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Abstract: Transverse cracking induced acoustic emission in carbon fiber/epoxy matrix composite
laminates is studied both experimentally and numerically. The influence of the type of sensor, spec-
imen thickness and ply stacking sequence is investigated. The frequency content corresponding to
the same damage mechanism differs significantly depending on the sensor and the stacking se-
quence. However, the frequency centroid does not wholly depend on the ply thickness except for
the inner ply crack and a sensor located close enough to the crack. Outer ply cracking exhibits sig-
nals with a low-frequency content, not depending much on the ply thickness, contrary to inner ply
cracking, for which the frequency content is higher and more dependent on the ply thickness. Fre-
quency peaks and frequency centroids obtained experimentally are well captured by numerical sim-
ulations of the transverse cracking induced acoustic emission for different ply thicknesses.

Keywords: acoustic emission; numerical simulation; carbon fiber/epoxy matrix composites;
laminate transverse cracking

1. Introduction

Acoustic emission (AE) is a non-destructive technique that can be used to study real-
time damage growth in a material. It is based on the detection of acoustic signals originat-
ing from a corresponding damage mechanism. Indeed, when damage occurs in the mate-
rial, a part of the released energy is converted to an elastic wave that can be detected by
AE sensors placed on the structure. AE technique is widely used to detect and identify
damage mechanisms in composite materials. Numerous studies were set up to try to es-
tablish a link between damage mechanisms in composites and the related acoustic emis-
sion, for instance, using empirical correlations between the signal and the source mecha-
nism [1-8]. Some authors combined AE with complementary approaches such as infrared
thermography [9] or digital image correlation [10]. However, few validations of the AE
source labelling damage mechanisms are provided.

Establishing a robust correspondence between the AE sources and the damage mech-
anisms is not straightforward. Indeed, the AE signals acquired by the sensors are actually
the result of the initial source signal that propagated within a given medium and that was
transformed by a sensor. As a consequence, the AE signals depend not only on the dam-
age source but also on the specimen geometry, the material properties and the type of
sensor and acquisition chain [11-17]. It is thus essential to consider the contribution of all
these elements in order to correctly analyze the recorded waveforms.

Despite the effectiveness of the AE method as a non-destructive approach to charac-
terize damage in composite materials, the above-mentioned limitations were highlighted
experimentally. For instance, the experimental results by Morscher et al. [18] and Oz et al.
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[15] suggest that AE signal contents corresponding to matrix cracking in composite lami-
nates actually depend on the position of the cracked ply in the composite. They showed,
for instance, that contrary to prior studies, peak frequency data alone was unable to fully
characterize damage initiation [18].

A better understanding of the link between the different damage mechanisms and
the resulting AE signals may be established by numerical simulation of the damage-in-
duced AE [19-27]. Such simulations require several aspects to be considered, including (i)
the damage mechanism acting as an AE source, (ii) the acoustic wave propagation in the
specimen accounting for its geometry and material properties and (iii) the sensor and the
acquisition chain. Numerical simulations of damage-induced AE were, for instance, stud-
ied by Sause et al. [19-21], considering either idealized damage source modelling [19] or
realistic crack geometries determined from p-Computed Tomography [21]. AE simula-
tions due to fiber cracking and fiber-matrix debonding in single-fibre specimens were also
set up by Hamam et al. [25,26]. In the previously cited works, the influence of the sensor
and the acquisition chain was considered either based on the analytical reciprocity
method [28,29] or from the multi-physics simulation of the sensor [22-24,30,31].

The simulation of AE also required accurate modeling of the damage mechanisms in
the composite that act as AE sources. The first damage occurring in composite laminate is
transverse crack formation. Parvizi et al. [32] showed that the loading at crack initiation
depends on the ply thickness and that the crack either instantaneously crosses the whole
ply in the case of thick plies or initiates from the specimen surface and propagates up to
an arrest length in sufficiently thin plies. Transverse cracking in composite laminates can
be assessed numerically using a dedicated model such as the coupled criterion (CC) [33-
37] or Cohesive Zone (CZ) models [38,39]. In addition to transverse crack initiation and
propagation in the inner ply, acoustic wave propagation and acquisition chain must also
be considered in order to study this damage mechanism numerically.

This work focuses on the numerical simulation of the AE due to transverse cracking
in laminate composites. The objective of the work is the experimental characterization and
numerical simulation of the influence of the ply thickness and stacking sequence on trans-
verse matrix cracking induced acoustic emission. The experimental setup and the numer-
ical models are presented in Section 2. The influence of the ply sequence and thickness on
the AE is studied in Section 3 both experimentally and numerically.

2. Materials and Methods
2.1. Experimental Settings

Acoustic emission due to matrix transverse cracking in laminate composites is first
investigated experimentally. Specimens with different thicknesses are tested under tensile
loading; two of which are presented in this work. The plies are made of Hexply® 8552
Epoxy resin reinforced with AS4 carbon fiber (60% volume fraction). Specimen A is a lam-
inate composite with nine plies [03/90s/0s]; the thickness of one ply is 0.3 mm, so that the
total thickness is 2.7 mm. Specimen B contains three plies [0/90/0], its total thickness is 0.9
mm. Both specimens are 250 mm in length and 25 mm in width. Monotonic tensile tests
are performed at a 0.5 mm/min displacement rate on an MTS machine (MTS Systems Cor-
poration, Eden Prairie, United States) equipped with a 50 kN force cell. An extensometer
is used to measure the mean applied strain.

Four AE sensors are fixed on the specimens to detect signals originating from damage
mechanisms occurring within the composites. Two types of resonant sensors are used,
namely (micro80, Mistras Group, Princeton, NJ, USA) and (picoHF, Mistras Group,
Princeton, NJ, USA). Each couple of sensors are 120 mm apart, on both sides of the speci-
men (Figure 1a). The coupling agent is vacuum grease. The sensitivity of the sensors, de-
termined by the reciprocity method [28,29], are shown in Figure 1b. They are responsive
to different frequency ranges. The sensors are connected to acquisition systems allowing
to record signals detected during the tests. The AE acquisition settings are summarized in
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Table 1. Only the data located between the sensors are kept. The acoustic signature rec-
orded on both sensors C1 and C2 is kept for each source.
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Figure 1. (a) Location of the sensors on the specimen (b) Frequency sensitivity functions of picoHF
and micro80 sensors used to capture acoustic emission during tensile tests in composite laminates
(calibration curve obtained on steel block with reciprocity method).

Table 1. AE acquisition settings.

Sensor Sensitivity Gain Sampling Rate Threshold PDT HDT HLT Filter
Micro80  200-900kHz  40dB 5 MSPS 38 dB 25us  50pus 1000 us 20-1200 kHz
PicoHF  500-1850 kHz 40 dB 5 MSPS 38 dB 25us  50pus 1000 us 20-1200 kHz

PDT: Peak Definition Time; HDT: Hit Definition Time; HLT: Hit Lockout Time.

For each signal, the waveform is pre-processed as detailed in [40], and both temporal
(amplitude, energy) and frequency (frequency centroid, peak frequency and partial pow-
ers) descriptors are extracted from the signal and its fast Fourier transform (FFT). For the
signal time windowing, the thresholds used in the study are floating thresholds defined
by the percentage of maximum amplitude: 0.1% for the beginning of the signal and 5% for
the end of the signal.

2.2. Simulation Settings
2.2.1. Composite Laminate Model

AE signals induced by transverse matrix cracking are also simulated numerically us-
ing finite elements (FE) for composite laminates exhibiting a different number of plies and
stacking sequences. Three-dimensional FE models of the specimens are set up using
Abaqus™ Standard. Both [0n/90x/0n] or [905/0:/90x] (n =1 or 3) composite laminates are
modeled, one ply thickness is 0.3 mm. Each ply is considered as a linear elastic transverse
isotropic material with the elastic constants given in Table 2 [41,42], where 1 represents
the fiber direction, and 2-3 represents the transverse isotropy plane in the local frame of
the ply. Local material orientation is defined in each ply to account for the fiber direction.
Boundary conditions consist of prescribed displacements at one end of the composite. The
symmetry of the studied configuration enables modeling only 1/4 ([0n/90x/0n]) or 1/8
([90+/0n/90n]) of the composite. A dynamic implicit solution is adopted in order to account
for, on the one hand, acoustic wave propagation due to transverse cracking and, on the
other hand, transverse cracking nucleation dynamics. The mesh size is refined in the vi-
cinity of the transverse cracking location with at least 10 elements in the ply thickness,
resulting in models containing approximately 500,000 degrees of freedom.
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Table 2. Elastic and fracture properties of the constitutive plies of the composite laminates.

Properties Values
Ei, (GPa) 127
E,, (GPa) 9.2
Vip 0.302
Va3 0.4
G, (GPa) 4.8
Ge (J/m?) 248
o, (MPa) 63.9
p (kg/md) 1500

2.2.2. Transverse Cracking

Matrix transverse cracking in 90 deg. inner or outer ply is simulated (Figure 2). It can
be noted that for [90n/0n/90x], only one outer ply crack is considered. The strain at first
transverse cracking depends on the ply stacking and thickness (Table 3), which can be
predicted using either the CC [37] or equivalently using the CZ model [43,44].

[=250 mm

3

u, =0

AZ

>

ux
- - t
Transverse cracking location

\ y
725mm -
= gL

Outer ply transverse cracking Inner ply transverse cracking

Figure 2. Dimensions of the modeled specimens. Transverse cracking occurs in a 90 deg. Ply with
respect to the loading direction.

Table 3. Specimen thickness and corresponding imposed strain at first transverse crack initiation.

Configuration Total Thickness Strain at First Transverse Crack
[0/90/0] 0.9 mm 0.007
[05/905/0s] 2.7 mm 0.004
[90/0/90] 0.9 mm 0.007
[905/03/90s] 2.7 mm 0.0025

Transverse cracking modeling consists of progressively unbuttoning all the nodes
along the crack surface during a given time f.. First, a quasi-static loading step is adopted
in order to apply the displacement corresponding to the critical strain at first transverse
cracking determined using the CC [37]. The tensile strength and critical energy release
rate are given in Table 2. Then, the dynamic solution is adopted to describe first the trans-
verse cracking and subsequent acoustic wave propagation, the node unbuttoning step be-
ing performed in at least 10 sub-iterations. The maximum time step is set to 10~7s in order
to consider a frequency range up to 1 MHz.
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2.2.3. Acoustic Emission

Acoustic emission simulation requires considering, on the one hand, the acoustic
wave propagation and, on the other hand, the acquisition chain including the sensor ef-
fect. Experimental investigation of acoustic wave propagation shows that the amplitude
of the wave decreases when going away from the AE source, which highlights a damping
of the signal. Damping is defined using Rayleigh parameters az and fj related, respec-
tively, to low- and high-frequency damping. These parameters are identified experimen-
tally by emitting a source signal which is then captured (micro80 sensor) at different dis-
tances to the emitting sensor. Two different artificial sources are used, namely, a chirp
signal which excites all the frequencies up to 1.2 MHz and a pencil lead break, i.e., the
failure of a 2H graphite lead. The damping coefficient a(w) is calculated based on signals
S detected at two positions x; and x, (Equation (1)).

1 S(vaw)
X2 — X1 " S(Xl, w)

a(w) =—

)

A numerical simulation is also set up, and the Rayleigh parameters are adjusted in
order to correctly represent the experimentally measured damping. Figure 3 shows the
damping coefficient as a function of frequency obtained experimentally for both sources
and numerically for ag = 10,000 sand Bz = 6.107° s Rayleigh parameters. It can be
noted that above 800 kHz, the experimental and numerical damping coefficients slightly
differ, which can be explained by the fact that the micro80 sensor is not very sensitive
beyond this frequency.

100

Chirp Signal
80} Pfencn Igad break
Simulation

60 - ‘

40 | |‘

R l un
{v;‘ﬂ{\m.‘,".,,w 4’ i V W” |

0 100 200 300 400 500 600 700 800 900 1000
Frequency (kHz)

2
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o

Figure 3. Damping coefficient as a function of the frequency obtained experimentally for (i) emitted
chirp and (ii) pencil lead break and (iii) numerically.

The sensor and acquisition chain influence are considered similar to the method de-
scribed in [26]. The resonant sensors are modelled using their transfer function and their
aperture effect. The coupling effect is not considered in this study. Simulated sensors are
placed on the surface at various locations from the epicenter of the source to the end of
the sample. A wideband point contact sensor called perfect virtual point-contact sensor is
also investigated. In this case, the detected signal corresponds to the out-of-plane velocity
calculated on a single node. The acoustic emission signal is calculated on a line perpen-
dicular to the crack, at different distances from it, in order to calculate the descriptor var-
iations as a function of the distance between the sensor and the transverse crack.
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3. Results
3.1. Experimental Results

Transverse cracking acoustic emission is first studied experimentally with the aim to
highlight the influence of the ply thickness and the sensor choice on the signals and cor-
responding descriptors. The AE activities recorded for [0/90/0] and [0s/90s/0s] specimens
and micro80 and picoHF sensors are presented in Figure 4 together with the stress—strain
curve. For the thicker specimen ([03/905/0s]), first transverse cracking and failure occur for
smaller imposed strain than for [0/90/0] specimen (Figure 4a). It is consistent with previ-
ous experiments [32] and simulations [33,35-37] on similar configurations.

800 700 800 700
Stress/Strain
700 Stress/Strain 3 plies 500 700 O micro80
Stress/Strain 9 plies

o 3pl 5 O picoHF -
600 F plies o 600 [ 2
©  9plies 500 E €
- 2 — 2
K 500 g Kl 500 =
= 400 g = g
n 400 1 2 o 400 B
e 300 g 2 2
»300f = @ 3001 &
200 E - E
200} 5 200 / £
o Q

100 100 100 /

0 ‘ o . 0 o k= ‘ o
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 A
Strain (%) Strain (%)
(a) (b)

Figure 4. Cumulated localized signal number and stress as a function of strain for (a) [0/90/0] and
[05/903/0s] specimens using the micro80 sensor and (b) micro80 and picoHF sensors for [0/90/0] spec-
imens.

For the [05/905/03] specimen, the numbers and positions of localized sources by both
the micro80 and picoHF sensors are similar, resulting in similar variations as a function
of strain (Figure 4b). This means that both sensors are responsive to the same sources.
Figure 4b shows the cumulated number of localized sources for both specimens obtained
with the micro80 sensor. Therefore, the overall acoustic activity is similarly captured by
both types of sensors. A deeper insight into the AE results obtained with both sensors can
be established by studying the waveforms of each signal detected by the sensors. Tem-
poral and frequency descriptors of these waveforms can be calculated and compared for
both sensors. Figure 5 shows the frequency centroid and peak frequency of each AE signal
as a function of strain for both sensors for the [0/90/0] specimen.
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Figure 5. (a) Frequency centroid and (b) peak frequency as a function of strain obtained for the
[0/90/0] specimen (thickness = 0.9 mm) with either micro80 or picoHF sensors.

Even if the AE source is the same, both sensors do not capture the same acoustic
information depending on their sensitivity. For instance, the frequency centroid and peak
frequency are both larger for signals acquired with the picoHF sensor than those acquired
with the micro80 sensor. Therefore, the frequency content of signals detected by the
picoHF sensor is significantly higher than the ones detected by the micro80 sensor. This
result highlights the dependency of the AE results to the type of sensor used, which was
already pointed out by Godin et al. [11].

The influence of the specimen thickness can also be evidenced through the analysis
of the signal descriptors. Figure 6 shows the signal amplitude and the frequency centroid
(micro80 sensor) as a function of strain.

100 800
0l . <700
z
~ =600 f
D 80f e
) 3
[0} = 500
5 70} §
= 2400
£ oot g ©
53001 o
s0r © 200
40 100 ‘ : :
02 : 0.2 0.4 0.6 0.8 1
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(@) (b)

Figure 6. (a) Amplitude and (b) frequency centroid as a function of strain obtained with micro80
sensor for [0/90/0] or [03/90s/0s] specimens.

The range of strain over which signals are acquired strongly depends on the ply
thickness. For the [0/90/0] specimen, the signal amplitude mainly varies between 45 dB
and 70 dB, especially for strain smaller than 0.6%. For larger strain levels, signals with a
larger amplitude up to 90-100 dB are recorded. The corresponding frequency centroid
varies between approximately 400-500 kHz for strain smaller than 0.6%, signals with ei-
ther smaller (down to ~250 kHz) or larger (up to ~700 kHz) frequency centroid are ac-
quired. For [03/90s/03] specimen, except for some isolated signals recorded for strains
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smaller than 0.5%, the range of amplitude 45 to 100 dB and the 200-700 kHz range of
frequency centroid are covered by the acquired signals.

3.2. Comparison between Experimental and Simulation Results

The assignment of AE signals to a specific damage mechanism requires a large num-
ber of experiments and a dedicated supervised or unsupervised classification approach to
be set up. However, the first damage mechanism occurring in composite laminates at the
mesoscale is transverse matrix cracking. Therefore, the first signals detected experimen-
tally can be compared to those obtained by numerical simulations of first transverse crack-
ing. This corresponds to the signals detected below 0.5% of strain; they are characterized
by two acoustic signatures recorded by sensor C1 and C2. The AE signals are calculated
in the simulation based on the out-of-plane node velocity on the specimen surface every
5 mm from the source. For the simulated data, the transverse crack is located at 75 mm
from the specimen end, and the sensor moves from the epicenter of the source to the end
of the gauge length. For experimental data, the sensor is located at position C1 or C2 (Fig-
ure la), and the transverse cracks are distributed over the gauge length. These configura-
tions are not strictly equivalent, but the obtained signal descriptor variations can never-
theless be compared.

Three configurations are considered in order to account for the influence of the sensor
type and ply thickness:

(i) [03/903/03] composite with micro80 sensor,

(if) [0/90/0] composite with micro80 sensor,
(iii) [0/90/0] composite with picoHF sensor.

3.2.1. [0s/90s/0s] Composite with micro80 Sensor

The comparison between the signals recorded experimentally and obtained numeri-
cally is based on the frequency content of the acquired signals. Figure 7 shows the signal
frequency centroid variation as a function of the distance to the transverse crack obtained
numerically and experimentally with the two micro80 sensors for [05/90s/03] specimen.

700 1000 i
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I 600 . o = Simulation —~ 800 r = Simulation | -

N
=3 T
T 500 <
£ L 3 600
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Figure 7. (a) Frequency centroid and (b) peak frequency as a function of the distance between the
AE source and the micro80 sensors obtained experimentally for the [05/903/03] specimen and numer-
ically.

Numerical results show a clear decrease of the frequency centroid with increasing
distance to the transverse crack. The frequency centroid decrease is not as clear for exper-
imental data as for the numerical result, partly because of scattering. Nevertheless, a sim-
ilar order of frequency centroid magnitude is obtained experimentally and numerically.
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Figure 7b shows the peak frequency variation as a function of the distance to the trans-
verse crack. The frequency peak obtained experimentally is almost constant, whatever the
wave propagation distance. This frequency peak, approximately 400 kHz, is also captured
in the simulations far enough from the crack. However, signals acquired at less than 60
mm from the source in the simulation have a larger frequency peak around 500 kHz. Ac-
tually, the signal FFT obtained numerically exhibits two main peaks at around 400 kHz
and 500 kHz, the former becoming preponderant over the latter for large enough propa-
gation distance and vice-versa.

3.2.2. [0/90/0] Composite with micro80 Sensor

Figure 8 shows the signal frequency centroid variation as a function of the distance
to the transverse crack obtained numerically and experimentally with the two micro80
sensors for [0/90/0] specimen. Similarly to the [03/903/0s] specimen, numerical results show
a clear decrease of the frequency centroid with increasing distance to the transverse crack.
The frequency centroid decrease is also observed experimentally, and a good agreement
between both data is obtained. An excellent agreement between experimental and numer-
ical results is also observed for the frequency peak variation as a function of the distance
to the transverse crack. The frequency peak is almost constant, approximately 350 kHz,
whatever the wave propagation distance.

1000 " " " " " 1400
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Figure 8. (a) Frequency centroid (b) peak frequency as a function of the distance between the AE
source and the micro80 sensors obtained experimentally for the [0/90/0] specimen and numerically.

3.2.3. [0/90/0] Composite with picoHF Sensor

The influence of the sensor is now evidenced by comparing experimental and nu-
merical results with the picoHF sensor. Figure 9 shows the signal frequency centroid var-
iation as a function of the distance to the transverse crack obtained numerically and ex-
perimentally with the two picoHF sensors for [0/90/0] specimen. Similarly to the micro80
sensor, numerical results show a decrease of the frequency centroid with increasing dis-
tance to the transverse crack. The frequency centroid obtained numerically is in good
agreement with experimental data except close to the source where the frequency centroid
is overestimated. The peak frequency variation as a function of the propagation distance
is rather well described by the numerical model. It can be noted that considering a differ-
ent sensor leads to different magnitudes of frequency centroids and peak frequency
(around 600 kHz for picoHF and around 350 kHz for the micro80 sensor), which is ob-
served both experimentally and numerically.
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Figure 9. (a) Frequency centroid (b) peak frequency as a function distance between the AE source
and the picoHF sensors obtained experimentally for the [0/90/0] specimen and numerically.

Finally, the numerical model is able to correctly reproduce the frequency content ob-
tained in the signals acquired experimentally. It enables highlighting ply thickness influ-
ence on the frequency content, as well as the influence of the type of sensor. In the follow-
ing, the numerical model is used to study more in detail the influence of the ply thickness
and the stacking sequence on transverse cracking induced acoustic emission.

4. Influence of the Ply Thickness, Stacking Sequence

We now provide a numerical analysis of the transverse cracking induced acoustic
emission with varying stacking sequence and ply thickness. In this section, we consider a
perfect contact sensor in order to highlight the influence of each parameter on the acquired
signal. We study the influence of transverse cracking occurring either in inner [0n/90n/0n]
(n=1 or 3) or outer [90n/0n/90n] (n =1 or 3) ply. Transverse cracking is simulated based on
a progressive crack node separation during a given time. Figure 10 shows the signals rec-
orded by the perfect contact-sensor on the specimen surface at the transverse crack epi-
center for [0n/90n/0n] and [90+/0x/90n] specimens (n =1 or 3). Noticeable differences are ev-
idenced depending on the ply thickness and transverse cracking location. This is due, on
the one hand, to the size of the initiated crack and, on the other hand, to the signal atten-
uation when propagating in the material. Outer ply transverse cracking results in signals
with a larger amplitude than inner ply transverse cracking at the crack epicenter. This is
evidenced by inner ply cracking induced signals having larger amplitudes for larger plies
and outer ply cracking induced signals having larger amplitudes than inner ply cracking
signals. Outer ply transverse cracking induces similar signals at the crack epicenter, what-
ever the ply thickness (Figure 10a), whereas significantly different signals are induced by
transverse cracking depending on the inner ply thickness (Figure 10b). This phenomenon
may be explained by the difference in the acoustic wave propagation distance in the spec-
imen thickness for inner ply cracking. Therefore, it is expected that the descriptors of the
signals near the crack epicenter are close for outer ply cracking and different for inner ply
cracking.
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Figure 10. Out-of-plane velocity as a function of time obtained at crack epicenter for (a) outer ply
transverse cracking in [90n/0n/90x] specimens and (b) inner ply transverse cracking in [0n/90n/0n], (n
=1or3).

The same damage mechanism may thus lead to signals exhibiting different de-
scriptors depending on their location in the composite and on the composite mesostruc-
ture. Frequency descriptors (frequency centroid and partial powers) of transverse crack-
ing recorded signals for the different stacking sequences and ply thicknesses are analyzed
as a function of the distance between the sensor and the crack in Figure 11.
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Figure 11. (a) Frequency centroid, (b) 1000-1500 kHz, (c) [500-1000] kHz and (d) 0-250 kHz partial
powers as a function of distance between the source and the sensor obtained numerically for [0+/90
n/0n] and [90x/0n/90n] stacking sequences (n =1 or 3).

Near the crack, the dependency of the frequency centroid on the ply thickness is
marked for inner ply cracking and much less pronounced for outer ply cracking (Figure
11a). However, far enough from the crack (distance larger than 60 mm), the same fre-
quency centroid is retrieved whatever the ply thickness for a given stacking sequence. For
any distances between the sensor and the crack, the frequency centroid magnitude is sig-
nificantly different. The analysis of the partial power variation as a function of the distance
between the crack and the sensor gives more details about the ply thickness and stacking
sequence influence (Figure 11b-d). It concludes that the frequency content of signals in-
duced by outer ply transverse cracking does not depend on the ply thickness since similar
partial powers are obtained. The conclusion is quite different for inner ply transverse
cracking induced signals. Indeed, larger high (1000-1500 kHz, Figure 11b) and low (0-250
kHz, Figure 11d) frequency content is obtained for transverse cracking in smaller inner
plies, whereas most of the frequency content corresponding to larger inner ply transverse
cracking lies in 500-1000 kHz interval. Therefore, contrary to outer ply cracking, the in-
fluence of the ply thickness on inner ply transverse cracking induced signals is significant,
especially on the frequency content. When the source is located in the mid-plane of the
specimen, the symmetrical modes are excited (Figure 12a,b). The fundamental longitudi-
nal mode is excited mainly around 500 kHz in [0/90/0] specimen and above 1000 kHz for
[03/903/05].
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Figure 12. Simulated dispersion curves (wavenumber k as a function of frequency f) using 2D-FFT
of signals recorded along a straight line perpendicular to the crack surface on the specimen top
surface for a) [0/90/0], b) [05/905/03], c) [90/0/90] and d) [903/05/903] specimens.

In this case, with decreasing thickness, the spectral contributions above 1000 kHz
increase significantly. We can observe a homothety of frequency axis (here by a 3-factor
corresponding to the thickness ratio between 3 and 9 plies configurations), resulting in a
frequency shift of the excited portion of the dispersion curves. This result highlights that
different sensors should be used to follow the cracking properly in these specimens. When
the crack is located in the outer ply in [90/0/90] and [90s/03/903] specimens, we can observe
that the excited modes are very different. It results in a frequency shift of the excited por-
tion of the dispersion curves (below 500 kHz) accompanied by a switch of the nature of
the excited modes from longitudinal to flexural (Figure 12c,d). The effect of thickness is
not visible for this type of cracking in terms of frequency. In this case, the same sensors
are suitable for both thicknesses.

5. Conclusions

Experimental characterization of transverse cracking induced acoustic emission in
composite laminates highlights the dependency of the AE results to the sensor type and
the specimen thickness. Amplitude and frequency centroid of the acquired signals follow
two regimes for thinner specimens depending on the applied strain level (below or above
0.7% applied strain), whereas the same range of amplitude/frequency centroid is obtained
for thicker specimens.

Frequency peak and frequency centroid obtained experimentally are well captured
by numerical simulations of transverse cracking for different ply thicknesses.

The use of different sensors leads to different frequency contents (frequency centroid
and frequency range); this experimental observation is well described by the numerical
model. For instance, the peak frequency lies around 350 kHz using micro80 and 600 kHz
using the picoHF sensor for [0/90/0] specimens.

The influence of the ply thickness on acoustic emission signals recorded at the crack
epicenter is significant only for inner ply transverse cracking, whereas similar signals are
obtained for outer ply cracking. This result has a direct consequence if classification ap-
proaches are set up since the same damage mechanism leads to different signal descriptors
depending on the ply thickness and location. It thus raises the following question: should
inner ply and outer ply transverse cracking should be considered as two different damage
mechanisms in a classification approach?

The influence of the ply thickness on AE signals (on the frequency centroid, for in-
stance) decreases as the sensor is far from the crack; however, the influence of the stacking
sequence remains, regardless ofthe sensor location.
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The frequency content of signals induced by outer ply transverse cracking does not
depend on the ply thickness. Contrary to outer ply cracking, the influence of the ply thick-
ness on inner ply transverse cracking induced signals is significant, especially on the fre-
quency content and on the frequency centroid only close to the crack.

Author Contributions: Conceptualization, A.D. and Z.H.; methodology, N.G, Z.H., PR. and A.D,;
software, Z.H., N.G. and A.D.; formal analysis, Z.H.; investigation, ZH., PR, N.G. and A.D; re-
sources, N.C.; data curation, Z.H., N.G.; writing —original draft preparation, Z.H., N.G., A.D.; writ-
ing—review and editing, Z.H., N.G., A.D., N.C, P.R. and C.F,; supervision, N.G., P.R,, C.F., N.C.
and A.D.; project administration, A.D.; funding acquisition, A.D. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the project IDEXLYON from Lyon University within the
framework of “Programme Investissements d”Avenir (ANR-16-IDEX-0005)".

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Van Hemelrijck, D.; Anastassopoulos, A.A. Non Destructive Testing; Balkema: Rotterdam, The Netherlands, 1996; ISBN 90 5410
595.

Anastassopoulos, A.; Philippidis, T.P. Clustering methodology for the evaluation of acoustic emission from composites, J.
Acoust. Emiss. 1995, 13, 11-12.

Ramasso, E.; Placet, V.; Boubakar, M.L. Unsupervised Consensus Clustering of Acoustic Emission Time-Series for Robust Dam-
age  Sequence  Estimation in  Composites. IEEE  Trans.  Instrum.  Meas. 2015, 64,  3297-3307.
https://doi.org/10.1109/tim.2015.2450354.

Morscher, G.N.; Godin, N. Use of Acoustic Emission for Ceramic Matrix Composites; John Wiley&Sons Inc. (Hoboken, United
States): 2014; pp. 569-590. https://doi.org/ 10.1002/9781118832998.ch20.

Alia, A; Fantozzi, G.; Godin, N.; Osmani, H.; Reynaud, P. Mechanical behaviour of jute fibre-reinforced polyester composite:
Characterization of damage mechanisms using acoustic emission and microstructural observations. J. Compos. Mater. 2019, 53,
3377-3394. https://doi.org/10.1177/0021998318822128.

Guel, N.; Hamam, Z.; Godin, N.; Reynaud, P.; Caty, O.; Bouillon, F.; Paillassa, A. Data Merging of AE Sensors with Different
Frequency Resolution for the Detection and Identification of Damage in Oxide-Based Ceramic Matrix Composites. Materials
2020, 13, 4691. https://doi.org/10.3390/ma13204691.

Marec, A.; Thomas, ].-H.; El Guerjouma, R. Damage characterization of polymer-based composite materials: Multivariable anal-
ysis and wavelet transform for clustering acoustic emission data. Mech. Syst. Signal Process. 2008, 22, 1441-1464.
https://doi.org/10.1016/j.ymssp.2007.11.029.

Barile, C.; Casavola, C.; Pappalettera, G.; Kannan, V.P. Application of different acoustic emission descriptors in damage assess-
ment of fiber reinforced plastics: A comprehensive review. Eng. Fract. Mech. 2020, 235, 107083. https://doi.org/10.1016/j.engfrac-
mech.2020.107083.

Li, L.; Lomov, S.V.; Yan, X. Correlation of acoustic emission with optically observed damage in a glass/epoxy woven laminate
under tensile loading. Compos. Struct. 2015, 123, 45-53. https://doi.org/10.1016/j.compstruct.2014.12.029.

Munoz, V.; Vales, B.; Perrin, M.; Pastor, M.L.; Welemane, H.; Cantarel, A.; Karama, M. Damage detection in CFRP by coupling
acoustic emission and infrared thermography. Compos. Part B Eng. 2016, 85, 68-75. https://doi.org/10.1016/j.compo-
sitesb.2015.09.011.

Godin, N.; Reynaud, P.; Fantozzi, G. Challenges and Limitations in the Identification of Acoustic Emission Signature of Damage
Mechanisms in Composites Materials. Appl. Sci. 2018, 8, 1267. https://doi.org/10.3390/app8081267.

Kharrat, M.; Placet, V.; Ramasso, E.; Boubakar, M. Influence of damage accumulation under fatigue loading on the AE-based
health assessment of composite materials: Wave distortion and AE-features evolution as a function of damage level. Compos.
Part A Appl. Sci. Manuf. 2018, 109, 615-627. https://doi.org/10.1016/j.compositesa.2016.03.020.

Carpinteri, A.; Lacidogna, G.; Accornero, F.; Mpalaskas, A.C.; Matikas, T.E.; Aggelis, D.G. Influence of damage in the acoustic
emission parameters. Cem. Concr. Compos. 2013, 44, 9-16. https://doi.org/10.1016/j.cemconcomp.2013.08.001.

Maillet, E.; Baker, C.; Morscher, G.N.; Pujar, V.V.; Lemanski, ].R. Feasibility and limitations of damage identification in compo-
site materials using acoustic emission. Compos. Part A Appl. Sci. Manuf. 2015, 75, 77-83. https://doi.org/10.1016/j.compo-
sitesa.2015.05.003.



Materials 2022, 15, 394 15 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Oz, F.E.; Ersoy, N.; Lomov, S.V. Do high frequency acoustic emission events always represent fibre failure in CFRP laminates?
Compos. Part A Appl. Sci. Manuf. 2017, 103, 230-235. https://doi.org/10.1016/j.compositesa.2017.10.013.

Aggelis, D.; Shiotani, T.; Papacharalampopoulos, A.; Polyzos, D. The influence of propagation path on elastic waves as meas-
ured by acoustic emission parameters. Struct. Health Monit. 2012, 11, 359-366. https://doi.org/10.1177/1475921711419992.
Aggelis, D.; Matikas, T. Effect of plate wave dispersion on the acoustic emission parameters in metals. Comput. Struct. 2012, 98-
99, 17-22. https://doi.org/10.1016/j.compstruc.2012.01.014.

Baker, C.; Morscher, G.N.; Pujar, V.V_; Lemanski, ].R. Transverse cracking in carbon fiber reinforced polymer composites: Modal
acoustic emission and peak frequency analysis. Compos. Sci. Technol. 2015, 116, 26-32. https://doi.org/10.1016/j.compsci-
tech.2015.05.005.

Sause, M.G.R.; Richler, S. Finite Element Modelling of Cracks as Acoustic Emission Sources. ]. Nondestruct. Eval. 2015, 34, 4.
https://doi.org/10.1007/s10921-015-0278-8.

Sause, M.G.R.; Horn, S. Simulation of Acoustic Emission in Planar Carbon Fiber Reinforced Plastic Specimens. ]. Nondestruct.
Ewval. 2010, 29, 123-142. https://doi.org/10.1007/s10921-010-0071-7.

Zelenyak, A.-M.; Schorer, N.; Sause, M.G. Modeling of ultrasonic wave propagation in composite laminates with realistic dis-
continuity representation. Ultrasonics 2018, 83, 103-113. https://doi.org/10.1016/j.ultras.2017.06.014.

Zhang, L.; Yalcinkaya, H.; Ozevin, D. Numerical approach to absolute calibration of piezoelectric acoustic emission sensors
using multiphysics simulations. Sens. Actuators A Phys. 2017, 256, 12-23. https://doi.org/10.1016/j.sna.2017.01.009.

Wu, B.S.; McLaskey, G.C. Broadband Calibration of Acoustic Emission and Ultrasonic Sensors from Generalized Ray Theory
and Finite Element Models. J. Nondestruct. Eval. 2018, 37, 8. https://doi.org/10.1007/s10921-018-0462-8.

Sause, M.G.; Hamstad, M.A. Numerical modeling of existing acoustic emission sensor absolute calibration approaches. Sens.
Actuators A Phys. 2018, 269, 294-307. https://doi.org/10.1016/j.sna.2017.11.057.

Hamam, Z.; Godin, N.; Fusco, C.; Monnier, T. Modelling of Acoustic Emission Signals Due to Fiber Break in a Model Composite
Carbon/Epoxy: Experimental Validation and Parametric Study. Appl. Sci. 2019, 9, 5124. https://doi.org/10.3390/app9235124.
Hamam, Z.; Godin, N.; Fusco, C.; Doitrand, A.; Monnier, T. Acoustic Emission Signal Due to Fiber Break and Fiber Matrix
Debonding in Model Composite: A Computational Study. Appl. Sci. 2021, 11, 8406. https://doi.org/10.3390/app11188406.

Le Gall, T.; Monnier, T.; Fusco, C.; Godin, N.; Hebaz, S.-E. Towards Quantitative Acoustic Emission by Finite Element Model-
ling: Contribution of Modal Analysis and Identification of Pertinent Descriptors. Appl. Sci. 2018, 8, 2557.
https://doi.org/10.3390/app8122557.

Dia, S.; Monnier, T.; Godin, N.; Zhang, F. Primary Calibration of Acoustic Emission Sensors by the Method of Reciprocity,
Theoretical and Experimental Considerations. J. Acoust. Emiss. 2012, 30, 152-166.

Goujon, L.; Baboux, J.C. Behaviour of acoustic emission sensors using broadband calibration techniques. Meas. Sci. Technol. 2003,
14, 903-908. https://doi.org/10.1088/0957-0233/14/7/302.

Cervena, O.; Hora, P. Analysis of the conical piezoelectric acoustic emission transducer. Appl. Comput. Mech. 2008, 2, 13-24.
Boulay, N.; Lhémery, A.; Zhang, F. Simulation of the spatial frequency-dependent sensitivities of Acoustic Emission sensors. In
Proceedings of the Physical Acoustics Conference, AFPAC 2017, Croydon, UK, 17-19 January 2018; Volume 1017.

Parvizi, A.; Garrett, KW.; Bailey, J.E. Constrained cracking in glass fibre-reinforced epoxy cross-ply laminates. . Mater. Sci.
1978, 13, 195-201. https://doi.org/10.1007/bf00739291.

Leguillon, D. Strength or toughness? A criterion for crack onset at a notch. Eur. ]. Mech.—A/Solids 2002, 21, 61-72.
https://doi.org/10.1016/s0997-7538(01)01184-6.

Doitrand, A.; Martin, E.; Leguillon, D. Numerical implementation of the coupled criterion: Matched asymptotic and full finite
element approaches. Finite Elem. Anal. Des. 2020, 168, 103344. https://doi.org/10.1016/j.finel.2019.103344.

Garcia, I; Carter, B.; Ingraffea, A.; Mantic, V. A numerical study of transverse cracking in cross-ply laminates by 3D finite
fracture mechanics. Compos. Part B Eng. 2016, 95, 475-487. https://doi.org/10.1016/j.compositesb.2016.03.023.

Garcia, L.G.; Manti¢, V.; Blazquez, A. The effect of residual thermal stresses on transverse cracking in cross-ply laminates: An
application of the coupled criterion of the finite fracture mechanics. Int. |. Fract. 2018, 211, 61-74. https://doi.org/10.1007/s10704-
018-0276-9.

Garcia, I; Justo, J.; Simon, A.; Manti¢, V. Experimental study of the size effect on transverse cracking in cross-ply laminates and
comparison with the main theoretical models. Mech. Mater. 2019, 128, 24-37. https://doi.org/10.1016/j.mechmat.2018.09.006.
Barenblatt, G. The formation of equilibrium cracks during brittle fracture. General ideas and hypotheses. Axially-symmetric
cracks. J. Appl. Math. Mech. 1959, 23, 622-636. https://doi.org/10.1016/0021-8928(59)90157-1.

Dugdale, D.S. Yielding of steel sheets containing slits. J. Mech. Phys. Solids 1960, 8, 100-104. https://doi.org/10.1016/0022-
5096(60)90013-2.

Morizet, N.; Godin, N.; Tang, J.; Maillet, E.; Fregonese, M.; Normand, B. Classification of acoustic emission signals using wave-
lets and Random Forests: Application to localized corrosion. Mech. Syst. Signal Process. 2016, 70-71, 1026-1037.
https://doi.org/10.1016/j.ymssp.2015.09.025.

Marlett, K. Hexcel 8852 AS4 Unidirectional Prepreg at 190 gsm & 35% RC Qualification Material Property Data Report; Kansas Tech-
nical Report CAM-RP-2010-002 Rev A; National Institute for Aviation Research, Wichita State University: Wichita, KS, USA,
2010.



Materials 2022, 15, 394 16 of 16

42.

43.

44.

Renart, J.; Blanco, N.; Pajares, E.; Costa, J.; Lazcano, S.; Santacruz, G. Side Clamped Beam (SCB) hinge system for delamination
tests in beam-type composite specimens. Compos. Sci. Technol. 2011, 71, 1023-1029. https://doi.org/10.1016/j.compsci-
tech.2010.10.005.

Doitrand, A.; Estevez, R.; Leguillon, D. Comparison between cohesive zone and coupled criterion modeling of crack initiation
in rhombus hole specimens under quasi-static compression. Theor. Appl. Fract. Mech. 2019, 99, 51-59.
https://doi.org/10.1016/j.tafmec.2018.11.007.

Doitrand, A.; Estevez, R.; Thibault, M.; Leplay, P. Fracture and Cohesive Parameter Identification of Refractories by Digital
Image Correlation Up to 1200 °C. Exp. Mech. 2020, 60, 577-590. https://doi.org/10.1007/s11340-020-00584-7.



