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The application of natural flax fibre/epoxy composites is growing in the automotive sector due to their good
stiffness and damping properties. However, the impact damage resistance of flax/epoxy composites is limited due
to the brittle nature of both epoxy and flax fibres and strong fibre/matrix adhesion. Here, biobased thermoplastic
cellulose acetate (CA) is deployed as a fibre treatment to alter the damage development of flax/epoxy composites

subjected to low-velocity impact. The perforation threshold energy and the perforation energy of unmodified
cross-ply composites increased respectively by 66% and 42% with CA-treated flax fibres. The CA-modification
modestly decreased the transverse tensile strength and in-plane tensile shear strength of the composites. How-
ever, it altered the brittle nature of flax/epoxy laminates in quasi-static tests into ductile failure with clearly
increased fibre-matrix debonding.

1. Introduction

Natural fibres, such as flax, are a class of green fibre reinforcements
widely used in the semi-structural composite parts of the automotive
and construction sectors [1-3]. Natural fibre composites offer low
density as well as excellent damping properties and ecological merits
[1,4]. Currently, flax is the only engineering plant fibre in Europe mass-
produced in unidirectional and continuous fibre mats [1,5]. Epoxy
resins are appealing for the industry based on their high mechanical
properties and low viscosities, which are ideal for composites process-
ing. Due to the reactive nature of epoxies, epoxy resins and natural fibres
show good fibre/matrix adhesion with hydrogen and covalent bond
formation [6]. The lower strength of natural fibres compared to syn-
thetic fibres [7-9], combined with their relatively low strain to failure
and the brittle nature of epoxy resins, limit the application of these flax
biocomposites in environments where dynamic loads, such as impacts,
are expected [10].

Low-velocity impacts (induced, for instance by collision, and drop-
ped tools) can severely affect the further application, i.e. in terms of long
term durability, of flax/epoxy composites by generating through-
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thickness damage in the form of matrix cracking, fibre failure and
delamination [11,12]. For example, a 10 J low-velocity impact on flax/
epoxy composite with [0/90/+45/—45] lay-up, a laminate thickness
of 2.85 mm, and fibre volume fraction (V¢) of 44% can reduce its residual
compressive strength by 30% [13]. Matrix toughness, stacking
sequence, and flax fibres architecture are critical factors for proper
impact damage tolerance of flax/epoxy composites [10,14]. Due to the
relatively low strength of flax fibres and high interfacial shear strength
of flax/epoxy [7], the impact damage pattern of flax/epoxy composites
is usually dominated by fibre failure, shear-induced matrix cracks and
limited delamination [12,13,15].

It is known that cross-ply composites based on UD plies absorb
higher impact energies than ones based on woven plies due to the higher
in-plane strength of cross-ply composites based on UD plies and because
of much higher energy absorption due to delamination between the plies
[16]. Nevertheless, cross-ply composites based on woven reinforcements
exhibit limited damage compared to cross-ply laminates based on UD
plies and thus tend to have better properties after impact (damage
tolerance). This is due to the coarse fibre bundles within the woven
fabrics that act as crack-stoppers and because of reduced delamination
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due to nesting of the woven fabrics [16,17]. For dissimilar ply angles,
specifically cross-ply configurations (with either UD or woven re-
inforcements), the composites’ tendency to delaminate at the interface
between non-aligned fibre plies can be affected by the mismatch of
bending stiffness between adjacent plies [18].

By presuming that flax/epoxy composites can be designed so that the
impact damage can be restrained, it might be possible to limit the loss in
residual strength and finally replace the ‘no damage growth’ design by
limited damage growth designs, which can save substantial amounts of
material and energy. For this, the composites’ interfacial toughness
should be engineered to suppress damage growth, especially near the
laminate mid-plane as the most critical failure location [19].

The literature on interfacial and interlaminar toughening of flax/
epoxy composites focusing on impact resistance is minimal [20-22].
Ravandi et al. [23] reported a detrimental effect of stitching on inter-
laminar toughness and low-velocity impact resistance of flax/epoxy
composites due to fibre distortion and resin-rich pockets. Prasad et al.
[21] reported that the addition of TiOy to epoxy resin improves the
mode I and mode II fracture toughness of flax/epoxy composites by 52%
and 73%, respectively, due to crack deflection/blunting near fibre/
matrix interfaces. However, they did not study the contribution of TiOy
to the impact resistance of composites. Gassan et al. [22] and Koolen
et al. [20] evaluated the effect of a silicone-rich interface on the prop-
erties of flax fibre composites. Gassan et al. [22] reported an increase of
Charpy impact strength of composites by 100% with an expense of 50%
reduction in the flexural modulus and strength of the composites. Koolen
et al. [20] hypothesised that interfacial toughening by the insertion of a
thin silicone elastomer might improve the resistance to hygroscopic
ageing. However, the fibre coating did not have the desired effect since
an accelerated reduction of the transverse strength of UD flax-epoxy
composites and increased fibre-matrix debonding after ageing indi-
cated a weaker interface. This observation was explained by premature
adhesive or cohesive failure in the silicone interlayer, which stresses the
importance of material selection. An alternative route to mitigate the
low impact resistance of fibre reinforced epoxy composites is to coat a
thin layer of tough thermoplastic into the fibre/matrix interface
[24-29]. For instance, Lin et al. [24] showed that 1.39% fibre sizing
content of thermoplastic polyurethane improved the apparent fibre/
matrix interfacial shear strength of aramid/epoxy by 67.7% as the
ductile interface had higher deformation and delayed the debonding by
crack deflection. Narducci et al. [25] suppressed and controlled the
delamination growth of carbon/epoxy composites by polylactic acid
based surface modification of carbon fibres.

In this study, the flax fibre surface was modified with fully biobased
cellulose acetate (CA) thermoplastic coating to enhance flax/epoxy
composites’ interfacial toughness. The aim was to limit fibre failure and
suppress primary delamination during the low-velocity impact of flax/
epoxy laminates while preserving optimised quasi-static performance.
CA is selected based on its excellent compatibility with flax fibre and
epoxy resin, being green and cost-effective, and having high ductility
(failure strain 13.5 + 3%) and good mechanical properties [30].

The surface chemistry and morphology of CA treated flax yarns were
characterised with Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM). The mechanical properties (tensile
and bending resistance) of flax yarns were compared with those of CA
modified flax yarns. Composites’ mechanical performance under various
loading conditions was evaluated by applying quasi-static tensile
testing, short beam bending tests, and drop-weight impact analysis.

2. Methodology

Bcomp (Fribourg, Switzerland) provided non-crimp flax yarn fabric
of unidirectional (UD) type 5009 with an areal density of 300 g/m?. Pure
cellulose acetate (CA) powder (average MW 100,000) was supplied by
Acros Organics (New Jersey, United States). The degree of substitution
of CA was 1.3. Technical acetone by Kiilto Oy (Lempaala, Finland) was
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used as a solvent for CA powder. Standard epoxy resin Epopox A28 by
Amroy Europe Oy (Lahti, Finland) and a Jeffamine D-23 polyether
diamine hardener by Huntsman (Texas, USA) with 35 wt% hardener to
resin ratio were used as the matrix polymer system.

Flax fabrics were modified with CA by dip-coating into a CA-acetone
solution of 5% CA concentration (5 g CA in 100 mL acetone) as described
in Supplementary data (S.1.1). CA, based on its acetyl content and de-
gree of substitution, can dissolve in various solvents such as acetone,
chloroform, 2-methoxyethanol, and dichloromethane. In this study,
acetone was selected as a solvent, based on an extensive review on the
green solvent guides by Byrne et al. [31], which categorised solvents
into six subgroups from green (e.g. ethanol, water), between green and
problematic (e.g. acetone), problematic (e.g. DMSO), between prob-
lematic and hazardous (e.g. dichloromethane), hazardous (e.g., 2-
methoxyethanol), and highly hazardous (e.g. chloroform). Compared
to other CA-solvents, acetone has the best environmental, health, safety,
and energy demand and can be sourced renewably [31]. Also, dip-
coating of flax fabrics in acetone solution is an energy-efficient and
cost-effective method as it does not require specialised devices and an
oven to evaporate the solvent.

The untreated and CA-modified flax fabrics and pure CA film were
analysed by Fourier transform infrared (FTIR) spectroscopy (Perkin-
Elmer Spectrum One, Perkin-Elmer, Beaconsfield, UK). The morphology
of the fabrics was examined with an ULTRAplus (Zeiss, Oberkochen,
Germany) scanning electron microscope (SEM). A thin gold coating was
used to ensure enough conductivity for the SEM samples. The bending
resistance of untreated and modified (as a flax-CA ‘preform fabric’)
strips of UD flax fabrics was studied with a L&WTM bending resistance
tester (Lorentzen & Wettre, Sweden). The test was performed according
to the SCAN-P 29:95 standard (samples were 38 mm in width and 70 mm
in length). Further descriptions of the bending resistance test are
described in Supplementary data (Fig. S1). Transverse strength of UD
CA-flax fabrics (‘preforms’) was tested with a universal tester (Instron
5967, MA, USA) with 500 N load cell, gauge length of 50 mm and a
crosshead speed of 1 mm/min. The samples were 15 mm in width and
150 mm in length. The thickness of the fabrics was determined by the
average thickness at three points along the gauge length. Masking tape
was used as tabs at the gripping area. The polyester weft threads of the
fabrics were removed before testing. The average results of ten samples
were reported for bending resistance and transverse fabric tests.

Composite panels of flax/epoxy and CA-flax/epoxy with a fibre
volume fraction (V) of 40% were manufactured based on the manual
lay-up method (Supplementary data, S.1.3). The bulk density of com-
posites was measured based on the Archimedes principle [32] (as
described in Supplementary data S.1.4). The V¢ and composites’
morphology were characterised by X-ray computed tomography
(Phoenix Nanotom, General Electric, Germany) as described in Supple-
mentary data (S.1.5). The quasi-static tensile performance of composites
with [0]4 and [+45] lay-ups was studied according to ASTM D3039 and
ASTM D3518 standards, respectively. The effect of CA surface modifi-
cation on fibre/matrix adhesion was studied based on transverse tensile
strength tests of [90]4 composites (ASTM D3039 standard) and short-
beam testing of [0/90]3s composites (ASTM D2344 standard). The
testing specifications are reported in Supplementary data (Table S1).
The impact strength of UD ([0]4 lay-up) CA-flax/epoxy and flax/epoxy
were comparatively studied by a Ceast Resil 5.5 Charpy impact tester
(Ceast, Torino, Italy) according to EN ISO 179-1 standard. The impact
performance of structural flax/epoxy and CA-flax/epoxy composites,
with a [0/90]ss lay-up, was studied with a drop-weight test (per ASTM
D7136 and ASTM D5628 standards), without rebound impacts. To
present a range of damage (e.g. local ply splitting/delamination for low
impact energies to complete perforation of the specimen at the upper
bound energy), the drop height was adjusted to 0.11, 0.22, 0.32, 0.44,
0.55, 0.66, 0.77, 0.88, 0.99, and 1.11 m to target the kinetic energies of
3,6,9, 12, 15, 18, 21, 24, 27, and 30 J, respectively; the mass of the
impactor was 2772 g. Further specifications of the impact testing and the
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relevant terminology are presented in Supplementary data (S.1.6). The
post-impact assessment of failure mechanisms in the impacted speci-
mens was evaluated with a DM 2500 M (Leica, Wetzlar, Germany) op-
tical microscope using a dark field mode. The samples were embedded in
an epoxy resin before polishing. The surface deformations on the back-
face of composites (opposite to the impacted surface after the drop-
weight test) were inspected with three-dimensional optical profilom-
etry with an InfiniteFocus G5 (Alicona, Graz, Austria).

3. Results and discussions
3.1. Fibre surface characterisation

Fig. 1 shows the FTIR transmittance spectra of untreated flax and CA-
modified flax fibres. The FTIR spectrum of the flax fibre shows the
typical vibration bands of cellulose, hemicellulose, and lignin, as re-
ported previously [33]. The-OH stretching vibration (mainly related to
cellulose) band of hydroxyl groups [34] in CA, flax fibre and CA-flax
fibre appeared as broadband with the highest intense band positions
3490 cm ™!, 3344 cm ™! and 3357 cm ™}, respectively. It is clear from the
figure that the —OH stretching vibration band of CA-flax fibre is shifted
to the higher wavenumber with respect to neat flax fibre. It indicates
strong intermolecular hydrogen bonding between the hydroxyl group of
flax fibre and CA. The pure CA spectrum reveals characteristic peaks at
1735 cm ! and 1221 em™! related to the stretching vibration of the
C=O0 bond of ester groups and C—O bond of the ether group, respec-
tively [34]. These distinct CA (C—=0 and C—O) peaks are shifted to 1740
em ! and 1232 cm™! in CA-modified flax fibres, indicating hydrogen
bonding between the C=0 and C—O groups of CA and the hydroxyl
group of flax.

SEM images, in Fig. 2, compare the morphology of flax and CA-flax
yarns. A distinctive coating is evident on the CA-modified flax yarns,
which bonds flax fibres together into a kind of flax-CA preform. SEM
images of modified flax yarns show the thickness of CA coating to be
~3um. In Supplementary data (Table S3), CA-flax preforms show
significantly higher bending resistance (442 + 22 mN) than unmodified
flax preforms (4 + 1 mN). The CA-flax preforms possessed a transverse
tensile strength of 268 + 24 kPa, whereas flax preforms had no
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Fig. 1. FTIR transmittance spectra of untreated flax and CA-modified flax fi-
bres. (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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measurable transverse tensile strength. The tensile rupture force was
similar for flax and CA-flax yarns (Supplementary data, Table S3 and
Fig. S2). These results show that flax fibres have good compatibility with
CA, and a uniform CA film can be achieved by dip-coating flax fabrics in
CA-acetone solution. Furthermore, the CA bonds the flax fibres/yarns
together so that it has enough structural integrity to be regarded as a
flax-CA preform fabric.

3.2. Composites

3.2.1. Morphological properties

In Fig. 3, the morphology of UD flax/epoxy and CA-flax/epoxy
composites is compared. The CA-flax/epoxy presents a well-organised
ply architecture, and the spacing between yarns and plies is consis-
tent. The distribution of flax yarns within flax/epoxy is relatively
random, and resin-rich areas (without fibre) are more extensive than in
CA-flax/epoxy. The more organised ply architecture of the modified
composites can be due to the higher stiffness of the CA-flax fabrics than
of the unmodified UD flax fabrics. Better flax fibre distribution within
the CA-flax/epoxy composites with a lower amount of resin-rich areas
can improve the ultimate behaviour of composites, such as fatigue and
impact resistance where resin-rich areas can negatively affect the
damage onset [23,35]. Both composites had a similar fibre volume
fraction (40%) and densities (1.21 + 0.30 g/cme').

3.2.2. Quasi-static tensile properties

Table 1 compares the quasi-static tensile performance of the pre-
pared composites. The flax/epoxy and the CA-flax/epoxy composites
with a [0]4 lay-up have almost the same longitudinal chord modulus of
elasticity (below 0.1% strain) in the range of 25 GPa and ultimate tensile
strength in the range of 260 MPa, respectively. The ultimate tensile
strain of the CA-modified laminates in the longitudinal and transverse
directions to the fibre direction are respectively 13% and 39% higher
than the corresponding values for the flax/epoxy; in the 45° orientation,
the failure strain is even 52% higher.

Fig. 4 A, B show the longitudinal tensile stress—strain plots for flax/
epoxy and CA-flax/epoxy laminates exhibiting very similar behaviour of
the composites. As shown in Fig. 4 B, the brittle failure mode of UD flax/
epoxy composites (transverse to fibre direction) changes into a more
ductile shear-type of failure along the fibre direction in CA-modified
composites, which is a favourable failure type in many structural ap-
plications. The failure along the fibre direction in longitudinal tensile
tests shows better interfacial toughness [19].

Fig. 4 C shows the representative stress-strain behaviour of the
composites under transverse ([90]4 lay-up) loading condition. The CA-
modified composite had ~13% lower transverse tensile strength than
the flax/epoxy version. The fibre/matrix adhesion between flax and
epoxy is partly based on covalent/hydrogen bonding [33]. In CA-flax/
epoxy, the adhesion is based on hydrogen bonding between flax and
CA-coating and covalent/hydrogen bonding between CA-coating and
epoxy resin, in addition to some microscale mechanical interlocking.
The presence of only hydrogen bonding between CA-flax can be the
reason for the lower transverse strength of CA-flax/epoxy. Similarly,
Koolen et al. [20] assigned the reduction in transverse strength of UD
flax composites having a silicone rich interface to the poor adhesion
between the silicone coating and epoxy matrix, which relies solely on
Van der Waals forces and few chemical bonds. The transverse tensile
modulus for flax/epoxy and CA-flax/epoxy composites are similar in
their value (a bit more than 4 GPa). However, CA-modified composites
exhibit a 39% higher transverse failure strain (compared to unmodified
flax/epoxy), which can increase the damage tolerance of composites
[36]. The comparison between transverse tensile fracture surfaces of
flax/epoxy (in Fig. 5) and CA-flax/epoxy (in Fig. 6) provides further
insight. In Fig. 5, the fracture surface of unmodified flax/epoxy is matrix
dominated (cohesive) without fibre failure as expected. The residual
epoxy on flax yarns in Fig. 5 A shows good fibre/matrix adhesion. In
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Fig. 2. SEM images of untreated and CA-treated flax yarns. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Fig. 3. Morphology of (A) UD flax/epoxy and (B) CA-flax/epoxy composites based on the pCT scans.

Table 1
Quasi-static tensile properties of the flax/epoxy and the CA-flax/epoxy
composites.

Lay-up Fibre E.1%) O Ultimate € Ultimate Tensile toughness
(GPa) (MPa) (%) MJ/m)
[0] 4 Flax 24.98 + 260 £ 7 1.66 £ 23.8+1.1
0.85 0.04
CA- 24.55 + 260 + 11 1.88 + 26.6 + 1.6
Flax 0.56 0.07
[90] 4 Flax 4.51 + 18.58 + 0.49 + 0.6 + 0.1
0.52 1.54 0.14
CA- 4.22 + 16.41 + 0.68 + 0.7 £ 0.1
Flax 0.74 1.31 0.13
[+45] Flax 5.21 + 67 +£2 3.72 £ 19.2 + 4.5
s 0.25 0.49
CA- 4.82 + 52+5 5.64 £ 23.6 £ 4.3
Flax 0.43 0.37

Fig. 5 B-D, the mirror-like (without texture) surface of epoxy in the
interlayer regions shows the brittle nature of failure [19].

In Fig. 6 A, the transverse tensile fracture surface of CA-flax/epoxy
demonstrates a preferential fracture at the fibre/matrix interface, un-
like flax/epoxy. The presence of fibre imprints and flax yarns without
bulk epoxy residuals indicates weaker fibre/matrix adhesion than for
unmodified flax/epoxy. In Fig. 6 B-D, scarps (cleavage steps) are evident
at the fracture surface of epoxy in the interlayer regions, which shows
the progressive nature of failure contrary to unmodified flax/epoxy. The
progression and coalescence of microcracks starting from the fibre
debonding sites dissipates energy by creating new surfaces and delays
the failure of composites [19] which explains higher elongation at
failure and plasticity of CA-flax/epoxy compared to unmodified flax/
epoxy. In Fig. 4 D, there is a comparison of the in-plane shear behaviour

of unmodified and CA-modified flax/epoxy composites with a [+45]
lay-up. Both composites indicate similar initial stiffness of around 5 GPa.
The +45° tensile strength of CA-flax/epoxy (52 + 5 MPa) is manifested
by extensive interlaminar and intra-ply shear failure. For flax/epoxy
(indicated +45° tensile strength 67 + 2 MPa), the failure mode is not
dominated by shear modes but by brittle fibre failure (as visible in the
micrographs of Fig. 4 D). The achieved increase in the overall shear
toughness is evident from the dissipated fracture energy (comparison
from integrated areas under stress—strain curves) that is 23.9 + 6.8%
higher compared to the non-modified composite. The ultimate failure
strain is 52% higher for CA-flax/epoxy (5.64 + 0.37%) compared to
flax/epoxy (3.72 £+ 0.49%).

Fig. 7 A, B show the brittle failure mode of flax/epoxy composites
dominated by fibre failures with minor shear deformation and the
mirror-like surface of epoxy within the interlayer regions. Fig. 7 C, D
show the fracture surfaces of CA-flax/epoxy after [+45]; tensile test. In
Fig. 7 C, the characteristic shear induced deformation of epoxy along the
fibre direction (known as cusp features) and fibre imprints are evident,
which indicate failure mainly based on shear loading [19]. Contrary to
the mirror-like texture of epoxy in flax/epoxy, the cleavage marks of
epoxy (known as scarps) are visible in Fig. 7 D, indicating the progres-
sive failure of CA-flax/epoxy and further dissipation of energy. So, the
CA modification allows extensive plastic deformation in shear for both
interlaminar and intra-ply modes. In summary, tensile toughness (area
under stress—strain curve) of CA-flax/epoxy composites with longitudi-
nal ([0]4) configuration is 11.6 + 1.4 % higher than for unmodified flax/
epoxy composites while both composites show similar transverse tensile
([90]4) toughness (Table 1). Specifically, CA-surface modification
significantly improves the tensile toughness of composite laminates
subjected to in-plane shear loading. These improvements are further
anticipated to lead to better impact damage resistance.
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Fig. 4. Quasi-static stress—strain results. Plot A shows all longitudinal test results, and plots B, C, D are examples of the typical, representative curves for longitudinal,
transverse and +45° tensile tests. (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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Fig. 5. The transverse tensile fracture surface of flax/epoxy (A, B, C, D). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

3.2.3. Flexural performance apparent interlaminar shear strength (ILSS) of flax/epoxy (27.41 + 0.44
Fig. 8 presents short-beam shear stress-displacement curves for flax- MPa) was 17% higher than for CA-flax/epoxy (23.27 + 0.53 MPa).
epoxy and CA-flax/epoxy composites with a [0/90]ss lay-up. The Thermoplastic surface modification of flax fibres with CA changed the
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Fig. 6. The transverse tensile fracture surface of CA-flax/epoxy (A, B, C, D). (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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Fig. 7. The [+45]; tensile fracture surface of flax/epoxy (A, B) and CA-flax/epoxy (C, D). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

failure mode from fibre failure (at the tension/bottom side of the sam-
ple, as shown in Fig. 8 I) into fibre/matrix debonding and delamination
(Fig. 8 II). CA-flax/epoxy follows a moderately progressive failure after
reaching the ultimate load peak — resembled by a significant increase in
ductility compared to the performance of flax/epoxy with a brittle
failure mode. The step-like force (stress) drops in Fig. 8 are believed to
occur due to local fibre-matrix debonding and delamination and local
fibre failure. The dissipated energy upon short-beam flexure of CA-flax/
epoxy (defined as the area under the short-beam force-displacement
curve) was equal to 2.77 + 0.29 J which was 95% higher than for flax/
epoxy (1.42 + 0.17 J). The improvement in the short-beam test energy

dissipation of flax/epoxy composites with CA-coating can be beneficial
for the damage tolerance of thin composite laminates subjected to local
impact incidents. These results indicate that the CA-surface modification
can impart a better toughness based on crack deflection due to increased
debonding and spread of damage compared to flax/epoxy composites
under flexural load.

3.2.4. Impact performance

Fig. 9 illustrates examples of the typical contact force-central
displacement traces of the drop-weight impacted specimens (3 J, 18 J
and 21 J energies) for the [0/90]3; lay-ups. In the initial loading phase,
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Fig. 8. Short-beam shear stress-displacement curves and failure mode analysis together with cross-sectional micrographs. (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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Fig. 9. Typical contact force-central displacement traces of the flax/epoxy and the CA-flax/epoxy composites at 6 J (A), 18 J (B), and 21 J (C) drop-weight impact
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contact force-displacement curves extend linearly from the origin to-
wards the maximum force. The maximum contact force in drop-weight
impact incident of composites indicates the resistance of specimens
against impact event and mainly depends on fibre strength [8,10,16]
and fibre dominated ultimate fractures [16]. Right after reaching the
maximum force, shown in Fig. 9, the damages develop and propagate
within the composite while the impactor still moves against the spec-
imen until the movement stops at the turning/rebound point. The
extension of the force fluctuations in the zone (between loading and
rebound phases) is typically associated with various damages (e.g.,
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delamination, shear-induced and bending induced matrix cracks, and
fibre failure) [8,37]. The energy absorbed during the impact incident is
equal to the enclosed area under the force-displacement curve (hys-
teresis loop), and the recovered (elastic) impact energy is equal to the
difference between total impact energy (area before a rebound) and
absorbed energy [38]. In the perforation impact incident, the specimen
absorbs all the impact energy, and there is no recovered elastic impact
energy like the contact force-displacement curve of unmodified flax/
epoxy in Fig. 9 C.

In Fig. 9, the extent of damage (displacement within the fluctuation
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Fig. 10. Maximum drop-weight impact force (A) and Charpy impact strength (B) of composites. (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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phase) increases for tests with impact energies from 6 J to 21 J. The
extent of damage progression within CA-flax/epoxy is lower than in the
case of flax/epoxy. The lower damage progression indicates that the
impactor encounters continuous, ductile resistance when penetrating
the composite system due to the CA-flax/epoxy’s higher toughness.
Naturally, the suppressed impact damage of flax/epoxy with CA-surface
modification is anticipated to enhance the post-impact-tested residual
flexural/compression strength [10,13].

Fig. 10 A shows the maximum drop-weight contact force of com-
posites subjected to impact energies from 3 J to perforation energy
which is 21 J for unmodified flax/epoxy and 30 J for CA-flax/epoxy. The
contact force of flax/epoxy got enhanced by 12% for all impact energy
levels with CA-modification, which was expected according to the
higher toughness of the CA-flax/epoxy composite (see Table 1). Like-
wise, in Fig. 10 B the Charpy impact strength of UD flax/epoxy com-
posites with a [0]4 lay-up was 71 + 6 kJ/m?, which got improved by
38% (to 99 + 10 kJ/m?) due to the CA-surface modification The brittle
fracture mode of UD flax/epoxy composites related to the Charpy impact
tests transformed into a combination of fibre debonding and delami-
nation with the CA surface modification (as reported in Supplementary
data, Fig. S4).

Fig. 11 A, B clearly show the contribution of CA-surface modification
to the perforation resistance of flax/epoxy composites. The impactor’s
overall contact time with CA-flax/epoxy specimens is lower than for
flax/epoxy specimens, which indicates that CA-modified composites
have a better resistance against impacts — better overall elasticity under
impact loading. After 15 J, flax/epoxy composite absorbed almost all the
(initial) impact energy and transferred it into ply failure and, finally,
complete perforation and almost no recovered elastic energy occurred at
21 J. Fig. 11 B shows that the CA-surface modification enhances the
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perforation energy of flax/epoxy by 42% to 30 J which is a significant
contribution to the impact resistance and safety of flax/epoxy compos-
ites. Based on the results from tensile tests, tensile shear tests, and short
beam flexural tests, the higher perforation energy of CA-flax/epoxy is
due to the higher interfacial toughness and ductility of the CA-modified
composite laminates.

Fig. 11 C, D compare the absorbed and recovered (elastic) impact
energies, respectively. The absorbed energies of flax/epoxy and CA-flax/
epoxy increase linearly with impact energies. Both composites have very
similar absorption capability for energies of 3J and 6 J. At9, 12,15, 18
and 21 J impact energies, the flax/epoxy, respectively, absorbed 1.7%,
4.6%, 7.7%, 8.5%, and 5% more impact energy than the CA-modified
composite. The reason for the higher energy absorption of unmodified
flax/epoxy is the greater extent of damage compared to CA-flax/epoxy
[10,16]. The recovered (elastic) energy, shown in Fig. 11 D, increases
linearly from 3 J to 9 J for modified and unmodified composite speci-
mens. The recovered energy of flax/epoxy starts to decrease after the 9 J
energy level to zero at 21 J, indicated by the final perforation of these
reference composites. Based on Fig. 11 D, the perforation threshold
energy (defined here as the point where recovered energy starts to
degrade) shifts from 9 J (for flax/epoxy) to 15 J (66% improvement)
with the CA thermoplastic fibre surface modification.

Fig. 12 presents typical damage patterns of flax/epoxy composites
subjected to low-velocity impact. The majority of matrix cracks and
local fibre failures are towards the rear-face, and shear induced matrix
cracks are seen near the mid-plane of composites [10,37], similar to
Fig. S7 and Fig. S8 micrographs in the supplementary data.

Fig. 13 A compares the damage in flax/epoxy and CA-flax/epoxy
specimens subjected to drop-weight impact incidents. Both flax/epoxy
and CA-flax/epoxy specimens do not significantly damage after a 3 J
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Fig. 11. Energy-time history of 3 J to complete perforation impact energies for flax/epoxy (A) and CA-flax/epoxy (B) composites and their corresponding absorbed
energy (C) and recovered energy (D). (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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impact except for minor matrix cracks on the composites’ rear-face
(12th ply defined in Fig. 12 B). After the 6 J impact, a fibre failure is
evident at the rear-face of the flax/epoxy specimen, but no damage is
visible for CA-flax/epoxy (detailed microscopy images are available in
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the Supplementary data, Fig. S7). After 9 J and 12 J impacts, shear-
induced matrix cracks near mid-plane were noted for flax/epoxy
(being more severe for higher energy impact), but only local fibre/ma-
trix debonds at 6th and 7th plies were visible for CA-flax/epoxy. These
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Fig. 14. Through thickness damage patterns of flax/epoxy (A) and CA-flax/epoxy (B) specimens after 15 J drop-weight impact incident. (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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damages are visible in microscopy images in Supplementary data
(Fig. S8). In Fig. 13 B, the permanent surface deformation at the rear-
face of flax/epoxy (based on the profilometer surface measurement on
12th ply) is increased from 0.5 mm after the 9 J impact incident to 2 mm
after the 12 J impact, which is considerably higher than for CA-flax/
epoxy specimens.

Fig. 14 compares in more detail the damage of flax/epoxy and CA-
flax/epoxy specimens after 15 J impacts. Flax/ epoxy specimen expe-
riences a six ply breakage, interfacial debonding, and ply splitting.
However, CA-flax/epoxy specimens exhibited only fibre failure at the
rear-face and fibre/matrix debonding at 90° plies (namely 2nd, 4th, 6th,
7th, 9th, and 11th plies). The limited fibre breakage in CA-modified
composites compared to unmodified ones corroborates with the higher
recovered elastic energy of CA-flax/epoxy compared to flax/epoxy,
especially at 12 J (by +43%), 15 (by +354%), and 18 J (by +1452%)
impact energies in Fig. 11 D. The profilometer-measured rear-face sur-
face deformations of unmodified and CA-modified flax/epoxy specimens
after the 15 J impact test (in Fig. 13 B) correlate with the cross-sectional
optical microscope images. Similar improvement with the CA surface
modification was evident after the 18 J impact energy test. In toughened
multi-axial cross-ply composites (with thermosetting resin), fibre split-
ting only appears within the outer ply (rear-surface) without extensive
delamination and splitting on internal plies [16] as in the case of CA-
flax/epoxy.

Our results showed that it is possible to control how the impact
damage manifests itself in flax/epoxy composites from ply splitting and
extensive fibre failure to fibre/matrix debonding (at 90° plies) and fibre
failure at rear-face ply (Fig. 14). The findings showed that interfacial and
interlaminar toughness plays a critical role in the damage resistance of
flax/epoxy composites and agrees with previous reports for different
composites [10]. This investigation revealed a potential to control nat-
ural fibre composites’ impact damage progression with cellulose-based
thermoplastic surface modification. Especially the 42% improvement
in the perforation energy of cross-ply flax/epoxy composites with CA-
surface modification can promote the further application of natural
fibre composites in structural applications such as automotive, where
impact resistance is critical. In future work, the fatigue performance of
flax/epoxy composites will have to be analysed to understand further
the quantitative toughening effects on dynamic load range and practical
load spectra.

4. Conclusions

This paper presents a novel surface modification method to improve
the interfacial toughness and low-velocity impact resistance of flax/
epoxy composites by deploying thin (=3 pm) and distinct biobased
cellulose-acetate (CA) thermoplastic coating at the fibre surface. The
CA-modification allowed extensive plastic deformation in shear for all
quasi-static loading modes. Short-beam flexural testing showed a 17%
decrease in apparent interlaminar shear strength of flax/epoxy com-
posites with CA-modification. However, the CA-surface modification
altered the brittle catastrophic failure of flax/epoxy composites into
progressive failure with considerably larger energy dissipation based on
crack deflection due to increased debonding and spread of damage. The
maximum drop-weight impact contact forces of cross-ply CA-flax/epoxy
laminates were 12% higher than for flax/epoxy for all the tested impact
energies. Similarly, the Charpy impact strength of UD CA-flax/epoxy
was 38% higher than for flax/epoxy. The CA-treatment enhanced
perforation threshold energy and perforation energy of flax/epoxy by
66% and 42%, respectively. The CA-surface modification significantly
improved the recovered (elastic) energy of flax/epoxy composites. The
improvement in the recovered energy manifested itself with a lower
extent of fibre failure. The surface modification presented in this
investigation provides the potential to manipulate the damage pro-
gression due to dynamic loads, such as impact.
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