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Los materiales compuestos son susceptibles a cargas de impacto ya que éstas deterioran la
integridad estructural de, por ejemplo, la piel del fuselaje de un avién. Por tanto, nuestro
objetivo es mejorar la resistencia y tolerancia al dafio de laminados finos (2.14-2.16 mm
thickness) manufacturados con ‘non-crimp-fabrics’ (NCF) (a) reduciendo el espesor de capa
convencional (considerando ‘thin-plies’ [1]) (b) intercalando velos no-tejidos —'non-woven veils’
[2]) de fibra de co-poliamida en las intercaras de laminados con capas finas. Para ello, hemos
realizado ensayos de impacto, compresion después de impacto (CAl) e indentacion cuasi-
estatica. Ademas, inspecciones por tomografia computarizada de rayos-X ilustran cémo grietas
en la matriz, deslaminaciones y rotura de fibra interaccionan durante impacto e indentacion.

Reducir el espesor de capa disminuye el tamafio de grietas y deslaminaciones a costa de una
rotura de fibras prematura, disminuyendo la tolerancia al dafio. Por otra parte, intercalar velos
en laminados de capas ultradelgadas evita la iniciacion de deslaminaciones y aumenta la
resistencia a CAl.

Effect of ply-thickness on the impact response of interleaved thin-ply
non-crimp-fabric laminates: X-ray tomography investigation
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Composite laminates subjected to out-of-plane loads develop damage modes that compromise
the load-carrying capacity, as in the fuselage skin of an aircraft. Therefore, we aimed to improve
the damage resistance and tolerance of carbon/epoxy thin non-crimp fabric (NCF) laminates by
(a) reducing the ‘conventional’ ply-thickness (i.e. comparing thick- and thin-plies) (b) interleaving
co-polyamide (CoPA) non-woven veils at the interlaminar regions of thin-ply systems. We
devised an impact, compression after impact (CAI) and quasi-static indentation (QSI)
experimental campaign, where computerized X-ray tomography provided detailed 3D insight on
how matrix cracking, delamination and fibre failure interacted during impact and QSI.

Thin-ply laminates reduce the amount of matrix cracking and delamination at the cost of
premature fibre breakage, therefore decreasing the damage tolerance. Interleaving CoPA veils
arrests delamination onset and improves the residual strength with respect to the thin-ply
baseline.
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1 Introduction

The Achilles’ heel of composite laminates is their out-of-plane
response, especially with the advent of time and cost-efficient
resin infusion methods that decrease the quality of the finished
product [3]. During service, low-velocity impacts yield to matrix
cracking, delamination and fibre breakage that penalizes the
integrity of laminated components [4], [5].

Some studies report that the use of ‘thin-plies’ (i.e. plies thinner
than 150 pum [1]) improve the damage tolerance of certain
material systems [6]-[8]. Under impact, they delay matrix
cracking and delamination [8] at the cost of extended fibre
breakage [9], [10]. However, as it usually occurs in material
science, strength and toughness are mutually exclusive [11];
Frossard G. et al. (2016) [12] and Teixeira R.F. et al. (2016)
[13] have demonstrated that reducing the ply-thickness
decreases the inter- and intra-laminar fracture toughness.

Then, an optimal design of damage-tolerant components using
thin-plies claims for the use of toughening methods [14]. In our
study, we will focus on an innovative toughening approach:
interleaving by ‘non-woven veils’ [3]. The use of this light
additive may improve the compression after impact strength
(CAI) [15]-[17] without concomitant reduction of other material
properties [3]. In addition, they are cheap and easy to handle
during manufacturing [3].

The aim of this paper is (a) compare the damage mechanisms
and damage tolerance of carbon/epoxy thin laminates
manufactured with thick- or thin-ply non-crimp-fabrics (NCFs)
(b) understand the effect of interleaving co-polyamide (CoPA)
non-woven veils in the damage tolerance of thin-ply systems.
We selected laminates thinner than the standards (i.e. ~2.16
mm rather than the conventional 4 mm [18]) since the aircraft
industry tends to reduce the thickness of airplane’s
components; for example, the skin of the Airbus A350 is less
than 2 mm thick. To this end, we performed an impact, quasi-
static indentation (QSI) and CAIl experimental campaign.
Damage induced by out-of-plane loading was inspected by X-
ray micro-computed tomography (UCT) to obtain detailed
insight of the damage characteristics.

2 Materials and Methods

2.1 Materials and Manufacturing

The material investigated was T700GC carbon in the form of
bi-axial NCFs: ‘C-ply™ from Chomarat. [0°/+45°] and [0°/-45°]
fabrics of 268 and 134 g/m? fibre areal weight were considered
(134 and 67g/m? per ply; thick- and thin-plies). C-plies™ were
infused with the HexFlow® RTM6 epoxy resin.

A low density ‘non-woven veil’ of confidential properties was
introduced at the interlaminar region of thin-ply laminates,
namely V2. It was made of dispersed co-polyamide fibres with
melting temperature lower than the post-curing temperature

(180 °C). Additionally, V2 had 4 g/m? fibre areal weigth.

All the layups were manufactured by Resin Transfer Moulding
(RTM). Two [(45/0)/(-45/90)]ns laminates were manufactured
using plain carbon reinforcement: LTHICK and LTHIN (n=2
and n=4, respectively). Additionally, one [(45/V2/0)/V2I(-

45/V2/90)V2]ss layup was manufactured by interleaving V2 veils
at every interface: LV2. The nominal laminate thickness of
LTHICK, LTHIN and LV2 was 2.14-2.18 mm and their fibre
volume fraction 55.9, 56.22 and 53.1%.

2.2 Experimental Methods and Damage
Inspection

Impact tests were based on the ASTMD7136/D7136M-15
standard [19]. Testing was performed in a CEAS Fractovis
Plus 7536 drop-weight tower with a 16 mm diameter hemi-
spherical impactor. 100x150 mm (width and length) specimens
were tested following the same experimental set-up than
Gonzalez E. et al. (2014) [5]. Two specimens of every batch
were impacted at 10 J and one at 14 J energy.

QSI tests were performed using an electromechanical MTS
INSIGHT®100 testing machine with a 10 kN load-cell.
Indentation was conducted at a rate of 0.5mm/min to avoid
dynamic effects. The same boundary conditions and hemi-
spherical indenter were considered during impact and QSI so
that both experiments yielded similar damage characteristics
[20]-[22]. Three specimens per material system were tested,;
each of them indented to a different displacement level (d= 4,
d= 4.4 and d= 5.24 mm). The higher deflection corresponds to
the observation of fibre failure at the bottom-ply of LTHIN.

CAl tests were performed using an electromechanical MTS
INSIGHT®300 testing machine with a 300 kN load cell. A non-
standard CAl device was manufactured based on Remacha M.
et al. (2015) [23] (a)). Because of its design, this fixture
ensures local buckling-induced failure and allows damage
propagation perpendicular to the applied load. CAIl strengths
were normalised to the volume fraction of LTHIN. Every
impacted specimen was tested under compression;
additionally, two pristine specimens were considered per
material system.

Every indented specimen and representative impacted
specimens were inspected by pCT. To improve the signal-to-
noise ratio, indented specimens were cut through-the-width
prior to inspection (Figure 1b)) [24]. The use of penetrant dies
was avoided to ensure that matrix cracking and delamination
were observed regardless their interconnection.

Cut

Cut
Damage —— a

Antibuckling plate

Figure 1 a) Non-conventional compression after impact (CAl) test
fixture (based on Remacha M. et al. (2015) [23]) b) Specimens cutting
prior to inspection by micro-computed tomography (UCT)
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In indented specimens, the position of the inspected sample
with respect to the X-ray souce and the detector was adjusted
to observe the totality of the damage scenario (as previously
observed by C-scan). This yielded to voxel sizes of 5 um (d= 4
and 4.4 mm) and 7 pm (5.24 mm). In impacted specimens,
only a detailed zone centred at the impact point was observed,;
voxel sizes of 6.5 and 10 um for 10 and 14 J energy. Finally, in
some cases, damage mechanisms were represented in 3D
using the software Starviewer [25].

3 Results

3.1 Micro-Computed Tomography (uCT) results

The Figure 2 presents the UCT results of indented and
representative impacted THICK specimens. In all cases, we
observed resin accumulations (‘resin pockets’) of up to 1 mm
characteristic size dispersing through-the-volume of inspection
(see, for example, the Figure 2a)). In THICK indented
specimens, damage localized at the bottom two-thirds of the
plate (Figure 2 a), b) and c)). The exception to this was the
laminate indented at d=5.24 mm, where fibre failure
developed under the impact site because of compressive
stresses. In general, the damage pattern consisted on (i)
‘tensile cracks’ induced by tensile stresses at the bottom sub-
laminates [21] (ii) 45° matrix cracks [10] (iii) matrix crack-
induced delaminations (MCID, [26]). In impacted specimens,
damage grew through-the-thickness of the laminate and
extended several mm away from each side of the impacted
point.

The Figure 3 presents the PCT results of indented and
representative impacted LTHIN specimens. Halving the ply-
thickness reduced the size of resin pockets by at least a factor
of two (see, for example, the Figure 3a)). At d =4 and 4.4 mm,
thin-ply specimens concentrated damage at the bottom-half of
the laminate and exhibited reduced MCID compared with
THICK (Figures 2 and 3a)-b)). Additionally, they limited tensile
cracks to the bottom-ply (the observation of this damage
mechanism was blurred by their narrow crack-opening). At d=
5.24 mm, fibre breakage (iv) and fibre pull-out (v) developed at
the lower third of the laminate, while matrix cracks and induced
delaminations extended from the bottom to the top (see
Figures 3a), b) and c)).

At 10 J, damage under the impact site of LTHIN specimens
localized to a narrower region than that developed in THICK
(Figures 2 and 3d)). In contrast, fibre failure extended through-
the-thickness. Further increasing the impact energy caused
catastrophic fibre failure which induced large delaminations
compared with the thick-ply system (Figures 2 and 3d)).

The Figure 4 presents the uCT results of indented and
representative impacted LV2 specimens. At d= 4.4 mm, the
toughened system exhibited increased density of matrix cracks
than LTHIN at the lower half of the laminate (Figures 3 and
4b)). At d=5.24 mm, matrix cracks/MCID developed through-
the-thickness forming a ‘cone shape’ [27]. They exhibited
increased crack-openings and a higher extension than these
propagated in the plain material (Figures 3 and 4c)). In
contrast, interleaving constrained fibre failure to the bottom-ply.

At both impact energies, LV2 reduced the severity of fibre
breakage and constrained the damage to a narrow region

below the impact centre relative to LTHIN (Figures 3 and 4 d)-
e)). On the other hand, we observed that delamination
propagation within the interleaved system decreased with
increased strain rate (see WCT cross-sections of specimens
indented at d= 5.24 mm and impacted at 10 or 14 J, the Figure
4c)-e)).

3.2 Compression After Impact (CAl)

The Figure 5 illustrates the CAIl strength of pristine and
impacted LTHICK, LTHIN and LV2 laminates. The difference
between the residual strength of thick- and thin-ply specimens
accentuated as the severity of fibre breakage increased in the
latter system: 4.9% and 53.2% difference after 10 and 14 J
impact. On the other hand, interleaving with V2 veils enhanced
the CAl strength with respect to the thin-ply baseline (16% and
22% improvement after 10 and 14 J impact, respectively)

4 Discussion

4.1 Effect of ply-thickness

NCF laminates inherently present resin accumulations since
the stitching deviates the carbon tows from the uniform
directions [28]. Accordingly, reducing their ply-thickness
decreases the magnitude of the resin pockets as the length of
the stitch between two adjacent plies also decreases. On the
other hand, composites manufacturing is a scale-dependant
process [9]. Microstructural defects such as fibres misalign-
ments, waviness or resin accumulations augment with the size
of the manufactured component (or, in this case, the ply-
thickness).

Based on UCT observations in Figures 2 and 3, the damage
sequence of LTHICK and LTHIN could be summarized as:

LTHICK

e Development of tensile cracks in the lower sub-
laminate groups

e Growth of matrix cracks and induced delaminations
from the bottom to the top parts of the laminate

LTHIN

e Development of tensile cracks at the bottom-ply

e Growth of reduced matrix cracks and delamination
from the bottom to the top parts of the laminate

e  Fibre failure localized at the bottom-half

e  Growth of fibre failure bottom-to-top and enlargement
of existing delaminations

Comparing PCT results of LTHICK and LTHIN indented
specimens, we conclude that thin-ply systems delay or
mitigate the development of matrix cracks and induced
delaminations relative to their thicker counterparts
(Figures 2 and 3a)-c)) [8], which is attributed to the
increased in-situ strength [29], [30]. In contrast, the
absence of delamination propagation entails lower energy
dissipation and higher stress concentration in the fibres.
Accordingly, fibre failure occurs when tensile stresses
induced by bending overcome the fibre tensile strength at
the bottom part of the laminate [6].
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Figure 2 uCT cross-sections and 3D representative damage mechanisms of LTHICK specimens
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Figure 3 uCT cross-sections and 3D representative damage mechanisms of LTHIN specimens
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In both types of thin laminate, damage started at the bottom
part of the specimen and grew upwards leading to a ‘reverse
pine-tree’ pattern [27]. This is because the thickness of the
plate is small compared to the rest of dimensions (i.e.
~2x100x150 specimens); therefore, bending and membrane
effects to predominate over shear [31].

Differences between the residual strength of thick- and thin-ply
materials seem to be governed by the severity of fibre
breakage: the higher the amount of this damage mechanism
the lower the CAI strength of LTHIN with respect to LTHICK
(Figure 5). One idea could be hybridizing both types of plies in
order to avoid fibre breakage while taking advantage of crack
suppression.

4.2 Effect of interleaving V. veils

MCT slices of LTHIN and LV2 impacted specimens evidence
that interleaving reduces the amount of delamination with
respect to the thin-ply baseline (Figures 3 and 4d)-e)). Since
the melting temperature of V2 veils is lower than the processing
temperature, they melt partially/completely at the interfaces
and likely increase the interlaminar fracture toughness. This
improves the damage resistance (Figures 3 and 4d)-e)) and
the CAI strength (Figure 5). In fact, Nash N.H. et al. (2016)
reported that non-woven veils increase the damage resistance
and tolerance of carbon/Benzoxazine laminates because an
improvement on the Mode Il and | interlaminar fracture
toughness, respectively.

Despite to the higher energy applied to the system, LV2
specimens indented at d= 5.24 mm presented more extended
delaminations than layups impacted at 10 J, evidencing that
thermoplastic materials are sensitive to the strain-rate [11].
Carbon/epoxy laminates toughened with thermoplastic
particles also present an analogous effect when comparing
QSI and impact experiments [32].

5 Conclusions

e Thin laminates manufactured with thin-ply NCFs
exhibit reduced matrix cracking and delamination until
fibre breakage triggers further damage extension

e Thin laminates manufactured with thin-ply NCFs
decrease the damage tolerance of their thicker
counterparts

e Hybridizing thick and thin-plies could be an alternative
to pre-locate certain damage mechanisms and
improve the ‘conventional’ damage tolerance

e Interleaving thermoplastic co-polyamide non-woven
veils mitigate the onset of delaminations and improve
the damage tolerance of thin-ply NCF systems
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