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Abstract

This study presents a novel experimental methodology designed to assess damage in wo-
ven glass fibers reinforced polyamide 6,6/6 composites, specifically subjected to low-ve-
locity impact and cyclic tensile loading. Conventional ultrasonic testing techniques often
fail to detect subtle material degradation, particularly when dealing with barely visible im-
pact damage (BVID), which can go unnoticed but still significantly compromise structural
integrity. In contrast, the proposed approach utilizes multi-directional ultrasonic Lamb
wave analysis, a more advanced technique that offers greater sensitivity and precision in
identifying damage at various stages of the composite’s lifespan. In this work, a damage
indicator is defined based on the velocity profile of Lamb waves, which are sensitive to
changes in material properties such as stiffness degradation. The Lamb wave-based meth-
odology is rigorously validated through detailed comparisons with X-ray tomography.
These comparisons reveal strong correlations between the two techniques, highlighting
the effectiveness of the proposed ultrasonic approach in detecting BVID. Moreover, the
study demonstrates that this methodology is not only highly sensitive but also scalable,
making it suitable for industrial applications where automated inspection of composite
components is essential. The proposed method offers a significant advancement in non-
destructive testing (NDT) techniques based on Lamb wave diagnostic tools in composite
material testing.

Keywords Ultrasonic Lamb waves - X-ray tomography - Woven reinforced composite
material - Low velocity impact tests - Fatigue tests - Damage investigation

1 Introduction

The demand for lightweight and durable materials has driven the adoption of polymer-
based composites in industries such as automotive and aerospace [1, 2]. These materials
offer significant weight reductions compared to metallic structures, contributing to energy
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efficiency. However, their application introduces unique challenges, including complex
damage mechanisms such as matrix cracking, fiber breakage, and delamination, which are
difficult to detect and monitor during the early stages [3—6].

The damage mechanisms could be complicated to detect and monitor directly from stan-
dard imaging techniques, especially at their initiation and accumulation. More specifically,
when used in the automotive industry, the composite parts must withstand impact and repet-
itive loading, such as fatigue loading, during their in-service life. Indeed, even a low-veloc-
ity impact can induce internal damage of a composite structure, decreasing hence its life
span [7-9]. However, these events only let minor damage traces on the impacted surface,
which might not be visible macroscopically but could induce cracks inside the material, thus
remaining undetected in visual inspection. This type of damage is commonly called ‘Barely
Visible Impact Damage’ (BVID). Several parameters are known to affect the criticality of
the impact event and are detailed in [3, 10]. Furthermore, cyclic loading induces damage
propagation and accumulation, which can result in disastrous in-service rupture. In addition,
the probabilistic nature of the fatigue solicitation and the lack of detectable fatigue limit,
especially for the plastic-based composite material, make its assessment critical. This is due
to the complexity of the damage mechanisms [11, 12].

The fiber architecture and the direction of loading significantly influence the damage
propagation and mechanical performance under fatigue loading, impacting crack initiation
and growth [13]. It is essential to mention that the coupling of fatigue and low-velocity
impact loading will lower the performances and, consequently, the life span of composite
parts even further. It is worth noticing that this coupling will not be discussed in the present
study, which focuses, as a first step, on uncoupled loading configurations,

In order to avoid catastrophic failure, it is critical to control the integrity of composite
structures with efficient Non-Destructive Testing (NDT) techniques that could detect the
damage at its earliest stage. Several methods have already been investigated in the literature
such as infrared thermography [14, 15], X-ray tomography [16—18] and ultrasound. Infrared
thermography can be easily applied but is less effective than ultrasonic techniques in imag-
ing minor defects, especially in depth [19, 20]. High resolution can be achieved with X-ray
tomography, but it is an inspection approach that can be long and is ionizing thus presenting
health risks to human operators. In addition, a great advantage of using ultrasound is its
versatility. Ultrasound can be applied at oblique incidence to better describe the defect [21].
Sound propagation velocities can be used to reconstruct a full stiffness tensor and monitor
its evolution with an applied loading [22—24]. When used in the non-linear regime, ultra-
sonic-based methods could also be more effective for damage detection [25, 26]. These two
techniques could provide operative damage indicators [24, 27]. More specifically, Katunin
et al. [28] also identified ultrasound, infrared thermography and X-ray Computed Tomogra-
phy as the main methods for BVID evaluation after reading documents issued by US et EU
aviation Safety agency. Ultrasound has also been found to be the most reliable and portable
solution in [29]. Finally, the damage in impacted composite samples can be characterized by
ultrasound using the Permanent Indentation and stiffness components measurements [30].

However, one major issue when using particular ultrasonic-based techniques is the scan
duration [19, 20]. For inspecting extended structures, it is more suitable to use ultrasonic
Guided Lamb Waves (GLWs) [31-33], as it allows a faster inspection of the structure. The
use of GLWs for damage inspection of composite material is extensively discussed in the
literature and has proved its effectiveness [34—-37]. However, the propagation of GLWs in
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composite plates is complex due to different parameters such as dispersion, multi-mode
characteristics, and direction dependency of the wave velocity [38]. Most of the GLWs
methods described in the literature involve localization of the impact area using reconstruc-
tion algorithms. For these methods, the signals acquired on the current sample are usually
compared with a reference signal (baseline) [32, 39-42]. However, these methods need
several measurements, performed at different location of the sample to be effective. These
methods are more Structural Health Monitoring (SHM) methods rather than inspection
methods that can be used “on the fly”. A method involving less sensors and measurement
for the damage detection of sample on-site is therefore more appropriate.

This paper aims to describe a GLWs-based method to detect and quantify damage in
samples impacted at low energy levels or subjected to cyclic tensile loading. The method is
based on Time of Flight (ToF) measurement in different propagation directions. The ultra-
sonic (US) ToF is a function of the material stiffness properties. A damage indicator, defined
from these measurements, is proposed. Several levels of damage are generated in the mate-
rials using two loading methods: impact and interrupted fatigue loadings. Comparison with
results from X-ray micro-tomography analysis is carried out for the two loading configura-
tions to validate the proposed damage indicator as a reliable assessment. This work investi-
gates a polyamide 6,6/6-based composite reinforced by three layers of woven glass fibers.
The material and the experimental setup for the impact and fatigue tests are first discussed.
The GLW method is then described. Finally, the results are presented and discussed on sam-
ples subjected to impact at different energy levels or fatigue loading at different stress ampli-
tudes and cycle numbers, as well as the comparison with the X-ray tomography analysis.

2 Material and Experimental Procedures to Induce Damage

This study has been conducted on a balanced polyamide 6,6/6 reinforced with three layers
of 2/2 twill woven glass fibers, oriented 0°/90°. The composite material has been produced
by thermo-compression molding process, in the shape of plate with a total thickness of
1.53 mm. The tested samples have been previously conditioned at a relative humidity level
of 50% (RHS50). The microstructure and the architecture of the material reinforcement are
presented in Fig. 1.

The mechanical characteristics of the studied composite are summarized in Table 1.
More details about the composite are given in [30].

(@  Warp ®)

Longitudinal yam Transversal yam Resin rich area

(Warp) (Weft)

Fig. 1 Mesostructure (a) and microstructure microscopic observation (b) of the woven glass fabric-
PA66-6 composite showing warp (0°) and weft orientation (90°) (Inspired from [24])
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Table 1 Mechanical characteristics of the studied PA 66/6 reinforced with woven glass fibers composite at
50% of relative humidity (RH50) and at room temperature

Mechanical Density Fiber vol-  Young modulus Young modu- o yrs €EUTS
characteristics ume content warp direction  lus weft direc- warp direc- warp di-
(0°) tion (90°) tion (0°) rection
09
Values 1.78 g/em® 43% 17.7 GPa 18.1 GPa 303 MPa 1.9%

X\ T i
“ V75,38 m/s /

Piezoelectric load
sensor

Both sides clamped ~ |

Laser displacement
sensors

-0.05 -0.03 -0.01 001 003 005 007
Time (s)

Fig. 2 (a) The experimental device used to perform drop-weight impact tests shows a piezoelectric load
sensor, a first laser displacement sensor that monitors the striker’s displacement, and a second one placed
under the clamped sample to record the deflection. (b) Example of impactor displacement/time curve. The
measured displacement is used to compute the real impact energy

2.1 Drop Weight Impact Experimental Setup

Eight samples of rectangular shape 100 x 150 mm? are cut from the manufactured plate using
a water-cooled circular saw. This shape is chosen in agreement with the ASTM D7136/
D7136M standards. To ensure any cutting process-induced initial damage, the cut samples,
and particularly their edges, have been priorly investigated using ultrasonic C-scan imaging.

The cut samples have been subjected to impact tests at 7 impact energy levels. The
impact tests are performed using a drop-tower equipped with a 1.02 kg striker that has
a hemispherical end with a diameter of 16 mm. The plates are clamped at both ends, as
illustrated in Fig. 2.a, and their displacement is measured using a laser displacement sen-
sor (Example of a measured curve can be seen in Fig. 3.b). A piezoelectric load sensor and
another laser sensor measure the force and displacement of the striker during the impact
tests (Examples of measured curves can be seen, respectively, in Fig. 3.a and Fig. 2.b). The
objective is to remain within the BVID regime and examine various stages of induced dam-
age in the sample, as demonstrated later in this work. This will validate the reliability of the
proposed NDT method for early damage detection. To this end, the seven impact energy
levels are carefully chosen by varying the height of the impact. The samples selected for the
rest of the study and their real impact energies, indicated in the Table 2, are calculated using
force/displacement acquired with the experimental set-up sensors. The 0 s, on the time axis
of all the mentioned graphs, corresponds to the time of contact between the sample and the
impactor. From Fig. 3, the increase of the force applied on the sample and its displacement
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Fig. 3 (a) Force-Time curves and (b) the samples’ displacement function of time for the seven chosen
samples. The increase of both quantities is clearly visible when increasing the impact energy. A higher
energy regime is also noticed for the samples impacted at 19 J, 21.15 J and 24 J

Table 2 The experimental set-up sensors obtained the real impact energies considered in this study. They are
chosen to remain in the BVID regime. One sample is kept in its pristine state for comparison

Impact energy (J) 0 7.2 10.5 12.6 14.6 19 21.1 24

Fig. 4 Dimensions of the dog
bone-shaped samples used for
the fatigue tests

mm

45

40 mm

150 mm

when increasing the impact energy is clearly visible. The appearance of a higher energy
regime for the samples impacted at 19 J, 21.15 J and 24 J is also noticed.

2.2 Fatigue Experimental Setup

For the fatigue tests, nine dog bone-shaped samples are machined using water jet cutting.
The geometry shown in Fig. 4 is chosen to localize the load-induced damage in the center
of the sample. The load-controlled fatigue tests are performed, at a frequency loading of
3 Hz, using a hydraulic uniaxial test machine, an MTS Hydraulic wedge grip. Three loading
levels are considered: 35%, 45%, and 60% of oy1g, and, for each level, three percentages
of the number of cycles to failure (Nf) are reached, namely: 50%, 60%, and 70% of Nf. The
loading levels are chosen in order to remain in the central part of the Wohler curve (Stress
Vs Number of cycles) of the studied material. In Malpot et al. [43] this central part has been
found to be located between 10% and 10° number of cycles to failure for a nearly identical
material. This central part corresponds to neither the short-term strength or the endurance
fatigue limit and is more of interest for the present study. The percentages of the number of
cycles to failure (Nf) have been determined to be sufficient to generate some damage in the
material studied.
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Fig.5 Results from the preliminary fatigue study to determine the number of cycles to failure for 3 stress
levels (a) Stress level function of the number of cycles to failure (b) Whéler curve in a logarithmic scale
with a linear representation made with the Basquin model. The obtained number of cycles to failure is
used for the interrupted fatigue tests inducing damage

Table 3 The nine combinations of parameters of the interrupted fatigue tests made to generate damage in the
samples. The indicated number of cycles to failure were obtained from the basquin model

Loading level 35% oyrs 45% Sy7g 60% Oyt

Number of cycles to failure (Nf) 444122 66 030 3702

Proportion of number of cycles to 50% 60% 70% 50% 60% 70% 50% 60% 70%

failure (%)

Number of cycles 222 266 310 33 39 46 1851 2222 2
061 473 885 015 618 221 592

The number of cycles to failure for each loading level is previously determined from
a fatigue-to-failure experimental campaign. Measurements points are obtained from this
fatigue-to-failure experimental campaign and plotted on a Wohler curve depicted in Fig. 5.
From this figure, a significant dispersion of the number of cycles to failure is observed. This
is expected for a composite material, especially for long lifetime. It will need to be consid-
ered in the later analysis of the induced damage evaluation using the proposed NDT method.

The average number of cycles to failure, that is used for the interrupted fatigue tests, is
determine using the Basquin model [44]. This model is only able to describe the central part
of a Wohler curve, which is appropriate for the loading level used in this study. The latter
is expressed by:

log (N) =1og (C) — m xlog (o)
In this equation, N is the number of cycles, ¢ the stress load (half of the loading amplitude)
and the C and m parameters of are determined by linear regression using the measurements

points in a log/log diagram. The obtained Basquin curve is added in Fig. 5, and the nine
selected parameters of the interrupted fatigue tests are indicated in Table 3.

3 Guided Lamb Waves Experimental Setup
The objective of this setup is to take into account the anisotropy of the material and use

it in the design of the damage indicator. For this purpose, the velocity of the ultrasonic
wave needs to be measured in different propagation directions. This provides a way to esti-
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mate the residual stiffness properties of the investigated structures. Finally, GLWs provide
an investigation operando tool that can be achieved easily on-site/in-service. Indeed, the
technique only requires access to one side of the structure during damage inspection. The
complication arises from the simultaneous propagation of multiple GLW modes at different
velocities. As we are using a method based on velocities measurements, it is necessary to
verify that the propagating signal is mono-modal and remains in a non-dispersive regime,
to simplify the experimental procedure when using the GLWs. In order to do so, we should
ensure that the frequency of the propagating mode is low enough. The dispersion curves,
for wave propagation along 0°, of the studied material are calculated using the “Disperse”
software, developed at the Imperial College NDT lab (Fig. 6). The computation process
requires the thickness and the stiffness tensor of the material. The latter is estimated by peri-
odic homogenization computation [45—47]. From the simulated curves showed in Fig. 6,
one can notice that only the A0 and SO modes can theoretically propagate for a frequency
from 0 kHz to 250 kHz.

Two V103-RM Olympus contact transducers, with a center frequency of 1 MHz, are
employed in transmission mode. A single 150 kHz sinusoidal pulse, with a 10 V peak-to-
peak amplitude, is generated through a waveform generator, a Hewlett Packard 33,120. This
emitting signal is chosen, to avoid overlapping signal effect that could appear we the pulse
duration is too long. A Krohen-Hite model 7500 amplifier is used a significant a significant
decrease of the signal is expected in the composite samples. The chosen transducers have a
large bandwidth and can be used effectively at this frequency, as verified after comparison
of the received signals amplitude at different frequencies.

A transducer holder is manufactured using 3D printing to keep the distance between the
transducers to 6 cm (Fig. 7.b). This distance was selected to avoid any overlapping mode
while keeping a high signal to noise ratio. In addition, a sample holder (Fig. 7.a) is made
by 3D printing, allowing 5° step rotations of the sample. Measurement is conducted in the
range of a= [-30°; 30°] with a 5° increment to account for material anisotropy and ensure

S0
- = AQ
— 51
— 2

- —a1

Group velocity (km/s)

- A2

Frequency (MHz)

Fig. 6 Dispersion curves corresponding to the propagation of guided waves at 0° in the studied material
showing the group velocity function of the frequency. They are calculated using the ‘Disperse’ software
from the Imperial College NDT lab [24]
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Impacted area

Receiver

Fig. 7 Guided Lamb Waves experimental set-up. An ultrasonic emitter and receiver are put with the im-
pacted area in between. The direction of the wave’s propagation is given by the angle a. The system in
(a) allow the rotation of the sample to be consistent and the system in (b) allow the distance between the
transducers to remain 6 cm

comprehensive directional analysis of wave propagation. Measurements are not extended
for higher angles due to limited sample size, especially for fatigue-fatigue loading. A sche-
matic representation of the experimental set-up is given in Fig. 7. A 5-axis robotic scanner
is used to hold this system and maintain the same pressure with the inspected composite
material and avoid any coupling issues.

For each acquired signal, the Time of Flight (ToF) is determined by cross-correlation by
convoluted the acquired signals with a reference signal. As the input pulse and the propa-
gated guided wave signal differ in shape significantly, due to the dispersion effect, it was
chosen to use an acquired one as a reference. It is measured on a reference, undamaged
sample, for a 0° propagation direction (along the fiber direction). The signal used as a refer-
ence is indicated in red in Fig. 8.a. An example of acquired signal and calculated correlation
signal is also indicated in Fig. 8.b with the obtained ToF circled in green. Based on these
measurements, it has been assessed that the velocity of the first wave packet corresponds to
the one of the SO mode. It has been decided to dedicate the rest of the study on this mode
analysis. Indeed, as showed in [48, 49], the SO mode is more sensitive to the detection of
internal damage, whereas the A0 mode is more sensitive to surface damage. This is due to
the nature of their displacement fields, with the SO mode being a quasi-axial mode and the
A0 mode being a quasi-flexural mode. Since our proposed NDT aims to quantify the dam-
age generated inside the composite material after impact or fatigue, the SO mode is more
appropriate.

The obtained dispersion curves are then used to predict the evolution of the SO group
velocity when varying the propagation direction on the investigated material. For this pur-
pose, the SO dispersion curves are computed for different propagation angles, from —30°
to 30°, with 0° being the warp reinforcement orientation. An approximation curve is cal-
culated to provide a clear trend of the velocity profile evolution. The best fit is achieved
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Fig. 8 (a): Reference signal used for the cross-correlation. (b) Received signal (in red) and correlation
signal (in blue) with the indicated Time of Flight determined by cross-correlation (circle in green)

with a fourth-order polynomial approximation. The obtained group velocity profile and the
approximation curve are then normalized and depicted in Fig. 9.

A new damage indicator, D, is proposed to monitor the damage evolution with respect
to the impact energy level. It is estimated as the ratio of the area under the group velocity
profile, measured on a sample impacted at a given energy level, Ag,p,0cq, and the area cor-
responding to the non-damaged state, A, This is illustrated, on Fig. 9, with the two group
velocities curves, for a damaged and undamaged cases. They have been calculated for the
0° propagation direction, which corresponds to the warp fibers’ direction. The curve for the
damaged case is obtained from simulated data, from “Disperse”, for a sample whose stiff-
ness properties have been decreased. Therefore, the damage indicator (D) is expressed as
follows:

D=1_— Adamaged
Aref
In this equation, A g,m,geq, the surface under the approximation curve of a damaged sample,

and A, the one under the approximation curve of the reference sample.

4 Drop-Weight Impact Test: Damage Analysis Specimen Impacted at
Different Energy Levels

The proposed experimental setup is used for all seven impacted samples and the non-dam-

aged sample. For the sake of clarity, only some velocity profiles are illustrated, in Fig. 10,
for low, moderate and high impact energy levels. The interpolation curves are also plotted
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Fig. 9 Simulated normalized group velocity profile of the studied material, obtained using the ‘Disperse’
software from the Imperial College NDT lab, as a function of the propagation direction angle. 0° is set as
the warp fibers’ direction. Profiles for typical reference and damaged samples are given. The fourth-order
polynomial approximation curve is also depicted

Group velocity (m/s)

-35

e0)
®14.6)

®24)

o 2850

2800
=25 -15 -5 5 15 25 35

Angle (°)

Fig. 10 Measured group velocity profiles for different selected impact energies for propagation velocities
from —30° to 30°. Measure on non-impacted samples and samples impacted at measured energy of 14.6 J
and 24 J are depicted. A fourth-degree polynomial curve approximation is also shown for each selected
impact energy with an R? of respectively 97%, 98% and 98%
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to highlighted the velocity evolution trends with respected to propagation direction. One can
observe that the velocity profiles of the impacted samples differ from the ones measured on
the reference sample. Indeed, the overall measured velocities decrease when compared with
those measured on non-damaged sample. In addition, this gap increases with the impact
energy. This can be explained by the decrease of the stiffness properties at the early stage
of damage initiation and its accumulation when the impact energy increases. The values of
the damage indicator D are then calculated for all eight samples and plotted in Fig. 11 as
a function of the impact energy. A clear and consistent increase in the damage indicator D
with rising impact energy is observed. Three different regimes can be distinguished. First,
the value of the damage indicator remains low and starts increasing when reaching 10.5 J,
then a stabilization regime occurs from 10.5 J to 14.6 J, where the damage indicator remains
at a value of 0.0025. Finally, the value of D significantly increases for the three samples
impacted at energies from 19 J to 24 J. One can observed that the damage indicator reaches
a value of 1.2% when the damage energy increases from 21.1 J to 24 J.

In order to assess the results obtained using GLWs experiments and the levels reached
by the damage indicator, an investigation of the damage induced by the impact loading is
made using X-ray tomography. All the samples are analyzed at a resolution corresponding
to a voxel size of 12 um. The EasyTom (Nano) device, developed by RX Solutions, is used
to handle the 2D images. The latter are then post-processed using the X-act software for the
3D reconstruction. The obtained images show that:

e No observable damage is generated for the 7.2 J impact.

e The first signs of damage emerge in the non-impacted surface for the 10.54 J impact
(Fig. 12.a). This initial damage is characterized by matrix cracks confined to the sam-
ple’s first layer. As the impact energy increases, from 12.6 J to 14.6 J, the damage in the

0,014 _ ,
Regime 1 Regime 3

Regime 2
0,012

0,01
0,008
0,006
0,004

0,002

T —
g —
&)

0@ @
0 5 10 15 20 25 30

Impact Energy (J)

Fig. 11 Evolution of the proposed damage indicator, D, with increased impact energy. Three regimes
are distinguished. First, no increase of D before 10.5 J is noted, and then it increases and stabilizes until
14.6 J. Finally, it increases significantly until 24 J
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Fig. 12 X-ray tomography imaging of some impacted samples; a: 10.5J,b: 14.6J,c: 19J, and d: 24 J. We
can see the criticality of damage increasing with the impact energy. Different damage mechanisms such
as matrix cracks, delamination, and fiber breakage are generated and propagate from the first layer (a, b)
to the 2nd (¢) and finally, the 3rd and last layer of the sample (d)

first layer escalates, as depicted in Fig. 12.b.

® Then, when reaching 19 J and 21.1 J, one observes the matrix cracks’ growth until the
sample’s second layer, as seen in Fig. 12.c.

e Finally, from Fig. 12.d, the matrix cracks reach the 3rd and last layer of the material for
the 24 J impact.

The X-ray tomography qualitative analysis of the damage accumulation with the impact
energy aligns with the proposed damage indicator regimes. The same regimes are evident
in the obtained values of the damage indicator, thereby confirming its relevance when used
for impacted samples.

5 Damage Analysis on Specimens Subjected to Tension-Tension
Fatigue Loading

This section investigates damage evolution and accumulation on specimens subjected to
stress-controlled fatigue loading at different conditions. As mentioned in Table 3, three
stress levels have been applied: 35%, 45% and 60% of the ultimate strength (o y7s). Each
fatigue test configuration has been interrupted at three levels of cycle to failure: 50%, 60%
and 70%. This results in nine different fatigue loading configurations. Similar to the previ-
ous section, the samples are investigated using the proposed GLWs-based method and the
values of the damaged indicator D are estimated. The latter are exhibit in Fig. 13, with the
percentage of the levels of cycle to failure as the x axis for an easier comparison between
the loading configurations. From this figure, it can be noted that the values of the damage
indicator, D, always exhibit a significant difference when compared with the undamaged
sample (D=0). This means that the GLWs-based investigation technique can discriminate
the damage state from the pristine one of the investigated samples. As characteristic of
fatigue loading, the damage exhibits a more diffuse state with less localization compared
to the concentrated damage seen in impacted specimens, due to the gradual accumulation
of micro-cracks over multiple cycles. Accordingly, more scattering is observed on these
measured values of the damage indicator, as shown in Fig. 13. This makes the correlation
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Fig. 13 Comparison between the proposed damage indicator D (in red) and the void volume ratio mea-
sured from X-ray tomography imaging (in black). Damage is generated from fatigue loading at a: 35%
o urs,45% o urs, 60% o yrs. Three percentages of the number of cycles to failure (Nf) are used
for each aforementioned percent of o yrs. An excellent agreement between the two indicators is ob-
served despite the high dispersion in the results. It is worth mentioning that the decrease of the void ratio
and of D for 35% o yrs is due to the variability of the fatigue behavior and the use of different sample
for each loading configuration

between the loading and the damage evolution difficult, notably for the low applied stress
(35% of o yrs). The next step involves assessing the proposed GLWs-based method to
demonstrate its ability to quantify the induced damage accurately.

To this end, it is proposed to examine the samples utilizing X-ray tomography. As shown
in Fig. 14, the three main damage mechanisms observed are: transverse yarn cracks, longi-
tudinal cracks, and pseudo-delamination. One can notice, for instance, that the longitudinal
and transverse yarn damage evolve from one layer to another when the number of cycles
increases from 50 to 70% for the sample loaded at 35% of o yrs.

As mentioned earlier in this article, the measured damage is exhibiting scattering results,
one must enrich these results by a direct quantitative evaluation using X-ray micro-tomog-
raphy. The measurement of the void volume ratio evolution appears to be an accurate esti-
mation of the actual damage state of a material [24, 50, 51]. The quantitative assessment
is performed by careful grayscale thresholding, using the Avizo software, to discriminate
visually the matrix and fibers from the cracks. The matrix and fibers of the composite exhibit
distinct X-ray absorption values, allowing them to be easily differentiated on a grey level
map. Since air does not significantly absorb X-rays, voids within the composite samples are
not easily visible. However, during 3D image reconstruction, voids appear as completely
black volumes. To reduce noise in the images, median filtering was first applied to the raw
results, followed by a despeckle filter to eliminate most of the remaining interference noise.
The reconstructions were then segmented into three classes (void, matrix, and fibers) using
grayscale thresholding. The Avizo software segmentation enables accurate estimation of the
volume fraction for each of the three phases.
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Fig. 14 Microcracks in the longitudinal and transversal yarn propagating in (a) the main plane and (b)
from one layer to another of the sample loaded at 35% oy, and 50% of the number to cycles. (¢) Pseudo-
delamination (highlighted in yellow) in the three layers of the sample loaded at 35% o5 and 70% of the
number to cycles

The acquisition is done at the center of the sample in order to compare with the same
region investigated by the GLWs-based technique. The obtained results are reported in
Fig. 13. It is critical to mention that not enough samples were used in the fatigue analysis
to compare the evolution of damage from one sample to the other and draw conclusion of
the fatigue behavior of the composite material. Indeed, the variability in a composite micro-
structure is known to induce an important gap in the fatigue response. So only the variation
of the two indicators value could be compared with each other to see if the proposed damage
indicator D can be correlated with the void volume ratio induced by the impact.

As shown in Fig. 13, the damage indicator D, derived from the GLWs-based technique,
aligns closely with the void volume ratio evolution measured via X-ray micro-tomography,
with trends consistently matching across loading conditions. Indeed, even the unexpected
decrease in the volume void ratio, for the fatigue loading of 35% o yrs( represented by
circle markers in Fig. 13), is also detected by the damage indicator. This shows that the indi-
cator directly reflects the actual damage state of the structure and that it may be even more
reliable than the comparison presented for the impacted samples.
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6 Conclusion

This study presents an experimental method for quantitatively assessing damage in polyam-
ide 6,6/6-based composites reinforced with woven glass fibers. The proposed approach uti-
lizes guided Lamb wave (GLW) analysis to define a damage indicator based on the velocity
profile of ultrasonic wave propagation in multiple directions. This study addresses critical
challenges in damage detection for lightweight composite materials used in the automotive
and aerospace industries by focusing on low-velocity impacts and cyclic tensile loading
scenarios.

The findings demonstrate the capability of this method to detect the onset of damage and
accurately quantify its progression. For low-velocity impacts, the damage indicator exhibits
clear and consistent trends across different energy levels, correlating well with observations
from X-ray tomography. Three distinct damage regimes were identified: negligible dam-
age at low-impact energies, stable damage growth at moderate energies, and rapid damage
accumulation at higher energies. These observations align with X-ray tomography imaging,
which revealed progressive damage mechanisms such as matrix cracking, delamination, and
fiber breakage, spreading through multiple composite layers as impact energy increased.

In fatigue loading scenarios, the GLW-based method demonstrated its robustness and
reliability in detecting diffuse damage states and differentiating between undamaged and
damaged samples. Despite more significant variability in fatigue damage due to the proba-
bilistic nature of loading and the inherent heterogeneity of composite materials, the dam-
age indicator correlated well with X-ray tomography results, including void volume ratio
measurements. Notably, even unexpected trends in the fatigue data, such as a decrease in
the void ratio for certain stress levels, were reflected in the proposed indicator, underscoring
its robustness and reliability.

This work validates the proposed damage indicator through extensive experimental con-
ditions, encompassing seven impact energy levels and nine fatigue loading configurations,
ensuring its applicability to a wide range of practical scenarios. Furthermore, the methodol-
ogy requires minimal sample preparation and provides a scalable, non-destructive solution
for damage assessment. This makes it particularly suited for in-service monitoring of com-
posite structures, offering a practical and efficient tool for industry.

This study advances the state of the art in non-destructive testing (NDT) for composite
materials by offering a sensitive, practical, and scalable technique. The findings pave the
way for applications in real-world composite structures, such as automotive body panels
and aerospace components, where early damage detection is critical for ensuring safety and
reliability.

Future work could extend this methodology to more complex loading configurations,
such as fatigue post-impact or impact post-fatigue sequences, to better mimic real-world
conditions. Applying this method to geometrically complex components would further vali-
date its industrial relevance. Integrating guided Lamb wave analysis with computational
tools like finite element modeling could also deepen understanding of wave-defect interac-
tions in anisotropic and heterogeneous materials. The question of the influence of the tem-
perature will need to be addressed for on-site inspection. Typically, temperature sensors are
added to calibrate the measurement and limit the environment influence on it. This needs to
be verified practically.
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Further enhancement could also come from integrating machine learning algorithms
to automate defect classification and severity prediction, enabling real-time damage
assessment.
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