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Abstract

While thin-plies delay the onset of matrix cracking and improve certain in-plane
mechanical properties, the effect they have on the out-of-plane response remains
unclear. We compared the impact resistance, tolerance and sequence of failure events
of thin laminates manufactured with thin- or standard-ply non-crimp fabrics (fibre
areal weight of 67 and 134 gsm per ply). Damage initiation and propagation was
detailed using (a) quasi-static indentation and impact tests at incremental energy
levels and (b) X-ray tomography. The analysis revealed the damage mechanisms
underlying the observed load drops in the force-displacement curves. In the indented
specimens, the 3D post-process ascribed matrix cracks and delaminations to their
corresponding plies/interfaces. Standard-ply samples develop more extended
delaminations and delay fibre failure, improving the load-carrying capacity and
increasing compression after impact (CAI) strength by 27% for impact at 14 J.
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1. Introduction

Impact damage is a major concern in composite laminates as it may impair the
mechanical properties of components and is difficult to detect. In service, low energy
strikes may generate matrix cracks and delaminations that deteriorate structural
integrity [1-3]. In an attempt to reduce weight and costs, the airline industry aims to
manufacture increasingly thinner fuselage and wing skins using out-of-autoclave
methods which, in turn, accentuate impact susceptibility [4].

Thin-plies are attracting growing interest as they delay matrix cracking and
associated delamination, as well as increase certain in-plane mechanical properties
[5-10]. Their main advantage comes from the in-situ strength [11-13], however,
confining a higher number of plies within the same thickness may also increase the
stiffness because of pure structural effects [14]. During impact, damage tolerance may

be improved in the thin-plies (Table 1).
[Table 1 about here.]

Yokozeki et al. [15] examined the out-of-plane damage sequence of
carbon/toughened epoxy (45°/0°/ — 45°/90°),,s laminates with 2.2 mm nominal
thickness. They considered ply-thicknesses of 75 pm (thin, n = 4) and 145 pm
(standard, n = 2). The thin-ply layup presented reduced delamination propagation
and premature fibre failure when compared to its standard-ply counterpart. Wagih et
al. [16] performed quasi-static indentation tests at incremental deflection levels in
[((45°/ — 45°)/(0°/90°)),]s plain weave fabric laminates with 4.5 mm nominal
thickness. They observed that decreasing the yarn thickness from 80 pm (thin, n = 7)
to 40 pm (ultra-thin, n = 14) also resulted in premature fibre breakage. In both cases,
the characterization was limited to 2D inspection and damage tolerance was not
assessed.

The objective of this investigation is to (a) understand the impact failure

mechanisms and damage sequence of thin carbon/epoxy laminates manufactured with



thin- or standard-ply non-crimp fabrics (NCFs) and (b) justify their damage
resistance and tolerance based on the observations in (a). We considered “thin”
laminates (i.e. approximately 2.2 mm thick, thinner than those recommended by the
standard ASTM D7137 [17]) to comply with the demands of the aircraft industry. We
devised a low-velocity impact, quasi-static indentation (QSI), standard compression
and compression after impact (CAI) test campaign, where damage induced by impact
and QSI was inspected using ultrasonic C-scan and X-ray micro-computed
tomography (uCT). The latter provided ply-by-ply information as to how matrix

cracks, delamination and fibre breakage evolve during out-of-plane events.

2. Materials and Methods

2.1. Materials

We used Chomarat's T700 GC carbon bi-axial NCFs, commercially known as
C-PLYT™. In particular, (0°/45°) and (0°/-45°) blankets of 134 and 268 g/m? fibre
areal weight were considered, corresponding to a fibre areal weight of 67 and 134 gsm
per unidirectional ply. NCFs reduce labour costs because they allow several layers to
be laid in one-axis, which is ideal for handling plies of reduced thickness [18]. Two
types of quasi-isotropic [(45°/0°)/(—45°/90°)],s layups were designed by, if necessary,
flipping over and/or rotating the fabrics: one with the thinner plies (n = 4, LTHIN),
and the other with the thicker plies (n = 2, LTHICK). They were manufactured by
resin transfer moulding using HexFlow® RTM6 epoxy resin (for details of the process
refer to a recent study by the authors [19]). The average thickness values of LTHIN
and LTHICK tested specimens were 2.29+0.16 and 2.17£0.05 mm, where 4+ means
standard deviation. Their average fibre volume fractions were 54.814+1.97 and
55.21+0.82%, respectively (five samples per laminate were measured following the
standard EN 2564:1998 [20]; for the same type of material, specimens with a higher

thickness presented the lowest fibre volume fraction values).



2.2. Ezxperimental tests

Impact tests were carried out in a CEAST Fractovis Plus 7536 drop-weight tower
with a 16 mm diameter hemispherical indenter. 100 x 150 mm specimens were
positioned over a rectangular cut-out and held in place using four rubber-tipped
clamps. For further insight into the impact set-up refer to Gonzélez et al. [2]. The
data provided by the drop-weight tower were the impactor force (the latter was
instrumented with a load cell) and velocity just before the impact (measured with an
optical sensor). This data was used to integrate the displacement and velocity of the
impactor during the test, as well as the energy absorbed by the coupons as a function
of time [1]. The energy dissipated by each sample was computed by subtracting the
energy returned to the impactor (i.e. the elastic energy) to the maximum energy (in
all cases within £0.2 J of the target energy). The sampling rate was 1000 kHz. QSI
experiments utilised the same base plate, indenter geometry and clamping devices in
order to achieve boundary conditions comparable to those of the impact test (the
purpose was to imitate the chronology of damage events taking place during impact
[21-24]). QSI was conducted in an electromechanical MTS INSIGHT®100 testing
machine with a 100 kN load cell. The cross-head displacement rate was 0.5 mm/min
to avoid dynamic effects [22, 23]. The energy applied to the system was calculated by
integrating the area under the load-displacement curve.

Compression tests were performed using an electromechanical MTS INSIGHT®100
testing machine with a 100 kN load cell. The aim was to quantify the pristine
compressive strength of LTHIN and LTHICK. 12.7 x 140 mm specimens were tested
using a compression fixture in accordance with the standard ASTM
D6641/D6641M-14 [25]. The cross-head displacement rate was 1.3 mm/min. The
ultimate compression strength was calculated by dividing the maximum load to
failure by the specimen's cross-section measured at the gage region.

CALI tests were conducted using an electromechanical MTS INSIGHT®300 testing
machine with a 300 kN load cell. A non-standard CAI device adopted from Remacha

et al. [26] was used. This fixture enabled the testing of laminates thinner than those
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recommended by the standard ASTM D7137/D7137M [17], which would otherwise fail
by global buckling [26-28]. The device consisted of two antibuckling plates with three
vertical ribs that stabilize the specimen during the test. The central rib includes a
52x42 mm central cut-out to avoid any interference with the damaged zone. The
cross-head displacement rate was 0.5 mm/min.

Impact energies were selected to ensure that a considerable amount of damage (i.e.
observation of fibre failure in the non-impacted surface of the specimens) developed in
LTHIN (10 J) and LTHICK (14 J). The QSI experimental campaign was divided into
four deflection levels, where deflection means the displacement of the indenter during
the test [22, 23]. The higher deflection (d= 5.24 mm) corresponds to the load drop
developed in LTHIN. The smaller deflections (d= 3 mm, d= 4 mm and d= 4.4 mm)
were chosen based on the onset of acoustic emissions heard during the testing of both
types of laminate. These deflections resulted in applied energies of approximately 2.5,
4, 5.5 and 8 J. Three samples of each laminate were impacted at 10 J, and at least
four at 14 J, all of which were eventually tested under CAI. In addition, one specimen
per layup was indented to each of the deflections above. The combination of QSI and
impact experiments provided information about damage resistance and the sequence
of failure events, while the CAI tests gave insight into damage tolerance. Finally, six
LTHIN and seven LTHICK samples were tested under pure compression. The entire
campaign was performed at 23+2 °C and 50£5% humidity in the mechanical testing
laboratory at the University of Girona. The laboratory is ISO17025 and NADCAP

(non-metallic materials) accredited.

2.3. Damage inspection and 3D post-process

All the indented and impacted coupons were inspected by C-scan ultrasonic
technique using an OLYMPUS OMNI MX system automatized with a robotic arm. In
addition, every indented specimen and representative impacted samples were
inspected by uCT (for details about both the C-scan and pCT inspection equipments

refer to [19]). During the tomography scans, the use of contrast agents was avoided to



observe matrix cracks and delaminations regardless of their interconnection.

In the indented specimens, the entire damage scenario was observed as decided
from a previous C-scan. Prior to inspection, the samples were cut into approximately
10 mm width coupons to minimize undesired X-ray absorption perpendicular to the
axis of rotation [29]. The scanning parameters were 55 kV, 80 pA, 1.5 s exposure
time, 1400 projections (3 integrations/projection) and 5-5.5 um pixel size,
corresponding to a field of view of 11.2-12.32 mm. In the impacted specimens, only a
representative region centred at the impact site was captured. The inspection
parameters were 70 kV, 75 pA, 2.5 s exposure time, 1400 projections (3
integrations/projection) and 6.5 or 10 pum pixel size for 10 and 14 J impact energy
(fields of view of 14.6 and 22.4 mm, respectively).

To provide a comprehensive 3D analysis of the damage scenario developed within

indented specimens, the uCT slices were post-processed using Matlab:

1. each sample was sliced into one-pixel-thick planes perpendicular to the thickness
direction. A 2D median filter was applied to each of the planes. The objective
was to remove image noise while preventing information losses at the planes
where delamination occurs (i.e. no pixels were filtered through-the-thickness),

2. to separate the specimen from the background, a mask was obtained using
greylevel thresholding and morphological operators,

3. damage was segmented by setting a user-defined grey value threshold (because
of their narrow crack opening, the smaller cracks developed in the thin-ply
samples were difficult to segment or post-process),

4. after the segmentation process, the uCT slices presenting image artifacts (i.e.
zones with excessive noise or ring artifacts) were cleaned using morphological
operators. Then, a more refined manual cleaning was performed slice-by-slice
using an in-house routine,

5. each segmented pixel (corresponding to damage developed in the sample) was

labelled according to its distance from the indented surface. The purpose was to



ascribe the damage to particular plies or interfaces. The former coordinate
system was selected to take into account the specimen's curvature after
indentation [30], i.e. pixels lying in the same ply/interface have approximately
the same scalar value,

6. images were rendered in 3D using the software Starviewer [31]. Matrix cracks
were coloured in black, and delaminations coloured based on their interface
position (Starviewer software allows pixel scalar values to be coloured using a

transfer function).

3. Results

Figures 1a-b present the load-displacement curves of representative LTHIN and
LTHICK specimens impacted at 10 and 14 J. In the thin-ply laminate, the load grew
non-linearly until a local maximum (F;), followed by a load drop and a decrease in the
bending stiffness. In contrast, the LTHICK samples only presented such a local
maximum for impact at 14 J, which occurred at a higher force than in LTHIN. Table
2 summarizes the value of F; and the magnitude of the associated load drop for each

material system/impact energy.
[Table 2 about here.]
[Figure 1 about here.]

Figures 1c-d compare the QSI and impact load-displacement curves of each layup.
In both systems, the curve of the coupon indented at d= 5.24 mm overlapped the
ones subjected to lower deflections except for the standard-ply sample indented at d=
3 mm, which came from a different panel (with a slightly different volume fraction)
than the rest of the specimens from the same batch. In the LTHIN sample indented
at the highest deflection (applied energy of approximately 8 J), a local maximum force
preceded several consecutive load-drops (see Fj, at approximately 3.3 kN). In contrast,

the LTHICK counterpart presented a non-linear response without concomitant load



oscillations. Finally, in both materials, the impacted specimens displayed a higher
stiffness than the QSI ones owing to the dynamic components of the former test (as
observed elsewhere [24]).

When an impact load bends a composite plate, part of the energy bounces back as
elastic energy and part of it dissipates in the form of damage. We monitored the
maximum force supported (i.e. the maximum load value measured during the
experiment) and the energy dissipated by the LTHIN and LTHICK specimens (Figure
2). At both impact energies, LTHIN supported a lower maximum force and dissipated

a higher amount of energy than LTHICK.
[Figure 2 about here.]

Figure 3 plots the C-scan projected damage area against the energy applied during
QSI and impact tests. In LTHICK, the damage grew almost linearly with the energy
applied during both types of experiment. On the other hand, the LTHIN coupons
exhibited very reduced damage until 8.2 J, from which the damage started to grow
faster than in the thick-ply system. This tendency agrees well with the results in
Figure 2, i.e. decreased damage area after impact increases the load-carrying capacity

and lessens the energy dissipated though damage propagation.
[Figure 3 about here.]

Figures 4-8 summarize the damage sequence of LTHIN and LTHICK. We omitted
the coupons indented at d= 4.4 mm as they did not present any new damage forms
relative to those indented at the previous deflection step. In addition, Appendix A
details the damage mechanisms developed in each ply/interface of the LTHIN and
LTHICK specimens indented at d= 3 and d= 4 mm, i.e. it compares how damage
initiates in both types of laminate (NB: the thin-ply specimen indented at d= 3 mm

displayed no significant damage and therefore is not considered in the Appendix).

[Figure 4 about here.]



[Figure 5 about here.]

The pCT slices evidenced that LTHIN and LTHICK presented resin-rich areas
(commonly called “resin pockets”) dispersed through-the-volume of the laminate. The
higher the ply-thickness, the greater the size of the resin pockets (Figures 4a and 5b).

The LTHIN specimen indented at d= 3 mm featured no damage except for scarce
matrix cracks in the bottom part of the laminate (Figure 4a) — the top and bottom
surfaces will be henceforth defined as the ones lying closest to and farthest from the
impactor. In contrast, the standard-ply coupon developed matrix cracks in the seven
bottommost plies and one delamination in the first 0°/45° interface located under the
mid-plane (Figures 5a and 6b, the delamination is indicated as (i) in Figure 5a). We
discerned two types of intralaminar cracks, (ii) in Figure 5a these are the 90° cracks
caused by tensile stresses in the rear part of the laminate (“tensile cracks”[23]), and
(iii) in Figure ba these are the 45° cracks induced by shear stresses in the inner part of
the laminate (“shear cracks” [22]). Besides this, we observed matrix cracks initiating
in resin pockets (see, for example, the first -45° ply located under the mid-plane of the

LTHIN specimen indented at d= 4 mm, Figure A.2 in Appendix A).
[Figure 6 about here.]

In the thin-ply material, QSI damage initiated at 4 mm deflection (applied energy
of approximately 4 J, Figures 4b, 6¢ and 7a). It localized in the bottom-half of the
laminate, where we observed tensile/shear cracks and delamination in the three
0°/45° interfaces under the mid-plane (Figure 4b). Another delamination developed
through a resin-rich area located below the 90° ply-cluster (see the green delamination
in Figures 6¢ and 7a), where the shear stress distribution is close to maximum. In the
LTHICK sample indented at d= 4 mm, damage extended to the bottom
three-quarters of the plate (Figures 5b and 7b). In this region, matrix cracks
developed within each ply (see Figure A.3 in Appendix A) and allowed delamination

to concatenate resulting in a symmetric “spiral stair-case” profile [23] (Figure 7b). At



least one pair of matrix cracks with dissimilar orientation confined delamination
propagation (Figure 6d), whereas we observed multiple micro-cracks parallel to the

“main” cracks [32] ((iv) in Figures 5b and 6b).
[Figure 7 about here.]

The LTHIN specimen indented at d= 5.24 mm (applied energy of approximately 8
J) presented fibre failure in almost all the plies in the lower half of the laminate
(Figures 4c and 8a). In addition, matrix cracks and delaminations 1-3 mm wide
extended from the bottom to the top parts of the plate except for the five interfaces
closest to the indenter where fibre crushing occurred because of high compressive
stresses (Figure 8a). In the LTHICK sample indented at d= 5.24 mm, delaminations
developed in the same interfaces as in the coupon indented at d= 4 mm (Figures
7-8b), albeit with higher lateral extension (Figures 6d and f). Additionally, we
observed that the delamination in the bottommost —45°/0° interface migrated to the
adjacent 0°/45° favoured by a transverse crack developed within a resin pocket

(Figure 8c).
[Figure 8 about here.]

Once fibre breakage initiated in the LTHIN system (Figure 4c), it extended
through-the-thickness of the laminate (Figure 4d) and induced further delamination
propagation (Figure 4e). The LTHICK specimens presented fibre breakage solely after
impact at 14 J (Figure 5e).

Figure 9 introduces the compressive strength of pristine and impacted LTHIN and
LTHICK coupons. Each standard compression specimen failed within the gage
section. The failure mode was either “brooming” (LTHIN) or a combination of
brooming and delamination (LTHICK). In the CAI experiments, all the samples failed
by local buckling at the impact site followed by damage propagation perpendicular to
the applied load. Despite the scatter presented by coupons of the same batch, LTHIN

improved the standard compressive strength by approximately 3% compared to the
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thick-ply baseline, typically attributed to the more homogeneous microstructure (i.e.
in the case of NCFs, to the reduced size of the resin pockets) or the improved fibre
dispersion inherent to the thinner plies [6, 7]. On the other hand, LTHIN decreased
the CAI strength by 27% for impact at 14 J.

[Figure 9 about here.]

4. Discussion

The microstructure of NCF laminates presents resin accumulations because the
stitching yarns deviate carbon tows from their uniform directions, generating multiple
and regularly spaced fibre-free regions [33]. The higher the ply-thickness, the bigger
the length of and the distortion induced by the NCF stitches (Figures 4a and 5b). We
observed that resin pockets favoured the initiation of matrix cracks (e.g. see the first
-45° ply below the mid-plane of the LTHIN specimen indented at d= 4 mm, Figure
A.2) and interacted with the propagation of delaminations (Figure 8c), which seems
obvious as pure epoxy has less resistance than the carbon-epoxy composite.

The load-displacement curves of LTHIN and LTHICK exhibited one or several
consecutive load drops during impact and/or QSI experiments (F; and F, in Figure 1).
According to our uCT observations, such load drops correspond to the development of
fibre failure localized in the bottom half of the laminate (Figures 5e and 4c¢). On the
other hand, the LTHICK specimens exhibited extended delamination propagation
without associated evidence in the load-displacement curve (Figures 1d and 5a-d).
This arises from the thickness-to-length ratio of the coupons. For small ratios (e.g.
thin laminates), bending deflection and non-linear membrane stiffening effects
dominate over shear; which may obscure the evidence of delamination onset in the
force-displacement curve [21, 34]. In contrast, the curve of thick laminates typically
displays a load drop corresponding to the initiation of delamination [16, 23, 24].

The sequence of damage events developed in thin- and standard-ply materials

displays common qualitative trends. First, tensile and shear cracks develop in the
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bottom part of the laminate, accompanied by a delamination in the 0°/45° interface
(LTHICK) or in the three 0°/45° interfaces (LTHIN) under the mid-plane (Figures 4b
and 5a). Then, shear cracks extend from the bottom to the top and allow
delaminations to concatenate through-the-thickness [23] (Figures 4c, 5b, 7b and 8a,
NB: the exception to this are the 4-5 interfaces under the impactor, where high
compressive stresses inhibit delamination propagation). Finally, fibre failure develops
in the rear part of the laminate; subsequently evolving towards the top and inducing
further damage propagation (Figures 4c-e and 5e). The fact that matrix cracks,
delaminations and fibre failure grow bottom-to-top is, again, a consequence of the low
thickness (and associated high deflections) of the plate [35]. We observed that a pair
of long matrix cracks confined delamination (Figure 6d). Besides, multiple
“micro-cracks” parallel to the long cracks developed along with delamination
propagation (e.g. (iv) in Figure 5b) [32, 36]. The latter could derive from stress
redistributions near the main matrix cracks [37], suggesting that delamination may
grow progressively (confined between the smaller cracks) rather than in a single-step
process.

The difference between LTHIN and LTHICK is the magnitude of the various
damage mechanisms and the energy at which they occur. LTHIN displays smaller
matrix cracks/delaminations that appear at higher QSI deflections (or energy levels)
than those developed in LTHICK (Figure 6a-d), attributed to the improved in-situ
strength in transverse tension and shear [11-13]. When tensile stresses due to bending
overcome the tensile strength of the fibres, catastrophic fibre failure occurs [15]
(Figure 4c). In contrast, LTHICK dissipates a higher fraction of the applied energy
through delamination propagation, delaying the development of fibre breakage to the
highest impact energy (Figure 5). This results in higher load-carrying capacity
(Figure 2) and enhanced CAI strength for impact at 14 J (Figure 9). Our findings
coincide with the results of Amacher et al. [7], who observed increased back-face fibre
breakage as the laminate's ply-thickness decreased (they impacted coupons of

relatively low thickness-to-length ratio).
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It is evident that the thin-ply laminate delays the initiation of matrix cracks and
delaminations when compared to the standard-ply counterpart. However, these
damage modes do not entail a decrease in bending stiffness in the load-displacement
curve. In this regard, the standard-ply material displays a greater damage resistance:
the load drop (and concomitant stiffness reduction) appears at higher applied energy.
Selecting the optimal configuration would depend on the requirements of the
structural application. If damage detectability prevails over load-carrying capacity,
thin-plies should be used (according to our observations, LTHIN will probably suffer
an earlier penetration than LTHICK, which can be detected with the naked eye,
Figures 4-5e). The authors speculate that an optimal balance between damage
suppression and CAI strength could be achieved by mixing thin- and standard-plies

within the same laminate.

5. Conclusions

Combining quasi-static indentation and impact tests at incremental energy levels
with 3D X-ray tomography, we compared the impact resistance, tolerance and
sequence of failure events of thin laminates manufactured with thin- or standard-ply
non-crimp fabrics. During the experiments we monitored the force-displacement data
to associate load drops with observed damage mechanisms.

The load-displacement curve for both types of material presents a load drop
corresponding to the development of fibre breakage localized in the bottom part of the
laminate. Prior to the drop, matrix cracks and delaminations propagate with no
associated evidence in the load-displacement curve. This is related to the low
thickness-to-length ratio of the coupons, whereby bending and non-linear membrane
stiffening effects dominate over shear.

The sequence of damage mechanisms developed in thin- and standard-ply laminates
presents common qualitative trends (i.e., matrix cracks/delaminations extend from
the bottom to the top of the laminate until fibre failure localizes in the rear part in

the coupons, which subsequently evolves towards the top and induces further damage
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propagation). However, the thin-plies delay the onset and reduce the extension of
matrix cracks and delaminations. Lessening the energy dissipated through
delamination propagation results in premature fibre breakage, decreased load-carrying
capacity (by 25% and 55% for impact at 10 and 14 J) and lower CAI strength for
impact at 14 J (by 27%).

As a last remark, the impact and QSI tests display a good coherence in terms of the
force local maxima (F; and Fy), the projected damage area (which grows linearly with
the incremental energy applied in both types of test) and the observed damage
sequence. Therefore, for the type of material and range of energies considered in this
study, the quasi-static test can be used to infer qualitative information about the

damage mechanisms taking place during low-velocity impact.
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Figure 2: Maximum load supported and energy dissipated by LTHIN and LTHICK specimens impacted
at 10 and 14 J - horizontal lines refer to the average value between experiments, whereas vertical bars
mean standard deviation.
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Figure 3: C-scan projected damage area plotted against the energy applied during quasi-static in-
dentation and impact events. In the impact data, horizontal lines refer to the average value between
experiments, whereas vertical bars mean standard deviation.
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Figure 4: X-ray micro-computed tomography (uCT) cross-sections of indented and representative
impacted LTHIN specimens. The centre of impact is indicated with a cross.
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Figure 5: uCT cross-sections of indented and representative impacted LTHICK specimens. The centre
of impact is indicated with a cross, (i) is the delamination propagating at the first 0°/45° interface
below the mid-plane, (ii) is the tensile crack, (iii) are the shear cracks and (iv) are the “micro-cracks”
developed along with delamination propagation [32, 36].
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Figure 6: Projected damage area of indented LTHIN and LTHICK specimens obtained through post-
process of the uCT slices, (iv) are the “micro-cracks” developed along with delamination propagation
[32, 36]. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Figure 7: 3D damage scenario of a) LTHIN and b) LTHICK specimens indented at d= 4 mm. For
visualization purposes, both images were extruded in the through-the-thickness direction and divided
into 4 equally-thick sublaminates. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Figure 8: 3D damage scenario of a) LTHIN and b) LTHICK specimens indented at d= 5.24 mm.
For visualization purposes, both images were extruded in the through-the-thickness direction and
divided into 4 equally-thick sublaminates. 8c: Delamination migration favoured by a transverse crack
developed within a resin pocket - the colour of the lines to the left of the picture refer to the interfaces

highlighted in the legend. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Figure 9: Compressive strength of pristine and impacted LTHIN and LTHICK specimens. Horizontal
lines refer to the average value between experiments, whereas vertical bars mean standard deviation.
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Figure A.1: 1 pixel thick XZ orthogonal slices representing the damage developed in each ply/interface
of the LTHICK specimen indented at d= 3 mm. Resin and carbon fibres appear in darker and lighter
shades of grey, whereas matrix cracks/delaminations (originally in black) were segmented and coloured
in red. In the sketch depicting the stacking sequence, the centre of impact is indicated with a cross.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Figure A.2: 1 pixel thick XZ orthogonal slices representing the damage developed in each ply/interface
of the LTHIN specimen indented at d= 4 mm. Resin and carbon fibres appear in darker and lighter
shades of grey, whereas matrix cracks/delaminations (originally in black) were segmented and coloured
in red. In the sketch depicting the stacking sequence, the centre of impact is indicated with a cross.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Figure A.3: 1 pixel thick XZ orthogonal slices representing the damage developed in each ply/interface
of the LTHICK specimen indented at d= 4 mm. Resin and carbon fibres appear in darker and lighter
shades of grey, whereas matrix cracks/delaminations (originally in black) were segmented and coloured
in red. In the sketch depicting the stacking sequence, the centre of impact is indicated with a cross.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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TABLES

Table 2: Value of the local force maximum (F;) and magnitude of the associated load drop observed
in the load-displacement curves of LTHIN and LTHICK specimens impacted at 10 and 14 J, £ refers
to the standard deviation between experiments.

Material type Impact at 10 J Impact at 14 J
F; (kN)  Load drop (%) F; (kN)  Load drop (%)
LTHIN 3.2440.02 19.75+0.55 3.414+0.25 22.8041.40

LTHICK None None 4.831+0.28 20.63+£8.21
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