
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/24181

To cite this version :

Racha MANAII, Svetlana TEREKHINA, Chandreshah LAL, Nasir SHAFIQ, Davy DURIATTI,
Laurent GUILLAUMAT - Influence of fibre orientation, moisture absorption and repairing
performance on the low-velocity impact response of woven flax/Elium® thermoplastic bio-
composites - Journal of Composite Materials - Vol. 57, n°23, p.3601-3618 - 2023

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/24181
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


Influence of fibre orientation, moisture
absorption and repairing performance on
the low-velocity impact response of woven
flax/Elium® thermoplastic bio-composites

R Manaii1,2, S Terekhina1, L Chandreshah3, N Shafiq3, D Duriatti2 and L Guillaumat1

Abstract
The importance of natural reinforced bio-composite materials with desirable properties such as high modulus-to-weight
ratio, good impact resistance, and the ability to be easily repaired is crucial in the industry. A woven flax/Elium®

thermoplastic bio-composite is manufactured to challenge these needs. Elium® is the only resin that permits the
manufacture of large parts with thermoset-like processes, as Liquid Resin Infusion presented in that work. The paper
highlights the influence of stacking fibre orientation, moisture absorption, and repair aptitude on its impact resistance.
An instrumented drop tower was needed to conduct low-velocity impact tests at several energies and high-speed image
coupled with microscopic observations was used to assess the damage evolution. The impact resistance was improved
for the dry (0/90)6 orientation, but moisture absorption decreased its impact peak force by 20%. A three-point bending
test was preferred to compression after impact for studying the residual properties after impact. The bio-composites
with (±45)6 orientation showed higher impact residual performance than the (0/90)6 orientation, and corresponded to
the reduction of maximum bending force by 20% than that of the reference. In addition, a thermo-compression process
was applied to repair the impacted plates and conduct multiple impact/repair cycles which showed a significant recovery
of stiffness and maximum impact force at 4J on (0/90)6 plates, highlighting their potential for repair in the automotive and
marine industries.
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Highlights
· Impact behaviour of the woven flax/Elium® ther-

moplastic bio-composites is highlighted
· Influence of stacking orientation, moisture uptake and

repair aptitude is studied
· Impact resistance for the dry (0/90)6 orientation is

improved
· Best impact residual performance for (±45)6

orientation
· Interesting potential to repair is observed.

Introduction

The extensive usage of fibre reinforced polymer matrix
composites has paved the way to produce novel com-
binations of materials for various applications, such as

shipping, aerospace, automobile. Various fibres (syn-
thetic or natural) and matrices (thermoset or thermo-
plastic) have been experimented with for manufacturing
these composites. Among them, thermoplastic (TP)
composites have gathered significant attention due to
their recyclability, rapid manufacturing, thermo-formation
and damage repair, higher modulus-to-weight ratio and
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impact absorbing.1–3 However, the higher viscosity of the
thermoplastic resin in the molten state can impair fibre
impregnation, which consequently limits their use in
Liquid Resin processes that are still common for thermoset
applications (as for boat hull, aircraft fuselage…). In ad-
dition, the TP matrices are available in film or pellet forms
and require high-temperature processing and costly
equipment, like autoclave and hot press.3,4 Therefore,
there is an increasing demand for a thermoplastic resin that
can be processed at room temperature and provides out-
standing impact and mechanical properties. The liquid
thermoplastic acrylic-based Elium® by Arkema over-
comes this problem. Nowadays, it is the only resin that
permits the manufacture of large parts using thermoset-like
processes at room temperature, such as pultrusion, Bladder
Assisted Resin Transfer Molding, or Liquid Resin Infusion
(LRI).5–7 However, to ensure the long-term structural
safety and durability of composite structures, materials
with high impact resistance are necessary to minimize the
degradation caused by impacts during their service life.
The damage may be caused, for examples, by the dropping
of the tool while in maintenance, bird strike, runway debris
hitting, etc. So, impact damage is a serious challenge as it
significantly degrades the structural integrity of the
composite and sometimes generates not visible to the
naked eye damage.8 The latter is one of the major obstacles
to its maintenance.9 During the low-velocity impact test,
the different damage mechanisms affect the structure in-
ternally like delamination at the interface between layers,
matrix cracking, fibre/matrix debonding, and fibre
breakage.10,11 Therefore, various approaches have been
exploited to improve the impact resistance and damage
tolerance of composite. They include the choice of fabric
architecture,10 the toughening of thermosetting resin by
adding the nano-particles,12,13 or the use of z-fibre pinning
to avoid delamination.14 Despite their abundant use,
unidirectional composites (UD) exhibit poor resistance
under transverse loadings involving delamination, matrix
damage, and fibre failure.8,15 The woven composites based
on the polymeric resin are assumed to improve impact
energy absorption10 and inter-laminar fracture toughness,
resulting in greater resistance to delamination16 when
compared to unidirectional (UD) laminated composites. It
is necessary to note that the acrylic TP Elium® based
composite has shown better damage energy absorption
capacity compared to the epoxy-based one.6,17 Already
the processing,5–7,18 vibration damping,19 the fracture
toughness (Mode I),20,21 and mechanical properties22,23

attributes of the composite system manufactured with this
resin are investigated in detail. However, above mentioned
researches concern usually, the Elium® based composites
reinforced by synthetic fibres (glass or carbon).6,7,24

Nevertheless, given the issues of global warming, high
energy consumption, and pollution associated with

synthetic composites derived from petroleum products,
there is an urgent need to investigate the impact properties
of natural fibre/Elium® composites. Natural fibres have
some interesting characteristics. They are cost-effective,
renewable, available in high quantity, have low fossil-fuel
energy requirements, and can offer good physical and
mechanical properties (low density, good specific me-
chanical properties, vibrational damping, and impact
absorbing).25,26 They are now considered a serious al-
ternative to glass fibres for reinforcement in polymer
matrix composites.27,28 Composites based on plant fibres
are used in automotive parts (car bumpers, doors, space for
a spare wheel and sports car rear wing, front and rear
aprons, front spoiler, front, and rear lids as well as the
mudguards and diffuser) to reduce the mass of components
and decrease production energy consumption by 80%.1

Therefore, the combining beneficial properties of each
constituent make the use of flax/Elium® composites at-
tractive, highlighting their potential for different wide-
spread applications, especially in automotive and marine
industries. The additional advantage of these composites is
their post-thermoformability which offers new material
assembling possibilities.5,29

The damage caused by a low-velocity impact can be
repaired by different methods such as patch, bolted and
bonded repairs, fusion repair, or post-thermoformability.2,5,11

The latter is interesting thanks to the fusion capacity of
thermoplastic resin. It is enough to apply heat and
pressure for repairing the damaged region. Reyes and al.
Show that the 4-point bending test of the repair after low-
velocity impact at 16J by simple compression molding
samples reveals a significant recovery in the flexural
strength and modulus of the thermoplastic woven glass/
PP composites.11 This is available for both considered
fibre volume configurations of 50/50 and 20/80 in the
warp and fill directions. He also underlines that the
maximum recovery of post-impact residual properties is
limited by fibre breakage damage.

The impact resistance of bio-composites is also affected
by extreme environmental conditions, such as temperature,
humidity, or hygrothermal ageing. Moisture absorption is
one of the very important issues that need to be resolved to
achieve better performance of plant fibres and their
composites since they can absorb more water than syn-
thetic fibre composites.30 The authors conducted a liter-
ature review to examine the influence of hygrothermal
ageing on the impact properties of the composites and
found that the damaged area of aged samples increased
under low-velocity impact, resulting in decreased post-
impact performance.31,32

It is clear that further studies are necessary for the
development of eco-friendly composites based on the
Elium® matrix for their effective use in structural ap-
plications. Furthermore, the quantification of the residual



strength after impact and the investigation of damage
repair is paramount for the successful use of thermo-
plastic composite materials.

Current research is focused on investigating the impact
benefits offered by the novel room temperature cure reactive
liquid Methyl-methacrylate (MMA), Elium® thermoplastic
resin composite reinforced by woven flax fibres. The paper
highlights the influence of stacking fibre orientation,
moisture absorption and repair aptitude on its low-velocity
impact resistance.

Material and manufacturing process

Material properties

The bio-composite used in the study composes of the
thermoplastic Elium®188 resin, recently formulated by
Arkema (France), and the flax 2/2 twill weave fabric
(Figure 1(a)) produced and provided by Depestele company
(France). The fabric weight is 360 g=cm2. The physical and
mechanical properties of the studied bio-composite, as also
its constituents are given in Table 1.

One big challenge of the flax fibres is that they are
hygroscopic, which means that they readily absorb moisture
from their surroundings. To overcome this problem, the
drying of the fibres before the infusion process was carried
out at 60°C in a vacuum oven for 6 h. This time is required
to stabilize the weight loss of the fibre.

Woven twill flax/Elium® plates compose of six layers.
Two stacking sequences for dry condition were considered:
ð0=90Þ6 and ð±45Þ6.

Since the flax fibres are sensitive to moisture uptake, the
samples with stacking orientation ð0=90Þ6 were exposed to
hygrothermal ageing in a climatic chamber (EXCAL 2211-
HA, France), as recommended by ISO62 (2008-05-01)
standard,34 before the impact tests to assess the effect of
moisture on their impact performance. The latter was aged
at 70°C and 75% of relative humidity for about 2 months to

follow an complete evolution of the mass uptake
(Figure 1(b)). However, only the samples with maximum
moisture uptake were considered for the impact tests and
referenced as 75%RH_090. The choice of that woven fibre
stacking orientation is motivated by its supposed better
impact resistance (higher contact stiffness) than in the case
of ð±45Þ6 one, and therefore, the influence of material
properties (moisture uptake of flax fibres) on its impact
performance.

The mass gain of aged samples is expressed in % by:

Mt ¼ mt � m0

m0
� 100 (1)

wherem0 andmt are the masses of samples measured before
ageing and at instant t of ageing respectively.

Results of hygrothermal condition show that the maxi-
mum moisture uptake (1.57±0.17%) is reached after around
10 h1/2, followed by its decreasing, which means the bio-
composite is losing mass probably due to a hydrolysis
process (Figure 1(b)).

Manufacturing process

Liquid resin infusion. Composite plates of dimensions
1000 × 750mm2 and a thickness in the range of 4.5–
4.8 mm were manufactured using the Liquid Resin In-
fusion (LRI) process by CMP company (France) under a
vacuum pressure of �0.95 bar (�95 kPa) at room tem-
perature. The process consists of preparing first the glass
mold with a release agent, then depositing of dry fibres
with the desired stacking sequence, followed by a peel ply
as well as an infusion complex composed of a micro-
perforated film and an infusion mesh to facilitate the resin
migration. Finally, an impermeable film was attached to
the mold with an adhesive sealer. This vacuum bag
contains a resin inlet initially closed and an outlet con-
nected to the vacuum pump. The resin has been degassed

Figure 1. (a) Flax twill fabrics from Depestele, (b) Evolution of the mass uptake during hygrothermal ageing: black, red and blue color
points represent three batches composed of three samples tested during the hygrothermal ageing.



before infusion for better specimen quality. The summary
view of this process is shown in Figure 2.

The fibre volume fraction Vf of obtained samples was
corresponded to 39%.

Thermo-compression process. A thermo-compression pro-
cess was used to repair the impacted plates with the fol-
lowing methodology:

- Setting up the temperature of the press to 200°C to
attend to the melting temperature of Elium®;

- Applying the pressure of 5.5 kPa for 5 min;
- Cooling with natural convection to room temperature
(about 2 h).

Measurement and characterization

Methodology description

First, the woven twill flax/Elium® composites with
stacking orientation of (0/90)6 and (±45)6 will be subjected
to impact energies between 7 and 22 J using an in-
strumented dropping weight impact tower. Second, dry
and aged impacted samples of that composite with (0/90)6
stacking orientation will be compared at the considered
applied impact energies. Finally, the possibility of damage

repair after impact of (0/90)6 flax/Elium
® composites will

be investigated using a thermo-compression process. The
repair samples will be subjected to multiple impact/repair
tests at impact energies of 4 and 7 J to evaluate their
stiffness and maximum impact force recovery. In addition,
the impacted and undamaged dry (0/90)6 and (±45)6 flax/
Elium® composites will be tested under 3-point bending
loading conditions to evaluate the effect of impact energy
on residual flexural properties.

Low velocity impact (LVI) tests

The low-velocity impact tests were performed with the in-
house drop weight impact tower (Figure 3(a)). The setup
consists of the dropping carriage with an impactor sliding
on the guide rails and two fixed metallic supports with the
clamping system of the sample shown in Figure 3(a). The
principle is to fall free the dropping mass and impact
the sample at the centre in three-point bending configu-
ration. The impactor used for the impact tests is hemi-
spherical in shape with a diameter of 16 mm, as
recommended by the Airbus standard AITM 1-0010.35 The
total mass, including carriage and impactor is approxi-
mately equal 1 kg. Two laser and piezoelectric sensors
were used for measuring the displacement of the impactor
and sample deflection, and the load respectively, during the
impact. The laser sensor for monitoring the sample de-
flection is located underneath it and pointed at its centre.

Impact samples of dimensions 100 × 150 × 4:5mm3 have
been cut from the plates of dimensions 1000 × 750mm2

according to Airbus standard AITM 1-0010.35 All the
specimens were then stored in the dry atmosphere of a
desiccator prior to testing. The ambient conditions during
tests were 23°C and 50% RH.

LVI parameters. The impact velocity is determined from
the experimental curve of the impactor’s displacement
versus test duration and corresponded to its slope. The
latter is compared with the theoretical one, estimated by
equation (2):

Table 1. Physical and mechanical properties of the bio-composites considered in the present work.

Properties Elium®18829 Flax fibres33 Flax fabric

Woven flax/Elium®

composite

Standard(0/90)6 (±45)6

Density (kg/m3) 1.19 1.45 — 1.2 ± 0.02 ISO 527
Surface density (g/cm2) — — 360 —

Viscosity (mPa.s) at 25°C 100 — — —

Tensile modulus (GPa) 3.2 12-85 — 11.5 ± 0.4 3.6 ± 0.1
Ultimate tensile stress (MPa) 66 600-2000 — 110 ± 4 55 ± 4
Elongation at break, A (%) 2.8 1–4 — 1.6 ± 0.15 15.3 ± 1.25

Figure 2. Preparation of the components and infusion process.



Vth ¼
ffiffiffiffiffiffiffiffi
2gh

p
(2)

Table 2 summarizes the impact test conditions for the
considered bio-composites. Table 2 shows a relative de-
viation of about 10–15% between the true and theoretical
values of impact velocity due to the test conditions: wear
between the dropping carriage and the guide rails, wear of
the air, etc. We made the choice to consider the theretical
heights and measure the real velocities. Note, the choice of
4J and 7.5J of impacted energy for the repair samples is
justified by generation or not the fibre breakage after the
impact.

For each considered condition, the tests were repeated
three times for validation to ensure test repeatability.

In the present study, the improvement of the impact
property will be quantified in terms of the maximum load
peak and the deflection corresponding to the maximum load
increase, but also it will be evaluated in terms of absorbed
energy and the contact duration. During the impact, the
energy is decomposed into two parts: an absorbed energy
and an elastic energy36,37 (Equation (3)) (Figure 3(b)).

Elastic energy (Eelastic), can be defined as the amount of
energy recovered after impact and absorbed energy
(Eabsorbed) as the difference between incident impact and
elastic energies. Also, the area under the force-deflection
curve gives the amount of energy that has been absorbed by
the system: sample, impactor, and boundary conditions26

(Figure 3(b)). This energy shows the part of the impact
energy that was not returned to the impactor (case without
perforation of the sample). The absorbed energy can also be
simply estimated from equation (4).37 Both integration of
force-displacement impact curves and equation (4) are
considered in this study.

Eimpact ¼ Eabsorbed þ Eelastic (3)

Eabsorbed ¼ 1

2
m
�
V 2
i � V 2

r

�
(4)

where m is the impactor mass (kg), Vi and Vr are impact and
rebond velocities respectively, (m/s).

The temporal evolution of the contact force during an
impact could be described by the relationship derived from a

Figure 3. (a) Drop weight tower; (b) Schematic view of the definition of impact energy.

Table 2. Impact test conditions for the considered bio-composites.

Test
condition Orientation

Height
(m)

Theoretical impact velocity (m/s),
equation (2)

Impact velocity
(m/s)

Impact energy (J),
equation (3)

Standard
deviation

dry (0/90)6 1 4.43 3.89 7.5 0.36
2 6.26 5.0 12.5 1.40
3 7.67 6.54 21.4 1.50

Aged (0/90)6 1 4.43 3.87 7.5 0.36
2 6.26 4.98 12.43 1.40
3 7.67 6.5 21.1 1.50

Repaired (0/90)6 0.5 3.13 2.82 4.0 0.2
1 4.43 3.87 7.5 0.36

Dry (±45)6 1 4.43 4.2 8.5 0.7
2 6.26 5.75 15.5 1.45
3 7.67 6.86 22.77 1.80



mass-spring vibration system, proposed by Schoeppner and
Abrate.38

FðtÞ ¼ V
ffiffiffiffiffiffiffi
Km

p
sin

� ffiffiffiffiffiffiffiffiffiffiffi
Kt=m

p �
(5)

tcontact ¼ πffiffiffiffiffiffiffiffiffiffi
K=m

p (6)

The relationships (Equations (5) and (6)) show the
stiffness structure and the impactor mass affects the contact
time. Since the latter was not varied throughout the tests,
only the stiffness could change and decreases as the contact
time increased.

The variables of equations (5) and (6) are: - F: Force,
V: Velocity, t: Time, K: stiffness constant, and m:
Impactor Mass.

Post-impact bending

The Airbus standard AITM1-0010 recommends realizing
compression after impact (CAI) tests to measure the re-
sidual resistance of impacted specimens.35,39 The CAI is a
suitable test when the impact induces delamination. The
latter has a significant effect (opening mode) during the
compression test if the sample length is situated in the load
direction. However, since the matrix of the present bio-
composite is thermoplastic, few delamination was ob-
served. Therefore, another mechanical loading is needed to
evaluate a better relevant post-impact performance. Ac-
cordingly, we have chosen to do a three-point non-
standardized bending test that most closely resembles
the impact configuration. The crosshead speed was 1 mm/
min. The test continues until 75% of the maximum force
supported by the sample. This is necessary to prevent the
sample from moving away at the end of the test. The tests
were performed on a 100 kN universal testing machine,
and the diameter of metallic supports is the same as for the
ones of low-velocity impact.

Damage characterization

Optical observation. The post-mortem damage mechanisms
of the impacted samples were observed using an optical
microscope Zeiss Axio Imager M2m (Germany). Before,
the samples were molded in epoxy resin and polished.

High-speed camera observation. As the contact duration of
the impactor/sample is around 10 ms, the use of a high-
speed camera is necessary. It allows us to analyze the local
instability phenomena during the impact, but also observe
the visual deflection profile of the sample. For comparison
reasons, the camera was set up at different angles to obtain
cross-reference images.

Profilometry. The Bruker optic profilometer was used to
measure the indentation depth after impact and the surface
damage profile. The aim is to quantify the impact damages
being subjected to by the samples.

Results and discussions

Impact response depending on the
stacking orientation

Impact load influence. The force versus impact duration at
different energy levels for both considered composites with
stacking orientation ((0/90)6 and (±45)6) is illustrated in
Figure 4. The curves show significant oscillations, which
are generally due to vibrations of the system elements
(samples, impactor, and boundary conditions). Note that the
shock can be assimilated to a temporal dirac which cor-
responds to a frequency white noise which activates many
frequency eigenmodes.38

In general, the curves show an increase in the contact
force up to a maximum value and then decrease until its
cancellation, which indicates the loss of contact between the
impactor and the sample. In the present study, a first peak,
corresponding to a first drop in the force, is observed very
early, around 1 ms. This phenomenon has often been linked
to a very local interaction between the impactor and the
sample due to the nature of the material, and mainly its
stiffness.7,40 Figure 4(a)–(d) also shows that the maximum
force increases with the impact energy (in the range of 7-
22J) and this is for whatever stacking orientation. It is also
possible to see that the maximum force is similar for the two
considered orientations as this was not expected. It could be
explained by both stiffness and damage influence on the
impact properties. In the case of (0/90)6 orientation, the
stiffness of the sample is twice higher that for the (±45)6
one, due to the orientation of fibres in the axis of the bending
load, which principally supported the impact. However, its
crack, and therefore, damage propagation is faster than in
the orientation (±45)6 due to the bending effect provided by
the clamped system (Figure 4(e)). For the latter, the cracking
is mainly oriented at 45° corresponding to the direction of
fibres that are not orientated in the bending axis, and
governed by shear phenomenon between the fibres
(Figure 4(f)). Note that the contact time increases with the
applied energy, which depends slightly on the stacking
orientation. It is greater for the (±45)6 than for the (0/90)6 of
about 22% and 10% for 12J and 22J impact energies, and
varies from 6 to 10 ms for the (±45)6. Therefore, the more
the incident energy increases, the more the damage de-
velops, which implies a reduction in the stiffness and
consequently, an increase in the contact time.

Deflection after impact. The deflection curves versus impact
time duration, measured at the centre of the back face



sample, are given in Figure 5. Note that the fluctuations on
the curves at 22 J corresponding to (±45)6 orientation are
due to noticeable local damage induced on the back
surface (see Figure 8(h)). Figure 5 shows the temporal
evolution of deflection that is not symmetrical. The curve
does not return to zero when the impactor leaves the
sample and subsequently when the contact force is
canceled.

A permanent deformation after impact is therefore
observed that could be explained by the nature of both
thermoplastic matrix and flax fibres. This is also con-
firmed by the fact that it increases with the impact energy,
varying from 1 to 6 mm. The permanent deflection de-
pends also on the choice of fibre orientation. It can be
observed that the samples with (±45)6 have a much higher
permanent deflection value (corresponding to 48.5% and

Figure 4. Load versus impact time for around: (a) 7 J, (b) 12 J, (c) 22J, (d) Peak force evolution versus impact energy. Back face of
damaged flax/Elium® bio-composites impacted at 12 (j) (e) (0/90)6 (f) (±45)6.

Figure 5. (a) Deflection versus impact time for around 7 J, 12 J and 22J, (b) max deflection evolution versus impact energy for (0/90)6
and (±45)6. orientations.



35% at 12J and 22J respectively) than the (0/90)6 ones for
energies higher than 8 J, as shown in Table 3.

Indeed, the samples with (±45)6 fibre orientation will
promote the role of the thermoplastic matrix and the fibre/
matrix interface cohesion, whereas the (0/90)6 samples
ensure the structure thanks to the fibres orientated at 0°. A
similar trend is observed for the evolution of the maximum
deflection as the applied impact energy increases
(Figure 5(d)) and the stacking orientation changes from 0°
to 45°. It is also confirmed by a good agreement with the
measurements by profilometry of the impacted depth
(Figure 6). Note that Figure 6 shows the scans with many
oscillations due to the surface condition of the samples,
which are rough and not perfectly flat. It is more pro-
nounced with increasing impact energy, and therefore
damage evolution. Once again, the indentation after impact
is deeper for (±45)6 samples than for (0/90)6 ones at impact
energies higher than 8J. It corresponds to 71% for the
samples (±45)6 at 22J. Therefore, the samples with
stacking orientation (0/90)6 present a better impact re-
sistance in comparison with (±45)6 one for the three
considered energy levels.

Absorbed energy effect after impact. The force-deflection
curves at 7J, 12J, and 22J are presented in Figure 7 for
both dry-considered stacking orientations. During the
impact, the kinetic energy of the impactor is transferred to
the plate and dissipated through the various damage
mechanisms. It can be seen that during the eventual re-
bound phase, not all the energy transferred to the plate is
returned to the impactor and the energy gap corresponds to
anelastic deformation and damage in the composite.36

Therefore, these curves permit to show both the role of
the damage accumulated and the energy dissipated during
the impact.

For the three considered levels of impact energy, the
absorbed energy seems to be proportional to the impact
energy (Figure 7(a) and (b)). This has often been ob-
served in the case of impact without perforation where the

absorbed energy is significantly higher and is usually
equal to incoming energy.41,42 The difference between
absorbed energy of (±45)6 and (0/90)6 stacking orien-
tation corresponds by 32% and 18% for the impacted
energies at 12 and 22J respectively. The shear failure
mechanism of +/-45° fibre orientation, as also the an-
elastic behaviour of the Elium® matrix and the flax fibres
are two main reasons of that increasing energy.43 Al-
though the samples with (±45)6 stacking orientation has
the highest absorbing capacities, the trend to reach the
sample perforation for that orientation is 16% higher than
for (0/90)6 one (the ratio of Eabs/Eimp corresponds to
87% and 73% at 22J of impact energy for (±45)6 and (0/
90)6 respectively).

Discussion. Above described impact tests have shown that
the [0/90]6 stacking orientation presents better impact
resistance than the (±45)6 one due to shorter contact time,
higher peak force, and less absorbed energy for the impact
energy higher than 8J. This trend was also generalized in
the literature by several researchers.41,42,44 However,
many studies suggested that adding +/-45° surface layers
in the (0/90) composite provides higher resistance to
impact and good post-impact compressive strength.41,45,46

Results show that (0/90/90/0) orientated composite had an
opening of inter-layer and more delamination lateral
spread which can be avoided using separation of 90 and
0 layer orientation of (90/-45/45/0) composite by -45° and
45° fibre.42

To compare the current impact properties of (0/90)6
woven flax/Elium® bio-composite with the literature re-
view, Table 4 presents its overview for similar woven re-
inforced composites.7,47–52 Particular attention has been
paid to the epoxy matrix reinforced by the flax fibres,47–49 as
it has similar properties to flax/Elium® composite. In ad-
dition, the Elium® based composites reinforced by the
synthetic woven fabric were also compared to the current
bio-composite.7,50,51

The overview of results highlights that the current 2/
2 twill woven flax/Elium® composite has similar impact
properties with epoxy-based composites.47–49 The peak
force of the studied composite is situated in the diapason of
epoxy-based one, corresponding to (1.2–3.0) kN for the
impact energy of (12–15) J. The average difference is about
5%. Concerning the impact absorbing capacity, the current
composite is about 32% tougher than epoxy-based com-
posite at (20–23) impact energies because of the brittle
behaviour of the latter. However, the current composite
tends faster extend the impact damage. Eabs/Eimp corre-
sponds to 73% against 30% and 65% for the same diapason
of impact energies.

Also, the literature review shows that woven glass and
carbon-reinforced Elium® composites are generally twice
stiffer than woven flax-reinforced ones. The peak force of

Table 3. Permanent deflection for dry and aged considered bio-
composites.

Orientation Impact energy (J)

Permanent
deflection (mm)

Dry Aged

(0/90)6 7.5 1.08 1.50
12.5 1.38 3.00
21.4 4.13 7.20

(±45)6 8.5 0.75 —

15.5 2.68 —

22.77 6.35 —



taffetas and twill woven glass/Elium® composites, as also
carbon woven/Elium® composites are 47%, 53%, and
45% respectively higher than twill woven flax/Elium®

one at the diapason of impact energy (15J–30J).7,50,51 In
addition, their absorbing capacity is also about twice
higher than the current bio-composite. However, woven
carbon/Elium® composite tends to perforate 27% faster

than considered one due to the brittle behaviour of carbon
fibres, while the latter extends 12% faster the impact
damage compared to glass fabric reinforcement (see
Table 4).

Finally, F. Javanshour et al.52 have also studied the LVI
properties of woven flax/Elium® composite. The authors
found similar absorbing capacity, but the peak force was

Figure 6. Profilometry scans of surface and indentation depth in the area of 25 × 25 mm2: (a) (0/90)6. (b) (±45)6. The scans represent
samples impacted at 22J.

Figure 7. (a) Force vs deflection during impact at 7 J, 12 J and 22 J, (b) absorbed energy comparison.



twice higher compared to the current composite one,
subjected to an impact energy of 21J and the same dry
environmental conditions. However, their composite
showed the perforation damage at that impact energy.

Post-impact damage observations

Visual observations. The post-impact visual observations
reveal an indentation mode on the front face due to the
compression under impact, and its depth increases with
applied impact energy (Figure 8). The orientation of the
fibre stacking also affects the shape of damage. For the
(±45)6 samples, the impacted front face shows deeper
indentation than for the (0/90)6 one at an impact energy of
22 J (Figure 8(g) and (h)). The back face of that (±45)6
sample exhibits an ‘X’ pattern damage represented by the
shear failure mode where either matrix crack, fibre/matrix
debonding, or fibre breakage propagates along the fibre
direction orientated at 45° to the bending axis. It is clear
that damage (transition from matrix cracking to fibre
breakage) extends with increasing impact energy
(Figure 8(d)–(h)). The latter is observed locally and af-
fects only the area near the impact, which is also in-
creased with applied impact energy. As for the (0/90)6

samples, a macro-crack is propagated widthwise and is
consequently parallel to the direction of the clamping
system. The size of the cracking increases with the ap-
plied energy level, going from 25 to 45 mm and finally to
95 mm, approaching the width of the plate. At least,
Figure 8(i) and (j) summarizes the damage evolution for
both considered bio-composites.

High-speed image observations. To complete the previous
visual observations and better understand the evolution of
plate deflection and damage as a function of impact dura-
tion, the high-speed camera was used. The overall mech-
anism is the following: when the impactor touches the
surface of the plate, it first compresses locally the bio-
composite that corresponds to moreover, the first peak on
the force-time curves (Figure 4(a)–(c)). Therefore, the in-
dentation occurs right at the impact point and forms the
crater more or less deeper, depending on the local stiffness
of the material, the impact energy, etc. Then, once the
maximum local compression has been reached, the plate
deforms globally, at which the macroscopic cracks appear
(Figure 9).

During the last rebound phase of the impactor, the plate
restores the elastic energy to the impactor by pushing it

Table 4. Overview of impact Properties of the woven Reinforced composites.

Composite material
Test
condition

Peak force
(kN)

Impact energy
(J)

Peak deflection
(mm)

Eabs/e
(J/mm)

Eabs/Eimp

(%) Ref

2/2 twill Woven flax/Epoxy
(0/90)5

2/2Twill Woven flax/PP
[0/90]10,

Plate thickness: 3.1 mm±
0.05 mm

2.2
2.2
1.9

6
12
12

3.9
4.6
4.1

0.5
1.7
1.8

25
43
47.5

47

2/2 twill Woven Flax/Epoxy
[0/90]8

Plate thickness: 6 mm

RT 3
—

13
23

5
-

1.2
2.5

54
65

48

Woven flax/Epoxy [0/90]5
Plate thickness: 2.5 mm

RT 1.2
1.2

15
20

10.54
16.55

2.15
2.4

36
30

49

Woven carbon/Elium® [0/90]8
Plate thickness: 1.57 mm

RT 3.8 15 3.6 8.2 86 50

2/2 twill woven Glass/Elium®

[0/90]4
Plate thickness: 2 mm

RT 5.7
6.7
6.5

30
40
50

10.9
10.8
11.4

9.75
16.5
21.3

65
82.5
85.2

7

Taffetas woven glass/Elium®

[0/90]4
Plate thickness: 2 mm

RT 3.1
4.2

10
20

— 3
6.25

60
62.5

51

2/2 twill Woven flax/Elium
[0/90]3S

Plate thickness: 5 mm

Dry
RT
RH

4.67
5.29
5.46

21
21
21

2.84
4.13
4.58

4.06
3.9
3.7

100
93
88

52

2/2 twill Woven flax/Elium®

[0/90]6
Plate thickness: 4.5 mm

Dry
RH (70°C)

1.7±0.2
2.0±0.2
2.2±0.1
1.75±0.1

7
12
22
22

7.5
7.5
13
15

1.0
1.7
3.6
3.9

60
62
73
80

This
work



back. The latter, in turn, will show a permanent deflection
due to the combined thermoplastic matrix/flax fibre be-
haviour and visible absorbed damage on its back face. As
expected, these phenomena are more and more intense by
increasing the impact energy.

Optical microscopic observations. Three different sections of
several samples were cut to investigate the damage. The
cutting plan is available in Figure 10(a). Area one is the
section close to the impact point and parallel to the rod
used to clamp the sample (also corresponding to the axis
of sample width). Area two is the section perpendicular
to the latter and runs along the axis of sample length.
Area three is the region far from the impact zone to
assume some or no damage due to the impact. As
mentioned above, the dry (0/90)6 woven flax/Elium®

composite demonstrated better impact performance. It is

interesting now to examine in detail its damage pro-
gression after impact and determine if it follows the
typical conical damage pattern with delamination that is
usually observed in unidirectional 0/90° composite
laminates.53 An overview of a cross-section of the ob-
served samples highlights the presence of indentation
left by the impactor. The impact indentation is naturally
deeper as the impact energy increases by confirming the
previous visual observations. The observed damage
mechanisms appear mainly in the impacted region of the
sample, as area one at 7J and 22J (Figure 10(b) and (d)).
The principal damage mechanisms identified for this area
are mainly fibre/matrix debonding. Matrix cracking in
the form of shear/bending failure was also observed, as
well as some delamination due to the stiffness difference
of adjacent yarns/layers (mainly developed at 0/90°
interfaces), and fibre breakage (due to locally high
stresses and indentation effects) with increasing of im-
pact energy. For the energies below 22J, the delamination
was few presented (Figure 10(b)). This is due to the
resistance to delamination of woven-reinforced
composites.16,41,42 As for the microscopic observa-
tions of area two of the (0/90)6 samples, the indentation
point was not visible. The principal damage mechanism
for this area is also some fibre/matrix debonding
(Figure 10(c)). This could be explained by the fact that
[0/90]6 samples are damaged in a V-shape and the linear
crack propagation is only visible on its widthwise cor-
responded to the area 1.

In addition, no damage was observed in area 3, which
was far from the impacted region (Figure 10(c)). This

Figure 8. Visual damage evolution after impact from 7 to 22J: (a), (b),(e),(f) - (0/90)6, (c), (d), (g), (h) - (±45)6. Left view – top surface and
Right view – back surface. Schema of damage observed for (i) (±45)6 and (j) (0/90)6.

Figure 9. Impact test with high-speed camera: images of
deflection evolution captured under two visual angles for the
(±45)6 flax/Elium

® composite.



proves that the damage after impact is local in the case of
woven fibre-reinforced composites.

Post-impact bending

As explained previously, it was considered that bending
tests are more suitable than compression ones to study the
residual properties after impact. Therefore, the stiffness and

the maximum force (for the same considered volume)
evolution of the impacted dry (0/90)6 and (±45)6 flax/
Elium® composites was compared to non-impacted ones
considered as the reference. Figure 11 shows the results
obtained for both bio-composites. It can be noted that the (0/
90)6 orientation has a greater sensitivity to the bending
loading than the (±45)6 one compared to the reference and
between them. Figure 11(a) shows the strong decrease of

Figure 10. (a) Areas of the plate cut for observation by optical microscope. Microscopic observations of the damages induced by impact
at (b) 7J and (d) 22J in the area 1; (c) 22J in the area two and 3. (1) matrix crack propagation, (2) delamination, (3) fibre/matrix
debonding; (4) fibre breakage.



residual stiffness and maximum force versus impact damage
at 7J–22J for that orientation. Its residual stiffness was 67%
and 47% lower regarding the reference and (±45)6 orien-
tation respectively subjected to impact energy of 22J. This is
expected because the macro-crack observed after impact
growths in the widthwise direction of the plate. A linear
relation seems to exist between the residual maximum
bending force and crack length vs plate width
(Figure 11(c)). By contrast, the (±45)6 orientation has a
similar residual bending behaviour for whatever the impact
energy applied. Their residual maximum bending force is
about 20% lower than that of the reference (Figure 11(b)).
This is probably due to the pattern of the damage because
the cracks are diagonally oriented to the bending loading
which impact is less evident on the residual bending
properties. Better residual tougher behaviour of (±45)6
orientation than the (0/90)6 one was also highlighted in the
literature.41,42

Influence of moisture uptake on the impact response

Figure 12 presents the results of the hygrothermal ageing on
the impact properties of the (0/90)6 woven flax/Elium®

composite. The force curves of aged samples show a similar
overall response, but are smoother than the unaged ones
(Figure 12(a)–(c)). It may indicate a softening (reduction in
the stiffness) of the sample due to ageing. Decrease of 10,
15, and 20% in the maximum impact load have been ob-
served at 7J, 12J, and 22J impact energies for the aged
samples.

The influence of hygrothermal ageing on the perma-
nent and maximum deflection behaviour of the current
bio-composite has also been studied with respect to the
evolution of impact energies applied (Figure 12(d)). The
maximum deflection of aged samples increases by 7%,
34.5%, and 14% at 7J, 12J, and 22J impact energies
respectively while the difference in permanent deflection
between aged and dry samples is higher 28%, 54%, and
43% respectively (see Table 3). It could be explained by

the flax fibres plasticized due to the moisture uptake
favorising the high deflection during the impact. The
same trend was observed by F.Javanshour52 for 90% RH
of (0/90) woven flax/Elium® composite. However, al-
though the ageing effect is evident in the deflection
evolution, no indication of a drastic degradation of impact
resistance has been noted. It could be attributed to the
Elium® matrix behaviour. It is well known that ther-
moplastic matrix-based composites offer good ability to
conserve their mechanical properties after hygrothermal
ageing.54

The force vs deflection curve analysis shows better
impact resistance of the unaged bio-composite, as already
noted for contact force and deflection (Figure 12(e)). A
reduction of 40% of the threshold is observed for the
aged samples in the same stacking direction (Figure 12(f)).
The absorbed energy of the aged samples increases due to
the damage accumulation and the plasticization effect of the
composite material.

In summary, the aged fibres modified the relative brittle
nature of flax- Elium composites through softening due to
the plasticising effect of moisture bound to fibres.55 Indeed,
both at humidity levels above 70% RH and high temper-
ature (70°C), water seeps into the fibre and disorganize the
microfibrils network, which cause its defibrillation and
leads to a decrease of the fibre strength, and therefore, the
LVI properties (peak force decrease and increase of max
deflection and absorbed energy).55,56 The decreasing of
impact properties under the hydrothermal ageing of the flax
reinforced composites has also been reported in the
literature.30,32

Repair

Thermoplastic matrices are known for their ability to be
repaired because they are fusible. Therefore, it is possible
to modify or repair the shapes of composite parts, by
heating its resin. In the present work, it was assumed that
if the low-velocity impact damage does not induce the

Figure 11. Residual performances after impact for dry (a) (0/90)6 and (b) (±45)6 flax/Elium
® composites; (c) Relation between the

residual maximum bending force vs crack length/plate.



fibre breakage, the composite parts could be repaired by
heating and compressing them again. Two impact ener-
gies were chosen for that: the first (7J) induces the fibre
breakage, and the second (4J) – none. The (0/90)6 flax/
Elium® composite is considered for the repair since its
characteristic impact damage on the back face is macro-
cracking propagated in the widthwise direction
(Figure 4(f)) and, moreover the physical geometry of the
plate remains relatively flat that facilities repairing. The
repair methodology is following: 1. Impact test con-
duction; 2. Repair through the thermo-compression cycle
described in Manufacturing process; 3. Repete n times the

points 1 and 2 to verify residual impact performance.
Figure 13(a) shows the load-time curves carried out at 7J
of impact energy and correspond to eight impact/repair
cycles. The repeated impact events are frequent in the
marine and aerospace structures.41 So, the understanding
of their behaviour after repair is primondial. As it could
be observed, the maximum impact force (peak force)
decreases by about 60%, wherever the contact duration
increases by 73% from the 1st to the 8th cycle respectively.
It confirms the fact that the impact properties of the plate
evolve with each impact/repair cycle applied because of
the fibres broken from the first cycle, which strongly

Figure 12. Load versus impact time for around: (a) 7 J, (b) 12 J, (c) 22J; (d) Deflection versus impact time for around 7 J, 12 J and 22J; (e)
Force vs deflection during impact at 7 J, 12 J and 22 J; (f) Peak force evolution versus impact energy; (g) max deflection evolution versus
impact energy; (h) absorbed energy comparison of dry and 75%RH (0/90)6 orientation.



affects the resistance to bending. However, it is possible
to see that even with fibre breakage the properties do not
change much between two successive curves
(Figure 13(a)). Figure 13(b) presents the results of the
second (4J) impact energy configuration. Contrary what
was observed, the maximum impact force begins to de-
crease at the 4th impact/repair cycle to reach about 14% of
its loss at the 5th cycle. A similar trend was observed for
the contact time duration: it increases only by 17%
against 73% shown previously. This difference is prob-
ably due to the breakage of fibres at an impact energy of
7J, which is irreversible. The results show the great
potential of flax/Elium® composite to its repair aptitude.
Figure 13(c) compare the peak force and the ratio Eabs/
Eimp evolution versus the impact number for both
considered impact energies. It confirms the trend of
impact peak force evolution observed in Figures 13a and
13(b). In addition, the absorbed energy evolution in-
creases linearly at 4J impact energy and up to 4th cycle at
7J. Note that slope of 4J impact energy is 78% lower than
at 7J one due to few damage accumulation at that energy.
In contrast, the ratio of Eabs/Eimp at 7J tends to decrease
from 4th to 6th cycle followed by slight increasing for the
second time. As the fibre was broken after the first impact,
the extend damage continues to progress even after repair
cycle up to intensify the maximum of fibre breakage
density (associated to decrease of Eabs/Eimp at 4th – 6th

cycles) and tend to reach the perforation damage (the
trend of second increase of Eabs/Eimp) (Figure 13(b)).
Additional studies through X-CT tomography analysis
are necessary to understand further the effect of multi-
impact/repair cycles on the material behaviour of
composites.

Conclusion

The present paper focused on the experimental analysis of
the low-velocity impact response of woven 2 × 2 twill

flax/acrylic thermoplastic resin (Elium®) composites. The
effect of impact energy, fibre stacking orientation, moisture
uptake, and repair aptitude has been highlighted. Between
two considered stacking orientations, the impact resistance
was improved for the dry (0/90)6 at impact energies higher
than 8J. The main characteristic damage of the current bio-
composite is fibre/matrix debonding, sometimes mixed by
matrix cracking in the form of shear or bending failure at
low impact energies and followed by local delamination and
fibre breakage at high impact energy (22J). A correlation
between impact energy, damage, and residual properties
was established. The (±45)6 stacking orientation offers the
best residual flexural performance by reducing its maximum
flexural force by only 20% at 22J impact energy. Moisture
conditioning of (0/90)6 flax/Elium® composite has shown
the decrease of 20% in the maximum force, and an increase
in the maximum deflection and absorbed energy of 14% and
11% respectively at 22J. The plasticization of flax fibres
favors more important deflection and absorbed energy
during the impact, by reducing their stiffness. However, no
indication of the drastic degradation of impact resistance has
been noted. Thermo-compression process was successfully
used to repair the impact-damaged (0/90)6 bio-composites.
Repetitive impact and repair cycles have shown a significant
recovery of stiffness, and maximum impact force up to the
4th cycle at 4J, highlighting the great potential of flax/
Elium® bio-composite to its repair aptitude.

Further investigations need to measure the LVI behav-
iour by FE computations to strengthen the experimental
results obtained.
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