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Abstract

Pattern recognition of Acoustic Emission (AE) data is generally performed based on prior knowl-
edge about the acoustic signatures of material damage mechanisms. Traditionally, these signatures are
implicitly assumed to be unaffected by damage accumulation during the fatigue life of the material.
This study investigates the influence of cumulated damage under cyclic loading on the acoustic signa-
tures of local fracture mechanisms in composites. Artificial AE sources are created using an ultrasonic
transmitter and a Pencil Lead Break in order to reproduce various real-like AEs, such that the wave-
forms, measured at the sensor level, are characterized as similar to real acoustic signatures of local
fractures in carbon/epoxy composites. It is shown that these waveforms are distorted with damage
accumulation in both time and frequency domains, leading to important changes in the AE-features
used in data classification. Consequently, this can engender unreliable statistical representation of the
AE sources in such non-stationary media.
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1. Introduction

During the last decades, an increasing use of Organic Matrix Composites (OMC) has been noted
in several application fields such as aerospace, civil engineering, and automotive industry due to the
improvement of their mechanical properties [1-3]. In order to ensure the structural integrity of OMC
structures in real time, continuous condition monitoring techniques have been developed, in particular
based on Acoustic Emission (AE) [4-7]. When the structure is subjected to solicitations, a stress field
is generated leading to microstructural changes. A transient elastic energy is then released, producing
ultrasonic waves that propagate through the material. This wave propagation involves a surface vibra-
tion that can be measured using appropriate sensors. The form and characteristics of the generated
transient signals are directly dependent on the local fracture mechanisms, such as delamination, ma-

trix cracking, fiber/matrix debonding, fiber breakage and fiber pull-out. Each damage mechanism is
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characterized by a specific acoustic signature. The AE technique can be used to discriminate between
these damage mechanisms by analyzing the AE signals using appropriate pattern recognition methods,
based on prior knowledge of their acoustic signatures.

A pattern recognition method requires the extraction of the relevant AE features from the AE hits
(such as amplitude, energy, frequency content). Groups of AE features, representing damage mecha-
nisms, are then created using either supervised [8, 9], unsupervised [10-12] or partially-supervised [13]
classification methods. The common bedrock of these methods is the use of the AE features while
assuming the acoustic signatures unchanged during the fatigue life of the material. However, the
acoustic signatures of the damages may evolve due to several factors. Among the factors of influence
that have been relatively well studied in the literature, we can mention: sensors technology and as-
sociated electronics [14-16], the coupling between the sensor and the material [17, 18], the distance
between the acoustic source and the sensor [19-21], the physical properties of the material including
material symmetries and wave propagation characteristics (dispersion, attenuation, etc.) [22-25]. The
geometry of the specimen is also an important parameter involving the edge effect, the dimensions
of the specimens, as well as the interactions with existing discontinuities (holes, rivets, etc.). They
potentially lead to wave dispersions and distortions of the AE waveforms [26, 27]. Particularly, the
effect of damage accumulation during mechanical loading on the AE features could be substantial. It
has been demonstrated that the captured waveforms during tests performed on cementitious mate-
rials [28] and bearings [29] have been altered by the damage growth and therefore, the AE features
have been influenced. Actually, the discontinuities emerging in the material due to damage disrupt the
wave propagation modes and could therefore contribute to a distortion in the detected AE transients
emitted from defects. This phenomenon is besides exploited in the nondestructive testing field for
damage assessment using Acousto-Ultrasonics (AU).

The AU technique has been developed since several decades as a nondestructive tool for the eval-
uation of the mechanical properties and the quantification of damage in composite materials. The
principle of the technique consists in the excitation of the monitored structure by a particular wave
packet emitted from an ultrasonic transducer; a receiver is used to collect the signals transmitted
through the damaged area of the material. The recorded waveforms are acquired and processed us-
ing an AE-system [30, 31]. The distortion of the waveforms is then studied based on the impact of
damage on their AU parameters (AUPs), relatively to the healthy state of the structure. A. Vary
has used the AU for the assessment and quantification of damages in composites materials [32, 33].
Russell-Floyd and Phillips [34] have investigated the detection of deliberately introduced defects in
unidirectional carbon-fiber/PEEK laminates by AU and have established the level of confidence with
which various defects may be detected in comparisons with healthy laminates. Kwon and Lee [35] have
studied the correlation between the amount of artificial defects and the AUPs in adhesively bonded
joints of carbon-fiber reinforced plastic (CFRP) laminates and aluminum plates. Peng et al. [36] have
used a network of piezoelectric actuators and sensors to characterize the effect of delamination and

matrix cracking appearing during cyclic fatigue tests in composites plates on three features of the wave



signals: amplitude, correlation coefficient and phase change. Maslouhi et al. [37] have used the AU to
evaluate unidirectional carbon epoxy composite panels exposed to thermal solicitations. The effect of
degradation of the specimens on the AUPs has been quantified leading to classifying them according to
the thermal state of degradation. Loutas and Kostopoulos [38, 39] have assessed the damage evolution
in woven carbon/carbon composites during cyclic loading tests through extracted AUPs capable of
monitoring the progressively developing damage.
All these studies and many others employ AU as an active control method to monitor the evolution
of damages in the material. Moreover, the input signal characteristics are usually not directly related
to the AE signatures of damages. As far as the phenomenon of the waveform distortion has been
considered and exploited in AU, it has not been taken into account in AE, neither in signal processing
nor in data analysis for discriminating damage mechanisms. To the authors’ knowledge, the issue
of the distortion of the acoustic signatures of fracture mechanisms in composite materials under the
effect of damage accumulation and the subsequent impact on the AE features has not been addressed
previously. The quality and relevance of the hits’ classification (based on the AE features) could be
so greatly impacted, leading to an erroneous structural health assessment. The experimental work
presented in this paper focuses on characterizing the influence of damage accumulation in composite
materials under cycling fatigue solicitation on the acoustic signatures of the local fracture mechanisms.
The evolution of the AE features as a function of the degree of damage is quantified in order to take into
account this evolution in the pattern recognition algorithms and properly perform the classification of
the AE events.

Considering the high difficulties that would be encountered to produce and master local fractures
in composites, artificial AE sources are preferred, as it is usually performed in AU. The challenge here

is twofold:

e Develop artificial AE sources able to generate AE hits having similar characteristics at the sensor

level as those obtained from the local fracture mechanisms.

e Ensure the reproducibility of the generated signals in order to allow the comparison between the

detected waveforms at different stages during the lifetime of the material.

According to the literature, several methods can be used to generate AEs in composites. The
American Society for Testing and Materials (ASTM) has issued a standard guide for determining the
reproducibility of the AE sensor response [40] and has recommended three signal sources: a gas-jet, an
impulsive source produced by breaking a pencil lead, and an electrically driven ultrasonic transducer.
The gas-jet method is performed without a mechanical contact and can be used as a calibration source
and to simulate an AE event on the surface of the material [41-43]. Nevertheless, this method can be
affected by multiple environmental factors such as temperature and humidity. The pulsed laser is a
second contactless method that has been employed to simulate an acoustic emission from crack growth
by generating a dipole stress field within the structure [44-46]. It is relatively expensive, requires strict

safety considerations and produces low power (to avoid surface damage), thus, weak AE signals.



The Hsu—Nielsen source [47], namely Pencil Lead Break (PLB), has been widely employed as an
artificial AE source using the fracture of a brittle graphite lead in a suitable fitting [48-51]. This
break generates an intense acoustic signal — quite similar to a natural AE source — that sensors
detect as a strong burst. Usually, this test aims at checking the sensor’s coupling and detectability,
as well as the accuracy of the source location setup. Practically, the operator presses the lead of a
mechanical pencil tightly against the surface of the material. The surface undergoing this pressure
is locally deformed. When the lead breaks, the accumulated energy is abruptly released leading to a
microscopic displacement of the surface. An acoustic wave is therefore generated and propagates into
the structure. The produced waveform is quite similar to that generated by a damage. Hamstad [49]
has reported that PLB sources performed on either the top surface or the edge surface of a plate
are well represented by interior buried out-of-plane monopole or in-plane monopole sources. Besides,
in-plane PLB sources on a plate edge provide displacement signals with relative modal (Ag and Sy
modes) intensity distributions much closer to those from buried dipoles at the same depths than do
surface out-of-plane PLBs. Moreover, another studies have pointed out that PLB is characterized by a
fairly good reproducibility, since it depends on several parameters such as the applied force, the angle
of orientation and the free length of the lead [52-54].

An AE source can also be simulated using an ultrasonic transducer by generating AE waves on
the surface of the material. Due to the vibration of a piezoelectric element, a local deformation of
the material’s surface is produced and transmitted into the structure in the form of an acoustic wave.
The principle of the AU can be used here to reproduce an AE source using a transmitting transducer
instead of a real damage. Contrary to conventional AU configuration, the input signal of the ultrasonic
transducer used as a transmitter was optimized in our work to obtain damage-like AE signatures at the
sensor level. The input-signal was tuned, so that, to obtain damage-like AE waveforms. The AU has
the advantage of allowing the control of the input-signal, so that, it can be adapted to obtain a damage-
like AE waveform. The generated signals can also be reproduced perfectly. The measured signals can
then be processed using the AE system in order to assess the potential distortions. However, some
parameters have to be taken into account, such as the type of the transducer used as transmitter, the
strength of the emitted signal, the coupling and the contact surface between the transducer and the
structure. H.L. Dunegan has reported [55] the possibility to generate signals similar to those produced
by a PLB in plates using an ultrasonic transducer as a transmitter having a miniature small aperture.

In this work, an experimental procedure is conducted by creating artificial AE sources in order to
reproduce and simulate different damage-like AE sources. An ultrasonic transducer and a PLB are
used as artificial AE sources in CFRP specimens undergoing cycling tensile fatigue tests. The artificial
AEFE sources are chosen due to their ease of implementation and manipulation. Their reproducibility is
studied and compared by successively emitting a certain number of hits at several instants during the
test. An AE sensor is used to collect the signals, from which the hits are extracted and the AE-features

are then determined using an appropriate algorithm [56].



The evolutions of the waveforms as a function of damage development are quantified in order to
guide the pattern recognition tools towards an efficient classification of the AE events according to
the damage mechanisms. It should be mentioned that our basic idea, in this work, is not to establish
a quantitative relationship between material/experimental parameters and AE-features evolution as
a function of damage, nor to use such a relationship to implement supervised clustering approaches.
The limitations of such approaches have been clearly pointed out these last years in the literature
related to AE monitoring of composite materials. The purpose here is rather to give guidance toward
improving the pattern recognition algorithms in order to be able to consider the waveforms evolutions

with damage accumulation in the AE-data classification through unsupervised approaches.

2. Materials and methods

2.1. Purpose of the study

The issue raised in this study and the followed methodology are shown in Figure 1. When defects
accumulate during cycling loading on composite materials, the AE waveforms of damage mechanisms
could be distorted. This eventuality is studied with a quantification of its impact on the AE features.
The idea is to assess the distortion of acoustic signatures of damages during fatigue tests. An acoustic
signature of a particular damage could be simulated using an artificial AE source. While damages
progress in the material, a hit is generated by an artificial acoustic source (representing an emerging or
developing defect) at several instants during the test and waveforms picking is performed using an AE
sensor. The evolution of these measured waveforms is then evaluated. It should be pointed out that
the artificial AE sources are created in undamaged areas of the material and the propagation of their
transmitted AE hits through a cumulative damaged area is studied here. The zone of the material
in the vicinity of the artificial AE sources could be affected by microscopic fractures during the tests,

however this cannot be visually verified.

2.2. Mechanical testing

The tested material is a £45° biaxial carbon fiber-reinforced epoxy resin polymer, composed of eight
plies stitched with a textured polyester yarn. The specimens have the dimensions 250 x 25 x 3.5 mm.
In order to determine the composite material properties, several quasi-static (QS) tensile tests were
performed on identical healthy specimens at a speed of 2 mm/min. Other specimens were also subjected
to tensile-tensile fatigue tests at different loading levels ranging from 50% to 70% of the ultimate tensile
strength (UTS). The profile of solicitation is sinusoidal with a frequency of 5 Hz and a stress ratio
R = 0.1 (where R = 0yin/0maz). In order to assess the damage development during the tests, two
extensometers were mounted to measure the longitudinal and transverse strains (gauge lengths equal
to 50 mm and 12.5 mm, respectively). The loading was interrupted at regular time intervals during
the tests with 57% and 70% UTS loading levels, so as to allow generating AE waveforms at different

health states of the material.



2.3. Fatigue degradation and modelling

Stiffness degradation has been widely considered by researchers for fatigue damage modelling and
life predictions [4, 57]. Concerning composites exhibiting significant nonlinear tensile behavior (due
to fiber rotation, plastic deformation of matrix, etc.), the evolution of the dynamic stiffness does not
often provide accurate means to assess the damage development. Petermann and Schulte [58] have
reported that the mean strain is more meaningful for describing the fatigue degradation process. Other
researchers [59-61] have also employed the mean strain in damage accumulation modelling instead of
the young modulus, since it provides indications about the three stages of damage development. The
mean strain is determined from the maximum and minimum strains for a particular loading cycle N

such as
€maz (N) + 6m,zn(]\f)
B .

6mean(]\]’) - (1)

The damage development can be assessed experimentally using a damage index D expressed as a

function of the mean strain €,,¢q, (N) as follows:

emean(N) — €mean (0) (2)

D(N) - 6m.ean(]vf) - 6mean(o) ’

where €ean(0) and €can (N #) are the initial and final mean strains respectively, and Ny is the number
of cycles to failure at the corresponding applied loading level. The variable D is employed in the
phenomenological models that characterize the residual rigidity and fatigue life of materials in terms
of macroscopically observable properties [62, 63]. Several models have been developed to predict the
remaining life of composite structures [64-66]. In this study, the analytical damage model introduced
by Mao and Mahadevan [67] is used. It consists in a normalized accumulated damage model for
describing the damage growth during all three stages of load cycling exhibited by the material. This

model has the following form:

D(N)=gq (ZZV\;)m +(1—-q) (;\;;)m (3)

where ¢, m; and mo are parameters dependent on the material and the applied stress level. They can
be determined by fitting the analytical damage index D in Eq. 3 to the experimental one represented

using Eq. 2.

2.4. Creation of artificial AE sources

During a cyclic loading test, various types of damages appear with different AE signatures. Some
hits detected by the sensor during the test are shown in Fig. 2. The aim was to reproduce an AE
source able to generate acoustic signals with similar characteristics as the real detected AE hits at
the sensor level. Artificial AE sources were hence used in order to generate acoustic signals in the
material with different shapes representing some typical AE hits at the sensor level. The signals were
generated at several instants during the fatigue life of the material starting with a healthy specimen
until its total failure. The acoustic sources were reproduced by PLBs and an ultrasonic transducer

used as a transmitter, according to Fig. 3. In order to verify the reproducibility of the generated



signals, five waveforms were emitted successively after each interruption of the loading throughout the
test. The hydraulic system of the testing machine was stopped in order to avoid any perturbation
caused by the background noise. It should be mentioned that it is not a matter here of assigning the
acoustic signatures to the damage mechanisms, but just to generate acoustic waveforms with similar
characteristics (time and frequency shapes, amplitudes and durations) as the real acoustic signatures
of damages in composites. The artificial AE sources were applied near the upper clamping jaw of the
testing machine, far from the expected damaged area of the specimen. The zone of application could

be likely partially damaged, however this was not visually confirmed.

2.4.1. Waveforms generation using Pencil Lead Breaks

The PLBs were applied on three different boundaries of the specimen: two opposite surfaces (Faces
1 and 2) and the edge (Face 3). This allows generating hits with different shapes representing out-of-
plane and in-plane AE sources, which could be close to the real AE sources. Indeed, a PLB applied
on the top surface of a composite plate generates out-of-plane AE sources; whereas, if it is applied on
the edge surface of the plate, in-plane AE sources are expected [48-50, 52]. For the three considered

application surfaces, the PLBs were performed almost at the same distance from the AE sensor (see

Fig. 3(a)).

2.4.2. Waveforms generation using an ultrasonic transducer

The transducer used as a transmitter was mounted on “Face 1” in an undamaged area throughout
the tests, according to Fig. 3(b). The input signal of the transducer was created using a waveform
generator (Tabor Electronics 5064, 100 MS/s) and a power amplifier (Tabor Electronics 9100 A, with a
fixed gain of 50). It was an impulse-like signal optimized in terms of its shape, duration and amplitude
to obtain transient bursts at the sensor level similar to those generated by a PLB. The input signal
is shown in Fig. 4(a) at the output of the waveform generator and in Fig. 4(b) at the output of the
power amplifier. The transducer used as a transmitter is a Micro 80-type sensor with an operating

frequency-range of [200-900 kHz] and a resonant frequency of 325 kHz.

2.5. Signal acquisition

The signal acquisition is ensured by an AE system with the characteristics mentioned in Table 1.
The AE sensor was similar as the transducer used as a transmitter. Both were provided by Mistras
Group. An example of the waveforms detected by the AE sensor when the ultrasonic transducer was
used as an artificial AE source is shown in Fig. 4(c). Some samples of hits detected after performing
PLBs on the top surface and the edge of the specimen are shown in Fig. 5. The detected waveforms,
when using both artificial AE sources, are quite similar in terms of shape, amplitude and duration
to those detected with real damages (see Fig. 2). These artificial AE sources also allow generating

waveforms with diversified characteristics in time and frequency domains, as shown subsequently.



3. Experimental procedure and results

In the following, the composite material used in this study is firstly characterized to offer complete
information about its tensile and fatigue behaviors. The material properties are determined after QS
monotonic tests. Fatigue cycling tests at different loading levels are carried out in order to emphasize

the validity of the subsequent results of wave distortions for any loading level.

3.1. Monotonic-tensile and fatigue behaviors of the composite material

Figure 6 shows the stress over the longitudinal and transverse strains measured during the mono-
tonic tensile tests for four identical specimens. The tensile response consists in an elastic-ductile
behavior with a quasi-linear response up to a yield point at 55-65 MPa, followed by an inflexion of
the tensile curve above this point up to failure. The mean longitudinal strain to failure is approx-
imately 16.9% (Table 2). This non-linear response can be related to the time-dependent behavior
and plastic strains of the polymeric constituents, and also to some damage mechanisms such as fiber
matrix debonding and rotation of fiber bundles mainly due to necking. These damages and bundles
reorientation as a function of longitudinal strain can be observed during the tests (Fig. 1(a), right)
and using fractography.

The fatigue cycling tests at different loading levels allowed the Wohler curve to be plotted (see
Fig. 7). It shows the maximum applied stress over the number of cycles to failure. The square markers
(at 35%, 40%, 57% and 70% UTS) indicate the tests performed continuously until the specimen’s total
failure (except for 35% and 40% where the tests were stopped before the rupture of the specimens).
The triangle markers (at 57% and 70% UTS) are related to those with multiple interruptions during the
fatigue test in order to allow generating acoustic waves. Measurements of the temperature variation at
the surface of the tested specimen (caused by cyclic loading) using infrared thermography have shown
a change in the heat dissipation when the fatigue test was interrupted.

Figure 8(a) shows the mean longitudinal strains obtained with different loading levels over the
number of cycles. A comparison between the damage indexes experimentally determined using the
mean strain-based method of Petermann and Schulte [58] and those predicted using the analytical
model of Mao and Mahadevan [67] over the cycle ratio is presented in Fig. 8(b). The damage index
curves are described by three stages: the first one is characterized by a rapid stiffness degradation;
followed by a gradual decrease in stiffness throughout the majority of the fatigue life; and finally the
damage accumulation causes a significant decrease in stiffness prior to failure.

Hereafter, the test performed with an applied stress level of 70% UTS is taken as an example to

conduct the study. Under this loading level, the material failed after 4144 cycles with 17 interruptions.

3.2. Effect of cumulated damages on the PLB-generated waveforms

Figure 9 shows the detected waveforms and their corresponding scalograms at three different dam-
age levels, when using a PLB as AE source on “Face 1”7. It can be remarked that the signals’ shape is

distorted under the effect of cumulated damage. Indeed, the discontinuities emerged in the material,



and caused by the initiation and development of defects, engender a wave dispersion which modifies
the waveforms. The scalograms indicate an evolution in the frequency domain of these waveforms
with the damage level. The emergent defects can produce a mode conversion: Other wave propagation
modes appear, such as flexural modes, with different frequency spectra, as can be observed in Fig. 9.
It should be mentioned here that the waveforms’ distortions could be partly caused by a distortion
of the artificial AE source. In fact, the zone of application of the PLB could be microscopically or
partially damaged. That way, the generated waveform would be already distorted before propagating
in the damaged area of the material. When an AE source is simulated using a PLB on “Face 27,
similar results as previously are obtained. For the sake of convenience, the corresponding results are
not presented.

When applying PLBs on the edge of the plate (“Face 3”), the detected waveforms are quite different
from those previously treated, as we can notice in Fig. 10. The footprint of high-frequency modes (in
the range of [100-500 kHz]) is more present here, when an in-plane AE source is simulated, comparing
to the case of an out-of-plane AE source. Gradually, these modes are damped with the damage
development until a total extinction in the last measure before failure.

An important impact of the cumulated damage on the AE features is observed. Figures 11 and 12
show some selected features where their evolution depending on the damage index can be noticed. The
cumulated damage during fatigue cycling clearly affects the AE features in both “Face 1”7 and “Face 3”
cases. The variability of the features is relatively high, since it would be influenced by the various
parameters affecting the breaking of the pencil-leads, as mentioned in the introduction. Besides that,
some important remarks can be drawn by comparing the AE-features obtained from both material
surfaces. In the case of “Face 17, some energy-related AE-features, like PAC-Energy, duration and
amplitude are larger than those obtained with “Face 3”. Out-of plane waves are found to be more
energetic than in-plane waves. In contrast, frequency centroid and peak frequency are higher in the
case of “Face 3”. In-plane waves are thus characterized by high-frequency contents comparing to

out-of-plane waves, which was already remarked in the scalograms.

3.8. Effect of cumulated damages on the transducer-generated waveforms

When using an ultrasonic transducer as AE source on “Face 17, the detected waveforms at three
different damage levels and their corresponding scalograms are shown in Fig. 13. The shape of the
AE signals is noticeably distorted, and the scalograms exhibit an evolution in their frequency spectra
under the effect of cumulated damage. As mentioned previously, a part of these distortions might be
engendered by an eventual degradation of the material in the vicinity of the artificial AE source. We
can point out that the signals are characterized by relatively high frequencies (above 200 kHz). They
are then greatly weakened with damage accumulation and toggle to lower frequencies (as for the PLB
case). The AE-features computed from the detected hits are evolving during the damage development,
as shown in Fig. 14. Their variability is much lower than that obtained using PLB. The waveforms

emitted by the transducer are almost identical since their generation is completely mastered. Thus,



it can be concluded that the transducer used as a transmitter has a better reproducibility than the
PLB. It allows an accurate description of the wave distortion and the evolution of the AE features as
a function of damage level.

The behavior of some AE features is difficult to predict, mainly with a non-monotonic evolution.
Hence, their tendencies could not be faithfully monitored during the fatigue life of the material, with

the aim of compensating the effect of damage accumulation on the AE features.

8.4. FEvolution of the AE-features diagrams with damage development

The pattern recognition approaches are used to distinguish the possible natural clusters/classes
associated to the damage mechanisms. Figure 15 shows different representations, in the AE features
space, of the data-point associated to the same hit detected after simulating an AE source by an
ultrasonic transducer during the damage accumulation. It can be remarked that the evolving posi-
tion of this hit covers a wide area, which could considerably affect the identification of the natural
clusters/classes. A decrease of more than 30 dB in amplitude and about 1.5 ms are observed when
moving from the data-point 1 (no damage) to the data-point 17 (total failure). A great change in the
frequency spectrum can also be remarked: the weighted peak frequency undergoes a drop of about
150 kHz during the fatigue life of the material.

Therefore, it would be of interest to integrate consideration of these waveforms’ evolutions in the data
clustering approaches. Our idea is to use unsupervised or semi-supervised clustering approaches that
are able to adapt the form of the clusters along different directions in the AE features space, in order
to follow and consider the features evolution with damage accumulation. This can be achieved using
specific algorithms that are not based on compactness and circularity of clusters in features space.
Generally, clustering algorithms applied on AE signals are based on the FEuclidean distance, which
suppose cluster compactness and circularity in the original feature space, such as K-means, fuzzy
C-means and a variant of Self-Organizing Maps. Some validity indices used to estimate the number
of clusters are also based on this particular distance. The validity of this hypothesis can be clearly
questioned in tests, such the one presented in our study, in which damages cumulated in the composite
and the associated discontinuities, induces a distortion over time of the transients propagating through
the material. The capacity of some unsupervised techniques that we have developed recently will be
illustrated in a forthcoming paper. Using such approaches, even if the clusters are initially compact,
their prototypes can move in the feature space and their shapes may change as a function of the
damage level in the composite. These techniques are partially described in previous papers [11, 12].
In order to enhance data-driven phenomenological physics-models with better prediction capabilities,
it is thus of paramount importance to develop specific clustering algorithms dedicated to AE signals
originating from composite materials. These signals are unevenly time-spaced and consist in transients
ordered chronologically with increasingly emergent damage mechanisms. In addition, these transients
are propagating in a non-stationary media during the test. The amount of uncertainty on the char-

acteristics of acoustic sources deduced from those statistical models should also be quantified, since
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results are highly dependent on multifarious parameters and unknown factors.

4. Conclusions

This study focused on the influence of damage accumulation during cyclic fatigue loading on the
acoustic signatures of fracture mechanisms in carbon/epoxy composites. Specifically, the propagation
through a cumulatively damaged area of a specific acoustic signature created in an undamaged area
was assessed. Reproducible artificial AE sources were created by PLBs and an ultrasonic transducer
used as a transmitter in undamaged areas on different surfaces of the material in order to generate
various damage-like acoustic signatures. The waveforms detected at the sensor level were characterized
as similar in time and frequency domains to those obtained with real local fracture mechanisms in
composites. During the fatigue life of the material, identical AE hits were generated using the artificial
sources at different instants. At each time, the AE waveforms were measured at the same location
by an AE sensor. It was remarked that the waveforms issued from both artificial AE sources were
clearly distorted in the time and frequency domains due to the damage accumulation. The AE features
exhibited a relatively important evolution as a function of damage level. The behavior of some AE-
features was sometimes difficult to predict, since their evolutions were non-stationary during the fatigue
life of the material. Although the noticed distortions were patently engendered by the propagation of
the AE waveforms through a damaged area, a distortion at the very AE source can be at the origin
of a part of the waveform’s distortions. An eventual damage in the vicinity of the AE source can
contribute to the distortions. The case of an AE source generated in a damaged area deserves also to
be investigated. This issue is being studied by the authors and will be addressed in a future work.

Even if the conclusions drawn in this study were obtained for a particular stress level, they can be
generalized for any loading level since the evolutions of the damage index as a function of the cycle

ratio are similar.

The major contribution of this paper was to underline — on the basis of one representative test —
that the AE features evolution due to damage cumulated during mechanical loading can be significant,
and clearly deserves to be taken into account in pattern recognition techniques. It should be mentioned
that it was not a matter, in this work, to establish a model able to predict the features evolution as a
function of damage, but to give guidance to improve the pattern recognition algorithms by using specific
unsupervised or semi-supervised clustering approaches able to adapt the shapes of clusters along several
directions in the features spaces during the progression of damage. This kind of approaches is being

developed by the authors and will be addressed in a future study.
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Appendix
The AE-features studied in this paper are defined below as implemented in the used algorithm [56].

e Counts: The number of times the AE signal s(t), of length L, exceeds the preset threshold TH:

L
Counts = Z Lsy>TH, (4)
t=1

where I, is an indicator function equal to 1 if the condition x is true.
e Duration [us]: The time between the start and the end of the AE hit:
Duration = L - At. (5)
where At is a sampling period.

e Amplitude [dB]: A logarithmic measure of the maximum voltage of the AE hit expressed as:

Amal‘
dBag = 20 log,( A, ) — PG, (6)

where A,,q; 18 the peak amplitude of the AE hit, Ay is a reference amplitude equal to 1V at

the sensor (before amplification), and PG is the preamplifier gain.

e PAC-Energy (Epac) [1Vs]: PAC-Energy is the sum of the signal envelope over the duration
and converted into counts at 100 kHz/V:

Epac =Y [H][s(t)]|- At-100 - 10°, (7)
t
where H is the envelope — computed by the Hilbert Transform — of the signal above the threshold.

e Frequency Centroid (fu,.) [kHz]: It is computed from the FFT magnitude as a weighted average

of the FFT magnitude:
> Mppr(f)- f

> Mppr(f)
where Mppr(f) is the FFT magnitude at a frequency f. Both the lower and the upper bounds

fctr =

(8)

of the sum may be adapted according to the application.

e Peak Frequency (fpear) [KHz]: It is the peak of the power spectrum of the AE hit:

fpeak = arg;nax Mprr(f). 9)

12



e Partial Power features (PPy) [%]: They are derived from the power spectrum of the AE hit and

reported as a percentage in a given user-defined frequency band I, = [fF, f¥]:

deuklk PS(QY

where PS is the value of the power spectrum and k is ranging from 1 to the total number of

PP, =100- (10)

frequency bands.

Partial power 1: f; = 0 kHz; fo = 150 kHz.
Partial power 2: f; = 150 kHz; fo = 300 kHz.
Partial power 3: f; = 300 kHz; fo = 500 kHz.
Partial power 4: f; = 500 kHz; fo = 1 MHz.

Weighted Peak Frequency (WPF) [kHz]: It is computed from the frequency centroid and peak

frequency as follows:

WPF = V fpeak : fctr (11)
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Table 1: AE system setup parameters.

System parameters Defined values

Threshold 40 dB
Pre-Amplifier 20 dB

Analog Filter 20 kHz - 1 MHz
Sampling Rate 5 MS/s

PDT 60 us

HDT 120 ps

HLT 300 us

Max. Duration 200 ms
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Table 2: Average material properties determined after quasi-static tensile tests.

Material properties Average values
Ultimate tensile strength 100 + 6.2 MPa
Longitudinal strain to fracture 16.9 & 3.5%

Young modulus 11.1 £ 1.4 GPa
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Figure 1: Purpose of the study. (a) The raised issue: potential evolution of the acoustic signatures of local fracture

mechanisms during cyclic loading; and (b) the proposed methodology to quantify the AE wave distortion under the
effect of damage accumulation.
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31



Amplitude (V)

500
0.02

S 400

= 0.015

300 :

2

S 200 0.01

g

= 100 0.005

0 0.2 0.4 0.6 0.8 1
Time (ms)
(a) Healthy material: 0 cycles, D = 0.

=

]

el

=]

=4

=)

g

<

500

0.02

S 400

o 0.015

300 :

5 1

S 200 0.0

g

= 100 0.005

0 0.2 0.4 0.6 0.8 1
Time (ms)
(b) Damaged material: after 820 cycles, D = 0.21.

S
9 0.1} 1
=] 0 WW\/\/WWWW
h=1
E 01} ]
g
<

500

0.02

N 400
E 0.015
: 300 ’
=
g 200 0.01
g
= 100 0.005

0 0.2 0.4 0.6 0.8 1
Time (ms)
(c) Last measure before failure: after 3835 cycles, D = 1.

Figure 10: Waveforms distortion with cumulated damage when using a PLB on “Face 3” as AE source.

32



_ 4500
200 @
> 500
4000
180 = ki
£160 83400 £3500
3140 g S
© 120 300 £3000
Q
100 = F2500
80 A 200
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index
(a) (b) (c)
90 §160 70
zss 24140 = 60
=86 o) &,
B ‘5120 .
< 84 & 50
2 £ 100 g
= 82 S ~ 40
£ 80 . 80 r
g o 30
78 £ 60 ~
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index

(d) (e) ()

Figure 11: Evolution of the AE-features with cumulated damage when using a PLB on “Face 1” as AE source.

33



250
200 > 3000
2 g
z 3200 :
5150 5 .22500
o IS} =
o} =150 £
100 :
g R2000
&~ 100
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index
(a) (b) (c)
84 m? 250
) = 200 )
.82 - 2,200
280 2
E £150 g150
=
% 78 8 =100
76 . <
< £100 Y
74 s
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index

(d) (e) ()

Figure 12: Evolution of the AE-features with cumulated damage when using a PLB on “Face 3” as AE source.

34



z
2 0.2 p
3 0
=
= —02¢
g
<

500
~ 400
jus)
=
g 300
O
g
S 200
o
]
= 100

0 0.1 0.2 0.3 0.4
Time (ms)
(a) Healthy material: 0 cycles, D = 0.

3 0.2} ]
3 0 WWWMMMMMWWNWWWM
=
3 —02} 1
g
<

500
~ 400
jus)
=
o 300
O
g
S 200
o
&
= 100

0 0.1 0.2 0.3 0.4

Time (ms)
(b) Damaged material: after 820 cycles, D = 0.21.

S
2 0.2
3 0
b=
5 —02¢
£
<

500
~ 400 0.2
=
< 0.15
- 300
=
€ 200 0.1
g
& 100 0.05

0
0 0.1 0.2 0.3 0.4
Time (ms)

(c) Last measure before failure: after 3835 cycles, D = 1.

Figure 13: Waveforms distortion with cumulated damage when using an ultrasonic transducer as AE source.

35



300 §250 2000

250 =200 E1500
£ 200 %150 g
=) 5 o
2150 £ =

S 100 51000
100 & g

50 =% = 500

& o
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index
(a) (b) (c)

90 N'280 _ 350

) = = 300
280 ;260 24

g 2210 s

£70 g £200

E‘ © 220 150
. <

< 60 £200 & 100

e 50

0O 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Damage Index Damage Index Damage Index

(d) (e) ()

Figure 14: Evolution of the AE-features with cumulated damage when using an ultrasonic transducer as AE source.
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Figure 15: Modification of the AE-features diagrams of a detected hit during the damage accumulation. AE source
reproduced using an ultrasonic transducer. Data point 1 represents D = 0, and data point 17 represents D = 1.
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