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Résumé

Cette étude utilise I'imagerie par impulsion térahertz pour détecter les dommages causés par des impacts a faible
vitesse sur des stratifiés en polyamide renforcé de fibres de verre. L'objectif est d'étudier la fiabilité de 1'imagerie térahertz
pour la détection des dommages et I'évaluation des matériaux composites, afin de promouvoir son utilisation dans
l'industrie. Différentes énergies d'impact sont testées pour observer comment les dommages commencent et se propagent.
Les indentations permanentes, qui indiquent des dommages, sont mesurées par imagerie térahertz et confirmées par
profilométrie. La gravité des dommages, montrée par le nombre de couches fissurées, est également identifiée par
imagerie térahertz et vérifiée par tomographie par rayons X. L'étude révele un lien fort entre la taille des bosses et I'étendue
des dommages, suggérant que l'imagerie térahertz est une méthode fiable pour détecter et évaluer la gravité des dommages
dus aux impacts dans ces matériaux.

Abstract

This study uses terahertz pulse imaging to detect damage from low-speed impacts on glass-fiber reinforced polyamide
laminates. The objective is to study the reliability of terahertz imaging for damage detection and evaluation of composite
materials to promote its use in the industry. Different impact energies are tested to see how damage starts and spreads.
Permanent indents, which indicate damage, are measured with terahertz imaging and confirmed with profilometry. The
severity of the damage, shown by the number of cracked layers, is also identified using terahertz imaging and verified
with X-ray tomography. The study finds a strong link between the size of the dents and the extent of the damage,
suggesting that terahertz imaging is a reliable way to detect and evaluate the severity of impact damage in these materials.

Mots Clés : Composite renforcé de fibres tissées; Contréle Non Destructive; Imagerie par impulsion térahertz;
Détection de I’endommagement; Impact a faible énergie
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1. Introduction

Under thermomechanical stress, these composites can suffer from various types of damage, such
as matrix cracking, interface debonding, fiber breakage, and delamination, especially as thickness
increases [1-4]. One challenging type of damage to assess is from low-velocity impacts, which may
not be visible on the surface but can cause internal damage known as barely visible impact damage
(BVID) [3]. This type of damage is a key concern in nondestructive evaluation (NDE) because it can
lead to progressive degradation and significantly reduce the lifespan and performance of the
composite material [5-7].
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For low-velocity but high-momentum impacts, the impactor can leave a permanent indentation
(PI) on the structure. However, this mark is usually hard to spot during regular visual inspections.
The depth and size of the PI depend on the impact energy and the resulting internal damage [8,9]. It
can also signal the start of damage, even within the barely visible impact damage (BVID) range [10].
Therefore, Pl is a useful indicator for assessing the severity of damage.

There is a crucial need to develop new nondestructive evaluation (NDE) methods to detect and
measure damage in composites. The goals are to (i) measure permanent indentation (Pl) marks on
impacted surfaces, even in the barely visible impact damage (BVID) range, and (ii) detect and
quantify internal damage mechanisms. Several NDE techniques have been explored, including X-ray
tomography [11,12], thermography [13], and ultrasound [9,14,15]. Each method has its advantages
and disadvantages, and the choice depends on factors like cost, damage size, safety, efficiency, and
portability [16-18]. X-ray tomography offers high resolution but is time-consuming and poses health
risks due to ionizing radiation. Thermography is faster but has lower resolution. Ultrasound provides
a balance between inspection time and resolution, though its effectiveness can vary depending on the
specific method used.

Terahertz (THz) imaging has become a promising method for detecting and evaluating damage
in composites. THz waves, which range from 100 GHz to 10 THz, lie between microwaves and
infrared light. This technique is noninvasive, noncontact, and nonionizing, making it safe for
inspecting electrically insulating materials. It offers better depth resolution than ultrasound [19] and
avoids the health risks associated with X-ray tomography [20]. Additionally, commercial THz
imaging systems are now compact, robust, and increasingly affordable, making them suitable for in-
service inspections. THz imaging has been used to measure fiber orientation [21,22], characterize
composite materials [23], and detect various types of damage, including delamination [24], fatigue
[25], and heat damage [26]. Previous studies [19,27,28] have looked at low-velocity impact damage,
but they often focused only on surface damage or a single impact energy. To develop a practical tool
for industrial use, it's important to study a wider range of impact energies and thoroughly examine
internal damage to confirm that permanent indentation (P1) is a reliable indicator of damage severity.

In this study, we examine woven glass-fiber composite laminates impacted at seven different low-
impact energies. These energies fall within the Barely Visible Impact Damage (BVID) range. We use
terahertz (THZz) imaging to analyze the samples. First, we measure the permanent indentation (PI) on
the surface using THz imaging and compare these results with other methods. Next, we perform THz
imaging on the impacted samples to get both surface and depth information, assessing the severity of
the damage. We also use X-ray tomography to validate the THz findings and understand how the
damage area changes with impact energy. Finally, we establish a link between the progression of Pl
and the internal damage detected in the samples. Our results demonstrate that THz imaging is
effective for damage detection and evaluation in composite material components both in the
workshop and during service.

2. Materials and methods

The material studied is a semi-crystalline co-polyamide 66/6, reinforced with three layers of 2/2
twill woven glass fibers, totaling 1.53 mm in thickness. The fibers are oriented at 0°/90° for balanced
reinforcement and are manufactured by DuPont. Detailed structural characterization of this material
is available in recent studies [9,14]. The composite, with a thickness of 1.53 mm, has a fibre weight
ratio of 63 % corresponding to a fiber volume fraction of 43 %.
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Impact tests are conducted using a drop-weight machine with a 16-mm diameter hemispherical
impactor weighing 1.02 kg. The setup includes a piezoelectric load sensor, two laser displacement
sensors, and a data acquisition system. Eight samples (100 x 150 x 1.53 mm?) are tested, with plates
clamped at both ends. The impactor height varies to produce seven energy levels: 8.5, 13.1, 13.7,
14.2,15.7, 18.1, 23, and 25 J. An undamaged sample is used as a control

A THz time-domain spectroscopy (THz-TDS) system (TeraView Ltd. TPS Spectra 3000) is used
for all THz measurements in this study. The setup, generates THz pulses from 60 GHz to 3 THz, with
signals averaged over 5 shots per time delay per pixel. An Xy scanner images a 60 X 60 mm2 region
with 0.2 mm spatial steps. After recording the data, noise is reduced using a 0.2 THz high-pass filter
and wavelet denoising. The wavelet transform applies low and high-pass filters along the time axis
for each chosen decomposition level, yielding approximate and detail coefficients. Coefficients with
small values, considered noise, are removed through soft thresholding and signal reconstruction. In
this work, symlet 4 wavelets with a maximum level of 7 are used. The B and C-scans are averaged
within a five-pixel radius.

3. Measurement of the Permanent Indentation depth using optical profilometry and
terahertz imaging

After an impact test, the impactor leaves a permanent indentation (PI) on the surface. The Pl depth
increases with impact energy and shows the level of internal damage. In this section, Pl depth is
measured using two techniques: optical profilometry for reference and THz imaging in reflection. For
both methods, the PI location is identified first, then the maximum depth is measured.

Optical profilometry measurements are taken using a LEICA DCM3D with 5x magnification and
a scan size of 27 x 20.23 mmz2. This setup provides a lateral resolution of 0.94 um and a vertical
resolution of less than 150 nm. All seven impacted samples are scanned, and the surface texture maps
are post-processed with Leica Maps software. Figure 1 shows how Pl depth changes with impact
energy. Three stages are identified: initially, Pl depth increases slightly to about 25 pum at 14.2 J.
Then, it stabilizes until 18.1 J. Finally, Pl depth increases significantly, reaching 144 pum.

Then the PI depth is extracted from terahertz imaging. To do so, the time of arrival of the first
positive peal is extracted from the time signal. Using the C-scan help narrowing the investigated area.
All the PI measured are shown in Figure 1. Good agreement with the results from optical profilometry
is observed, establishing the suitability of the THz imaging as a resolved measurement of the PI.
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Figure 1: Comparison of Pl depth using optical profilometry and THz imaging shows that both methods largely
agree and reveal three impact-energy regimes. Initially, Pl depth increases with impact energy, then stabilizes, and at
high impact energy, P1 depth increases significantly.

4.  Investigation of the internal damage using terahertz imaging

Besides PI, impact loading can cause other types of damage in a composite laminate. Thin plates
tend to bend during impact, with damage starting on the opposite side and spreading inside the sample.
This section investigates these damage mechanisms and compares them with the Pl depth discussed
earlier. Impacted samples are first examined with X-ray tomography for high-resolution comparison
and as a reference for THz results. As observed in Figure 2, the intersection of the 0° and 90° yarns
creates a local refractive-index mismatch between the matrix and fabric reinforcement, increasing the
amplitude. This means that even without PI or internal damage, the composite microstructure can
produce complex THz B-scans that are difficult to interpret. Therefore, analyzing internal damage in
this material requires a detailed comparison with an undamaged sample.

Except for creating a Pl on the impacted surface, the lowest impact energies do not cause
noticeable damage in the samples; nothing is visible in THz or X-ray tomography results. At higher
impact energy, the first damage mechanism observed is matrix cracking on the opposite surface after
14.2 J. At 18.1 J, additional damage mechanisms begin to occur, leading to the initiation of
delamination.

[A]
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Figure 2: Analysis of the sample impacted at 14.2 J. [A]: Photograph of the non-impacted surface showing matrix
cracking (dashed box). [B]: THz C-scan of the non-impacted surface showing matrix cracking as decreased amplitude.
[C]: THz B-scans showing damage mechanisms: dotted box for PI, dashed box for bottom surface cracking.

At 23 J, a crack network forms on the non-impacted side and spreads to the second layer. This is
shown in X-ray tomography and highlighted in white in Figure 3. THz images also detect the
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propagation of the damage area (Figure 3). The impact region is clearly visible around 17 ps and x =
20 mm. Small delamination near the non-impacted side shows as a local increase in amplitude (white
dashed box). Similar amplitude increases in the second layer (solid-line box) are also noted. High
impact energy causes visible layer deformation inside the material, not just on the surface, appearing
as ripples in the white box in Figure 3.

(8]

Figure 3: Analysis of the sample impacted at 23 J. [A]: X-ray tomography image showing a crack propagating to
the second ply. [B]: THz B-scan near the impacted region. [C]: X-ray tomography image near the impacted region.
Multiple types of damage are visible: dotted box for Permanent Indentation (PI), dashed box for bottom surface cracks,
and solid line box for delamination in the third layer.

At 25 J impact energy, the damage extends to the third layer, as shown in X-ray tomography in
Figure 4. These figures reveal matrix cracking and delamination in various layers, connected to each
other, showing matrix cracking starting from the non-impacted surface and spreading towards the
impacted surface. THz B-scans reveal delamination between layers as local amplitude increases,
highlighted by solid-line boxes in Figure 4. Matrix cracking on the impacted surface also occurs, but
the first echo's large amplitude causes saturation in the figures. Similar observations are seen in the
THz B-scans of Figure 4. Matrix cracks and delamination propagate from the non-impacted to the
impacted surface, and cracks are detected near the sample's outer surfaces.

20 30
Optical Delay (ps)

Figure 4: Analysis of the sample impacted at 25 J. A: THz B-scan near the impacted region. B: X-ray tomography
image showing matrix cracks running from the non-impacted surface to the other in 3D. C: Longitudinal slice of the X-
ray tomography image. Various damage types are visible: dotted box for permanent indentation (PI) + matrix cracks,
dashed box for cracks on the bottom surface, and solid line box for delamination.
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5. Discussion

THz imaging shows damage initiation and propagation, providing a scenario of progressive
material degradation. All chosen impact energies create a Pl on the impacted surface. From 8.5 to
13.7 J, no additional damage occurs. At 14.2 J, matrix cracking is visible on the non-impacted surface,
with a significant increase in Pl depth. The size of the matrix cracks and Pl depth increases with
impact energy. At 18.1 J, delamination begins between surface plies on the non-impacted side, with
P1 depth stabilizing until this level. After 18.1 J, PI depth increases drastically, matching the growth
of the damage area. Cracks propagate deeper into the sample at 23 J and 25 J. Figure 5 summarizes
this damage scenario, corresponding impact-energy levels, and P depths.

Oum 258um 25,6 um 27,6 um 47,2 um 50,6 um §I 541 um a1 Em
Surface damage
“ (Bottom surface) Layer 1 Layer 2

0J 857) 13,1) 13,71) RM,Z J 15,7) 18,12 23)

Figure 5: Summary of the damage scenario for the studied material during impact events. The propagation of
damage through the sample is indicated. Impact energy and PI depth are also provided.

6. Conclusion

This study examines the capability of THz imaging to detect and quantify permanent indentations
(PI) on the surface of an impacted woven-fabric composite laminate and the induced damage. Various
impact energy levels, near the BVID range, were used to explore realistic defects. THz images
revealed damage mechanisms such as matrix cracking, delamination, and crack networks, which were
confirmed by X-ray tomography. PI depth measurements, which increase with impact energy, aligned
with optical profilometry results. THz PI depth measurement is thus a potential method for assessing
the criticality of induced damage. The composite material's complex reinforcement and
microstructure make it challenging to analyze with THz radiation. This complicates image
interpretation for human operators, particularly at low damage levels. In the future, machine-learning
approaches may help with defect identification in THz imaging. Preliminary works has already been
undergone by our teams.
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