crack and characterize
the radiation pattern.

14. Frequency versus time display of intensity of AE signals with superimposed dispersion
curves
With the advent of FEM results as well as AE systems with waveform digitization, a useful

technique was to view the waveforms intensity in frequency versus time. Prof. Mikio Takemoto
(Aoyama Gakuin University, Tokyo) with colleagues had developed a wavelet transform (WT) for
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AE signals [40]. At an AE meeting (2000) in Japan, a meeting (facilitated by Prof. Kanji Ono) was
held between Prof. Takemoto and Mr. Jochen Vallen to discuss possible implementation of the
WT in a form that was easy to use for AE users. The result was the AGU-Vallen Wavelet [41]. To
demonstrate and verify the result, it was agreed to use FEM results and create a tutorial. Later, the
ability to superimpose the relevant group velocity curves (modified for the relevant propagation
distance to the sensor) was added to the software, after Dr. Richard Nordstrom and Dr. Yoshihiro
Mizutani provided Vallen with the dispersion coding. These two features were viewed as greatly
increasing the understanding of AE signals in plates and solidified the fact that only certain
frequency regions in the modes were excited more intensely in the AE signals both for FEM
generated and experimentally obtained signals from broadband sensors. An additional important
fact is that WT analysis reduces the noise in the AE signals, since it is spread out in time and
frequency, whereas the intense regions of the Lamb waves are concentrated at certain times and
frequencies. Thus, real events can be viewed in the WT plots, where they may be hard to observe
in the time domains [42]. Sometime later Gary coded the Choi William Distribution (CWD), which
has some advantages, and passed it to Vallen who implemented it as an alternative in the software.

15. FEM beyond simply the waves in an isotropic plate from a dipole source

Multiphysics commercial software packages with different modules provide opportunities for
finite element modeling of additional aspects beyond the waves in a particular domain. In the
author’s research, these aspects as well as modeling of anisotropic domain cases have been a part
of the last 10 years during the collaboration with Prof. Markus Sause. Two studies were completed
dealing with anisotropic domains. One dealt with anisotropic hybrid materials, where both
isotropic and anisotropic layers made up the same plate thickness. In this case, both full thickness
and individual layer thickness propagation were observed. [43]. A second study examined a
propagation situation to simulate the hoop region of a metal-lined cylindrical COPV [39]. To
simulate the hoop region, the stiffness and thickness of a plate were such that the properties had
twice the stiffness in one direction as the other direction. Significant differences were present for
both propagation in the different directions as well as for dipole sources in the two directions [44].
The application of different Multiphysics modules has been applied for cases combining
propagation domains, piezoelectric sensors and attached electrical circuitry. Studies with Sause
were completed in three situations. First, modeling was done for PLBs on an aluminum alloy plate
versus different dimensions of conical piezoelectric elements with a fixed backing mass. The
electrical circuitry was included for comparison with corresponding experiments [45]. Second, the
modules were applied to study four different AE sensor calibration approaches [46]. Third, the
same modules were also applied for two studies (including Dr. Zelenyak) with sensors mounted
on waveguides that were connected to plates where waves had been excited by pencil lead breaks
[47, 48].

Some similar studies were completed with Dr. Brian Burks (a NIST Boulder colleague at that
time). First, modules including piezoelectric transducers/sensors were used for a study of a
transducer mounted on one surface of a transfer block to drive a signal to the opposite surface
where a sensor was mounted at the epicenter position. This study was related to what is called
face-to-face characterization of sensors [49]. A second study with Burks examined the effect of
the presence of a fluid filled-COPV on the wave propagation. The study included paths through
the fluid [50].
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16. Conclusions/Future

The reader, of this paper, can likely expect incremental progress over the next five years. Those
that continue in AE for a total of 20, 30 or 40 years can expect changes that it might be difficult to
currently imagine. In 1976, after the first five years, it was not possible to imagine the changes
that would occur over five decades. This fact should encourage individuals with a career in AE to
have the view that much more can be accomplished. Your role can be that of a leader or a follower
in the future AE advancements. These advancements could be directly in the field of AE, as well,
as the incorporation of adjacent technologies that can help to advance AE technology.
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