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Unidirectional (UD) and cross-ply flax and glass fiber reinforced composites (FFRC and GFRC) are tested under four out-of-plane low velocity impact loads. A hybrid flax reinforcement was used, denoted UD-mat, which is made of a UD layer of continuous flax fibers bound to a flax fiber mat layer. For the mat binder, two types of short flax fibers are considered: unmodified fibers and refined ones. The laminates made of refined short flax fibers show the highest permanent and maximum displacements, for both UD and cross-ply laminates. Moreover, the peak load for the unidirectional FFRC with refined short flax fibers is lower than that with unmodified fibers, for example it is 25% lower at 11 J. When comparing with flax fiber laminates, the absorbed energy and energy absorption ratio are on average 40% lower for glass laminates but less damage is observed.

Several failure modes are observed in the flax laminates, while the main failure of the glass/epoxy laminates is delamination.

INTRODUCTION

The composite materials industry has been in continuous growth since the mid 20 th century. In 2021, 12 Mt of composites were produced worldwide, and it is projected to reach 15.5 Mt in 2026 [START_REF] Glowacz | Current trends in the global Composites industry 2021-2026[END_REF], which is equivalent to almost 30% growth. Research is currently devoted to the development of composites based on natural fibers to substitute, as far as possible, the use of synthetic fiber composites. The biodegradability, competitive specific properties, abundance, low cost, low energy consumption during production, good damping, and thermal insulation properties constitute the major advantages of natural fibers while being a renewable resource [START_REF] Dunne | A review of natural fibres, their sustainability and automotive applications[END_REF][START_REF] Militello | Low-velocity impact behaviour of green epoxy biocomposite laminates reinforced by sisal fibers[END_REF][START_REF] Karimah | A Comprehensive Review on Natural Fibers: Technological and Socio-Economical Aspects[END_REF][START_REF] Hoang | Non-Woven Flax Fibre Reinforced Polypropylene: Static and Low Velocity Impact Behaviour[END_REF]. Natural fibers have a wide range of applications when used in composites, for instance in the construction and automotive industries [START_REF] Ismail | Review on natural plant fibres and their hybrid composites for structural applications: Recent trends and future perspectives[END_REF]. One of the best bio-sourced fibers are flax fibers with their specific properties comparable to glass fibers [START_REF] Bos | Mechanical properties of short-flax-fibre reinforced compounds[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF][START_REF] Mohamed | Combining short flax fiber mats and unidirectional flax yarns for composite applications: Effect of short flax fibers on biaxial mechanical properties and damage behaviour[END_REF]. They are used in many sectors such as automotive, sporting goods and wind energy [START_REF] Yan | Flax fibre and its composites -A review[END_REF][START_REF] Pil | Why are designers fascinated by flax and hemp fibre composites?[END_REF][START_REF]The Green Nacelle: pioneering natural-fibre composites in wind energy[END_REF]. The production of flax fibers requires less energy than glass and carbon fibers [START_REF] Pil | Why are designers fascinated by flax and hemp fibre composites?[END_REF]. A better understanding and the enhancement of the performance and durability of flax fibre reinforced composites under different types of loads are essential to widen their applications and integration into more parts.

Despite their benefits, one of the major limitations facing current natural fiber composite (NFC) laminates is their response to low-velocity impacts [START_REF] Yuanjian | Combined impact and fatigue of glass fiber reinforced composites[END_REF]. Low velocity impacts are inevitable during the service life of composite structures. Different impact types might result in mild to severe damage in the materials and can affect their residual mechanical properties [START_REF] De Vasconcellos | Influence of low velocity impact on fatigue behaviour of woven hemp fibre reinforced epoxy composites[END_REF][START_REF] Scarponi | Low-velocity impact behaviour of hemp fibre reinforced bio-based epoxy laminates[END_REF][START_REF] Fischer | Impact damage assessment in biocomposites by micro-CT and innovative air-coupled detection of laser-generated ultrasound[END_REF]. Surface damage from low velocity impacts can be minimal, but internal structural damage may have significant failure mechanisms that affect structural integrity [START_REF] Thorsson | Low-velocity impact predictions of composite laminates using a continuum shell based modeling approach part A: Impact study[END_REF]. While targeting applications in dynamic environments, studies should be conducted to ensure a better understanding and improvements of the materials response to impact loads. The behavior of composites under low velocity impacts depends on several factors such as: fiber-matrix interface, fiber volume fraction, architecture and orientation of the fibers and matrix type [START_REF] Bensadoun | Low velocity impact properties of flax composites[END_REF]. To address this problem, some researchers performed studies on the impact behaviour of natural fiber reinforced composites. For instance, Liang et al. [START_REF] Liang | Impact behaviour of flax/epoxy composite plates[END_REF] investigated the effect of low velocity impact on [0/90/±45]2S quasi-isotropic flax/epoxy laminates. The impact damage developed first in the lower layers and then propagated towards the middle layers. Sy et al. [START_REF] Sy | Damage evolution in unidirectional and cross-ply flax/epoxy laminates subjected to low velocity impact loading[END_REF] worked on UD and cross-ply flax/epoxy laminates made of UD reinforcements and found that the majority of cracks propagated in the longitudinal direction for the UD fibers. For the cross-ply laminate, cross and butterfly shape defects appeared respectively on the rear and front sides at high energy levels. Both laminates exhibited a brittle behavior, with similar capacities for energy absorption at low impact energies. Some studies in the literature were carried out on the impact behavior of flax fiber reinforced composites (FFRC) based on flax fabrics reinforcement [START_REF] Bensadoun | Low velocity impact properties of flax composites[END_REF][START_REF] Panciroli | Comparing the impact resistance of flax/epoxy and glass/epoxy composites through experiments and numerical simulations[END_REF][START_REF] Ramakrishnan | Experimental assessment of low velocity impact damage in flax fabrics reinforced biocomposites by coupled high-speed imaging and DIC analysis[END_REF]. Some other studies address the same subject but with nonwoven reinforcements architecture [START_REF] Liang | Impact behaviour of flax/epoxy composite plates[END_REF][START_REF] Sy | Damage evolution in unidirectional and cross-ply flax/epoxy laminates subjected to low velocity impact loading[END_REF]. Few have compared their results with those of fiberglass composite laminates. Panciroli and Giannini [START_REF] Panciroli | Comparing the impact resistance of flax/epoxy and glass/epoxy composites through experiments and numerical simulations[END_REF] compared the impact response of quasi-isotropic epoxy laminates made respectively of flax fabrics and unidirectional (UD) glass plies. Impact tests were performed at energy levels of 3 J, 5 J, 10 J, 15 J and 20 J for FFRC and 5 J, 10 J, 15 J, 20 J and 30 J for GFRC (glass fiber reinforced composites) samples. They observed that when the contact force exceeds 1.5 kN, the load-time curves of the flax composites show noticeable oscillations. At this stage, a plateau appears in the force-displacement curves for the flax/epoxy composites corresponding to damage progression inside the laminate, with well-separated loading and unloading curves. In comparison, a 6.5 kN contact force was required for this phenomenon to occur in the glass/epoxy laminate. A UD-mat flax reinforcement developed using a laboratory-scale papermaking process has been the subject of different works by the authors [START_REF] Mohamed | Combining short flax fiber mats and unidirectional flax yarns for composite applications: Effect of short flax fibers on biaxial mechanical properties and damage behaviour[END_REF][START_REF] Habibi | Experimental investigation on the response of unidirectional flax fiber composites to low-velocity impact with after-impact tensile and compressive strength measurement[END_REF][START_REF] Marmonnier | Effect of the short flax fiber mat binder on impact properties of unidirectional flax composites made of UD-mat reinforcements[END_REF][START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF][START_REF] Ameri | Mechanical characterization and optimization of a new unidirectional flax/paper/epoxy composite[END_REF][START_REF] Mbakop | Experimental analysis of the planar compaction and preforming of unidirectional flax reinforcements using a thin paper or flax mat as binder for the UD fibers[END_REF][START_REF] Couture | Mechanical properties of polylactic acid (PLA) composites reinforced with unidirectional flax and flax-paper layers[END_REF][START_REF] Habibi | Experimental characterization of short flax fiber mat composites: tensile and flexural properties and damage analysis using acoustic emission[END_REF].

Denoted UD-mat flax reinforcement, it consists of a UD layer made of unidirectional flax yarns placed side-by-side and held together using a thin layer of flax mat used as a binder. Habibi et al. [START_REF] Habibi | Experimental investigation on the response of unidirectional flax fiber composites to low-velocity impact with after-impact tensile and compressive strength measurement[END_REF] analysed their impact response with conical impactors, made of different opening angles, for impact tests performed on UD-mat flax/epoxy laminates. They found that for low energy levels the cracks on the rear face were mostly parallel to the UD fibers. As the impact energy increased, cracks in the transverse direction began to appear and the area of damage expended. It was also concluded that under low velocity impacts, the opening angle of the conical impactor has an important effect on the induced damage. A flatter angle of the impactor and a higher impact energy generated areas with a higher level of damage. After impact, the drop in the mechanical properties of the composite would be linked to stress concentrations near the impacted zones. Another study by Marmonnier et al. [START_REF] Marmonnier | Effect of the short flax fiber mat binder on impact properties of unidirectional flax composites made of UD-mat reinforcements[END_REF] on the same UD-mat flax reinforcement used in this work show that the influence of the mat binder becomes noticeable at 12 J. At this energy level, the UD-mat flax/epoxy composites have higher stiffness and strength in the transverse direction, which increase the energy restitution capacity and avoid a full penetration of the sample. Until now, no studies have investigated the behavior of both UD and cross-ply flax laminates (made of UD-mat flax layers) under impact loads along with a comparison with glass fiber laminates. It is shown in the literature that glass and natural fibers (flax in the present case) have comparative values of intrinsic tensile modulus and strength (ratio modulus/density and resistance/density), flax being biodegradable while glass is not. The idea was therefore to compare these two types of fibers but this time for plates subjected to impact loads. Moreover, recent findings by Bernaoui et al. [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF] showed that surface fibrillation performed on the short flax fibers (using a paper mill refiner) enhances the tensile properties of composites made of these UD flax-mat reinforcements when compared to standard UD-mat flax layers. Following these findings, it seemed interesting to push the research further and investigate the effect of the fibrillation of the short flax fibers on the impact response of the corresponding UD-mat flax/epoxy laminates. So, in this work, the low velocity impact behavior of UD-mat flax/epoxy composite laminates is compared to that of glass/epoxy laminates with the same UD and cross-ply configurations (same number of plies and stacking sequences). The performance under impact loads of flax/epoxy laminates using refined fibers is then compared to untreated fibers. Load-time and load-displacement curves, along with the energy absorption ratios, visual inspection images, and microtomography scans are compared for the different laminates tested.

MATERIALS AND METHODS

Materials processing

The flax yarns used are continuous threads made of twisted short flax fibers. These yarns are prealigned using a flat winder system to form the UD layer of the reinforcement over which a short flax fiber mat phase is deposited using a dynamic former machine (which is a piece of laboratory equipment from the paper industry). At the end of the process, UD-mat flax reinforcement is the combination of the UD layer with the yarns maintained parallel by the mat layer which is called the mat binder. The fabrication process using the dynamic former is such that at the end, the mat is bonded to the UD yarns facilitating manipulation of the reinforcement. It should be noted that, the mat binder is produced using as-cut short flax fibers or refined short fibers consisting of surface fibrillated fibers. This is made with a mill refiner commonly used in the paper industry. The UD-mat reinforcements are manufactured using this procedure which is described in details in previous works [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF][START_REF] Ameri | Mechanical characterization and optimization of a new unidirectional flax/paper/epoxy composite[END_REF][START_REF] Mbakop | Experimental analysis of the planar compaction and preforming of unidirectional flax reinforcements using a thin paper or flax mat as binder for the UD fibers[END_REF][START_REF] Couture | Mechanical properties of polylactic acid (PLA) composites reinforced with unidirectional flax and flax-paper layers[END_REF][START_REF] Habibi | Experimental characterization of short flax fiber mat composites: tensile and flexural properties and damage analysis using acoustic emission[END_REF], so in the following sections only the major steps are given and the reader is invited to consult these works for more details.

Fibrillation of short fibers

Fibrillation, also known as refinement, is a traditional process used in the paper industry in an aqueous medium [START_REF] Akdim | Approche théorique du procédé de raffinage des fibres[END_REF]. By applying this technique, modifications of individual fibers are introduced where a partial loosening of the microfibrils on the surface of the fiber (to increase the fiber-matrix adhesion) takes place [START_REF] Afra | Comparative effect of mechanical beating and nanofibrillation of cellulose on paper properties made from bagasse and softwood pulps[END_REF]. For this work, the best refining parameters obtained by Bernaoui et al. [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF] are used. First, using a guillotine slider, Tex 5000 flax yarns supplied by Safilin Inc (France), are chopped into 6 ± 1 mm long short fibers. Second, short fibers are placed in a disintegrator supplied by Noram Quality Control and Research Equipment Limited (Canada) and homogenized in 1 L of water. Third, a thick sheet is obtained using a static former and finally, the sheet is torn into small pieces which are next placed inside a PFI (Paper and Fiber Research Institute) refining mill supplied by Noram Quality Control and Research Equipment Limited (Canada) consisting of a rotor and stator assembly. By rotation of the rotor, the mill allows the refinement of individual fibers through surface fibrillation. The reader is referred to reference [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF] for more details about the technique. A fibrillation degree (number of mill revolutions) equal to 400 with a fibrillation speed of 800 rpm are applied. This choice is made based on the results obtained by Bernaoui et al. [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF] where an enhancement of the tensile strength of composites was detected with no effect on the elastic modulus of flax mat composites.

UD-mat flax processing

An in-house made flat winder is used to prepare the UD layer of the reinforcements by manually aligning the Tex 400 flax yarns (Figure 1a) supplied by Safilin Inc. (France). The aligned yarns are then wetted to form a UD layer that is pre-placed inside the drum of the dynamic sheet former (Figure 1b) supplied by Allimand (France). Next, fibrillated or non-fibrillated (standard) short fibers are mixed in 20 L of water to ensure a homogenized mixture. The mixture is then poured into the dynamic sheet former tank, to be next sprayed onto the pre-placed UD layer, by means of a spray nozzle (Figure 1b). At the end of the forming process, the sheet is removed and dried at 100°C by an E-100 drum dryer (Adirondack Machine Corporation, USA) (Figure 1c). In preliminary testing, after drying with the drum dryer the reinforcement was weighed and then put in the oven at 105°C for 15 minutes and weighed again. It was observed that there was no change in the weight of the reinforcement, so it was considered dry. Then the reinforcement was kept inside a sealed bag until molding. At the end of the process, the fibrillated or non-fibrillated short fibers constitute the mat binder layer of the reinforcement. The average grammage of the reinforcements is 299 ± 11 g/m², including the mat binder grammage of 50 g/m². Typical UD and mat layers of the same reinforcement are shown in Figure 1d.

Glass UD reinforcements

Texonic Inc. (Québec, Canada) supplied the E-glass UD reinforcements, the TG-09-U50 with a grammage of 295 ± 2 g/m², a value measured experimentally. This UD glass fabric was chosen for its strand size, which was close enough to that of the flax yarn used in the fabrication of flax UD-mat reinforcement to allow a comparison of impact properties.

Resin transfer molding

First, the flax UD-mat reinforcements are dried at 105°C for 15 minutes to remove the absorbed humidity before molding and are then rapidly transferred into the mold to avoid any moisture absorption. Next, two configurations are considered for the flax/epoxy and glass/epoxy laminates, a unidirectional [0]8 and cross-ply [0/90]2S each constituted of 8 layers. The laminates are molded with the resin transfer molding (RTM) process by injecting a SikaBiresin CR72 resin premixed with a SikaBiresin CH72-3 hardener, both supplied by Sika Advanced Resins (USA), at a hardener weight ratio of 18% according to the technical data sheet. Before injection, the mixture is placed under a vacuum for 10 minutes to remove the entrapped air. After injection, the mold is transferred to the oven for curing at a temperature of 80°C for 12h. Note that the UD-mat flax/epoxy laminates (FUM), with standard (as-cut) short fibers (S) and fibrillated short fibers (F) are termed, respectively, FUM0S and FUM0F for the unidirectional configuration and FUM090S and FUM090F for the crossply configuration. The glass/epoxy composites are named GUD0 for the unidirectional and GUD090 for the cross-ply configurations.

Physical properties and samples dimensions

Table 1 summarizes different physical properties of the laminates. The density is measured using the Archimedes test. The Vf is calculated using Equation 1:

V f = n × m r t × ρ (Eq. 1)
where n is the number of layers for each laminate (8 in the present case), mr is the mean grammage of each layer of reinforcement (g/m 2 ), t is the measured thickness of the laminate (m), and ρ is the fiber density. Each UD-mat flax reinforcement (using standard or fibrillated short fibers in the mat binder phase) weighed and measured (length and width) just before molding to obtain its exact grammage. For flax, ρ = 1.44 x 10 6 g/m 3 according to the fiber technical data sheet while for glass, ρ = 2.54 x 10 6 g/m 3 was considered. For flax laminates, the measured density is very close to that obtained by Saadati et al. [START_REF] Saadati | Experimental investigation of failure mechanisms and evaluation of physical/mechanical properties of unidirectional flax-epoxy composites[END_REF] for a similar Vf. The final fiber volume contents are given in Table 1. By keeping the same number of plies in flax and glass laminates and due to the different fiber density, it is observed in Table 1 that the mean thickness of the glass laminates (around 2.33 mm) is lower than that of flax laminates at around 4.22 mm. This difference was maintained to allow comparison of the same stacking sequences and number of plies in all laminates (made of UD flax having a yarn size comparable to the strand size of UD glass fabric) as mentioned previously, considering also that after preliminary testing both types of laminate (flax and glass) produced similar maximum deflections for a given configuration and impact energy level.

Low velocity impact tests

Low velocity impact tests were performed using an Instron CEAST 9350 drop tower (Figure 2a). A load cell of 22 kN is used to measure the force applied by the impactor during testing. The velocity of the impactor is determined using a velocimeter. To prevent multiple strikes, the drop tower machine is also equipped with an anti-rebound system. The specimens are fixed between an upper movable support and a lower fixed support, at a clamping pressure of 7 bar. The internal and external diameter of supports are 40 mm and 60 mm, respectively. ASTM D7136/D7136M standard was followed for the sample dimensions, which are as follows: 150 mm × 90 mm × t for the flax/epoxy laminates with fibrillated and non-fibrillated mat binder, and 150 mm × 100 mm × t for the glass/epoxy laminates. The slightly lower width of flax/epoxy samples (90 mm) was chosen to fit the final dimensions of the molded laminates, considering the reinforcement dimensions obtained from the dynamic former. This had no influence on the results when considering the much smaller area of damage after impact. For the [0]8 configuration the specimen length of 150 mm corresponds to the longitudinal direction of UD fibers. For all tests, a constant impactor mass was maintained, while the height was adjusted to obtain the desired impact energy. A 20 mm diameter hemispherical impactor (Figure 2b) was used to perform the tests. The applied impact energies in this work were 3 J, 5 J, 8 J and 11 J. For each impact energy, at least three specimens are tested for the flax/epoxy laminates and two specimens for the glass/epoxy laminates, which showed more reproducible results. For these numbers of tested specimens, very good reproducibility of the test results was obtained, especially for the glass laminates.

Micro-CT apparatus

An UltraTom CT scanner manufactured by RX Solutions (France) was used to perform image acquisition. A resolution of 30 µm was applied, along with a beam current of 141 mA and an accelerating voltage of 70kV. In this study, the X-ray flat panel detector used had 1920 x 1536 pixels with a pixel size of 127 mm. For each specimen, around 2h were taken for the image acquisition. The reconstruction in the three different planes was performed using an algorithm based on the filtered back-projection procedure for Feldkamp cone-beam geometry.

RESULTS

Force-time curves

Figures 3 and4 show representative force-time curves. The peak load of unmodified flax/epoxy laminates (Figures 3a and3c) increased progressively with the impact energy starting from 2400 N at 3 J to 3200 N at 11 J for the FUM0S and from 2300 N at 3 J to 3600 N at 11 J for the FUM090S.

The same trend is obtained for the fibrillated flax/epoxy specimens (Figure 3b and3d) until an impact energy of 8 J (peak load equal to 2800 N for FUM0F and 3500 N for FUM090F). At a higher energy of 11 J, the peak load dropped to 2400 N and 3300 N for the UD and cross-ply laminates, respectively. The fibrillated specimens show a higher contact time than the unmodified flax/epoxy samples, especially at 11 J, due to more severe damage and less restored elastic energy. This is quite surprizing considering that for similar UD-mat laminates made with fibers fibrillated at 400 revolutions (same as the work presented), Bernaoui et al. [START_REF] Habibi | Experimental investigation on the response of unidirectional flax fiber composites to low-velocity impact with after-impact tensile and compressive strength measurement[END_REF] observed increases in the longitudinal tensile strength and elastic modulus of 35% and 61% respectively. It appears that the increase in tensile strength and modulus induced by fibrillation does not translate into reduced contact time and displacement (see Figure 6 for contact displacements) and higher restored energies. For FUM0S and FUM0F at each impact energy, a plateau of a few milliseconds is observed in the load-time curves before the decrease of impact load. This plateau represents the progressing damage in the laminates. At 11 J for the fibrillated laminate, three observations can be made compared to the untreated flax fibers: 1) the maximum impact load is lower, 2) the plateau lasts longer and 3) the load slightly drops in the plateau region. Again, these three observations denote a higher severity of damage taking place inside the fibrillated laminate, as will be shown in Section 3.3.

The cross-ply bio-composites reach a maximum load in the damaging phase at around 2-3 ms. The damage threshold is surpassed even for the lowest impact energy of 3 J. The impact times of FUM090F are slightly higher than FUM090S for a same impact energy. Again, a plateau is observed in the damaging phase but only at low impact energies (3 J and 5 J), while for higher energies the load increases monotonically to a maximum of between 3300 N and 3500 N.

The behaviour of glass/epoxy laminates (GUD0 and GUD090) is quite different. As observed in Figure 4, a bell shape of the curves is recorded and the peak load increases with the impact energy for both laminates, with an almost identical impact time for the four applied impact energies (7.3 ms for the GUD0 and around 6.3 ms for the GUD090). For the GUD0 at 8 J and 11 J, a small abrupt load drop occurs around 3000 N, in this case, the damage threshold is exceeded. The GUD090 force-time curves exhibited higher peak loads with no evident load drops.

Figure 5 shows histograms of peak loads obtained for UD (Figure 5a) and cross-ply (Figure 5b)

laminates each showing both flax and glass laminates. According to Figure 5a, up to 8 J the peak loads of FUM0S and FUM0F laminates are similar. However, at 11 J the peak load of FUM0S reaches 3200 N, clearly higher than that of the FUM0F, the latter being even lower than its value obtained at 8 J, which suggests a deterioration of the impact strength for FUM0F at higher energies.

The same observations are made for the cross-ply flax laminates (Figure 5b) except the difference is less clear at 11 J considering the standard deviations. For comparison and for all energies, a progressive increase in the peak load is shown for the GFRC laminates. In addition, the peak load is always higher than that of the FFRC, especially at 8 J and 11 J. Overall, surface fibrillation of short mat fibers did not seem to influence positively the peak load when compared to the standard flax UD-mat reinforcement. Fibrillation even appears to reduce the peak load at an impact energy of 11 J, indicating that more severe damage occurred.

Force-displacement curves

The force-displacement curves for all configurations and energy levels of flax/epoxy and glass/epoxy laminates are shown in Figures 6 and7 respectively. The flax/epoxy specimens exhibited similar curve shapes with much higher permanent displacement and energy dissipation (corresponding to the surface areas inside the load-unload curve loops) compared to glass/epoxy laminates. For flax/epoxy, the permanent displacement increases with the impact time (compare Figures 3 and6). According to Liang et al. [START_REF] Liang | Impact behaviour of flax/epoxy composite plates[END_REF], an increase in impact time corresponds to damage propagation in the material. FUM0S and FUM0F had similar maximal and permanent displacements for the lowest impact energy (3 J). But gradually with increasing energies, the maximum displacement of FUM0F is consistently higher than FUM0S, such that at 11 J, the maximum and permanent displacements of FUM0F reach 5.877 ± 0.149 mm and 4.201 ± 0.363 mm respectively.

Moreover, at this high energy level, the load increases monotonically in the damaging phase for the FUM0S specimen (see Figure 6a) while a slow drop is observed in the same portion of the FUM0F curve (Figure 6b). Again, this type of behavior suggests increased damage for laminates made of fibrillated fibers, considering that higher maximum and permanent displacements are obtained combined with a continuously dropping load in the damaging phase. Looking at Figures 3a and3b, 5a and 6a and 6b, it seems that at 11 J an energy limit (form of energy threshold) has been exceeded so that the impact behavior of the fibrillated fiber coupons changes abruptly. The lack of improvement for the fibrillated reinforcement and the drop in properties at a high impact energy of 11 J are not clear but the following hypothesis is put forward to explain these results. After fabrication, the refined mat binder has a lower porosity and shows a ''smoother'' surface aspect compared to the standard mat. This reduced porosity is due to the partially detached microfibrils at the surface of refined fibers, which tend to fill the interstices between the short fibers. This reduced porosity was also confirmed by the longer resin injection time observed during molding with the RTM process. Then, under impact load, such ''densification'' of the refined mat would result in more damage by reducing the damping effect of flax fibers. Fibrillation was beneficial for tensile properties under monotonic loading of these laminates, as reported in previous works by Bernaoui et al. [START_REF] Bernaoui | High performance natural fiber composites from mat and UD flax reinforcements backed with a mat Binder: A study of mat fiber surface fibrillation[END_REF], but under impact loads with high shear stresses, the effect would become null or slightly negative, especially at a high energy level or maybe when a certain energy level is exceeded. Of course, this remains to be confirmed, but it is plausible given that the main difference between the standard and refined mat binders is this reduction in porosity in the refined mat.

Similar observations can be made for the cross-ply laminates FUM090F and FUM090S in Figures 6c and6d. The differences in maximum and permanent displacements are however lower in this case, and the monotonic load drop at 11 J starts at a higher displacement in the damaging phase.

The presence of continuous unidirectional fibers in both 0° and 90° directions reduces the influence of fibrillation on the displacement increment. Fibrillation being present only in the mat binder, it has more influence in the unidirectional FUM0 laminates because in this case, only the short mat fibers contribute to the laminate strength in the transverse direction.

Finally, the force-displacement curves of the FUM090 laminates show a small load drop right after the damage threshold is reached, followed by a progressive load increase in the middle of the damaging phase to finally, for the 11 J case only, with a gradual load drop at the end of this phase.

This phenomenon highlights the more complex damaging phenomena occurring in cross-ply laminates, with the possible occurrence of delamination in the laminates. For glass/epoxy laminates (Figure 7), the loading portion of the force-displacement curves did not show the plateau obtained for flax laminates. The small load drop around 3000 N for GUD0 at 8 J and 11 J (see Figure 4a) is also observed in Figure 7a, while for GUD090 in Figure 7b the load rises monotonically up to the peak load. In addition, all curve loops of the glass epoxy laminates have a much lower surface area than for the flax/epoxy laminates, denoting lower energy dissipations with higher energy restitutions.

At higher energies, the maximum displacements of glass/epoxy laminates (4.871 ± 0.144 mm for GUD0 and 4.166 ± 0.012 mm for GUD090) are however comparable to that of the unmodified flax/epoxy for the same configuration (4.552 ± 0.095 mm for FUM0S and 4.068 ± 0.186 mm for FUM090S). It should be mentioned that all force-displacement curves were in the form of closed loops, which means no tested sample was perforated.

Figure 8 shows histograms of the permanent displacements for unidirectional and crossply laminates. For both configurations, the glass/epoxy laminates had the lowest permanent displacements for all energy levels. At low energies, the permanent displacements of standard and fibrillated flax/epoxy laminates are similar, but a significant increase is recorded for the fibrillated FUM0F at 8 J and 11 J. Considering the UD flax laminates (FUM0), it appears that the standard flax UD-mat reinforcement performs better than the fibrillated one. In the case of the cross-ply flax laminates (FUM090) and considering the standard deviations, fibrillation doesn't seem to have a large influence on the permanent displacement for this type of laminate.

Energy absorption

The absorbed energy is the surface area inside the load-unload curve loop of the forcedisplacement curve. Figure 9 shows the energy absorbed for unidirectional (Figure 9a) and crossply (Figure 9b) laminates and for all energy levels. It is obvious that a much higher energy absorption is obtained for flax/epoxy compared to glass/epoxy laminates, for both configurations of laminate. Furthermore, a progressive increase is found in the absorbed energy with the impact energy, and the absorbed energy is always lower than the impact energy. This means no full penetration of any tested specimen was obtained, in line with the visual observations presented later in Section 3.2.

When comparing Figures 6, 8 and 9 for flax/epoxy laminates, the slightly lower loads in the damaging phase combined with higher permanent displacement of fibrillated specimens produce very similar absorbed energy results compared to standard flax specimens. In both cases, the high energy absorption is linked to the damage mechanisms occurring in the specimens such as matrix cracks, delamination and fiber breakage [START_REF] Monti | Analyse du comportement dynamique de composites et de structures sandwiches bio-sourcés[END_REF]. More details about these mechanisms are presented in Sections 3.2 and 3.3.

Comparing FUM0S with FUM090S and FUM0F with FUM090F, considering the bi-directionality of UD fibers in FUM090 we could expect to obtain more absorbed energy but this is not what Figure 9 shows. In the absence of full impactor penetration, this suggests that the mat binder in FUM0 largely contributes to the dissipation of energy by efficiently supporting the loads in the transverse direction of UD fibers. But fibrillation itself has almost no effect on energy absorption compared to standard flax fibers, at least for the energy levels tested in the work presented. The different shape of the force-displacement curves recorded for the flax/epoxy and glass/epoxy laminates is explained by the higher energy absorption capacity of the bio-composites. The latter shows a higher energy absorption (higher surface area inside the load-unload curves) with low energy restitution while the GFRC shows lower energy absorption but a higher energy restitution (surface area below the unloading curve).

Figure 10 shows the energy absorption ratio for all impact energies for the standard flax (a), fibrillated flax (b) and glass fiber (c). It is calculated by dividing the absorbed energy by the impact energy. For all laminates the ratio increases with impact energy. FUM0S and FUM0F show almost equal energy absorption ratios as well as FUM090S and FUM090F. In the case of the glass/epoxy laminates, their energy absorption trends are similar to that of their flax/epoxy counterparts, but the absorbed energy ratio is on average 40% less than the FFRCs. For all laminates, the energy absorption ratio of UD laminates is lower than for cross-ply laminates (0/90) at low energies (3 and 5 J) becoming higher at high energies (8 and 11 J). This is clearer for flax laminates, especially the fibrillated ones in Figure 10b. One hypothesis for this is that a shift occurs from a delamination failure mode at low energies (3 and 5 J) to a fiber fracture mode at higher energies, the latter being much more pronounced for UD flax laminates. This would result in a higher energy absorption ratio for the UD flax laminate at higher energies given the high resilience of the flax fiber upon fracture.

Visual inspections in Section 3.2 support this observation.

Visual inspections

Damage inspections were conducted on all tested samples. Rear face images are presented in Figure 11 for all composite specimens impacted at all impact energies. Even at only 3 J, visible damage was detected for all laminates. The damaged area spreads over a larger surface with an increase of the impact energy. For a given configuration (unidirectional or cross-ply), note that for the unmodified and fibrillated flax/epoxy, a similar shape of the damaged area is observed.

Unidirectional flax/epoxy laminate

At 3 J for FUM0 laminates, a long central longitudinal matrix crack is shown. As the impact energy increases, transverse cracks appear along with other longitudinal cracks. An elliptical shape of the damage appears at higher energies, with longitudinal and transverse cracks acting as the primary and secondary axes, with no obvious differences between FUM0S and FUM0F. At 11 J, the damage becomes more pronounced with densification of the transverse cracks (with the occurrence of fiber fracture) observed with many longitudinal cracks. The same but more pronounced trend is observed for FUM0F, in accordance with the higher permanent displacement evolutions in Figure 8.

Cross-ply flax/epoxy laminates

For cross-ply flax/epoxy laminates the damage takes a butterfly shape, with two triangles located on each side of the impact point corresponding to delamination occurring between the lowest layers. A progressive increase in the damaged surface is recorded. At 11 J, a thin transverse crack is detected for both FUM090S and FUM090F laminates, with densification of the longitudinal cracks starting at 5 J for FUM090F. These damage shapes are similar to those observed on a cross-ply graphite/epoxy laminate [START_REF] Aymerich | Characterization of fracture modes in stitched and unstitched cross-ply Laminates subjected to low-velocity impact and compression after impact loading[END_REF], but quite different to those obtained by Sy et al. [START_REF] Ramakrishnan | Experimental assessment of low velocity impact damage in flax fabrics reinforced biocomposites by coupled high-speed imaging and DIC analysis[END_REF] on cross-ply flax/epoxy composites. The difference is partly explained by the presence of the mat binder stiffening the laminate in the present case. Finally, by comparing failures in UD and cross-ply flax laminates, it is clear that fiber fracture is dominant in the UD laminates at high impact energies while for cross-ply laminates, delamination takes precedence at all energy levels.

Glass/epoxy laminates

Photographs of impacted glass/epoxy laminates are shown in Figure 11c. Matrix cracks and surface damage denoting the presence of delamination are the main visible damage. The 90° strands are visible due to the transparency of the composite. Delamination starts at 5 J and its surface increases with the impact energy to take an elliptical form at higher energies. For GUD090 delamination is mainly circular at 3J but changes in shape at higher energies, to look more like a cross shape at 8 J or an ellipse at 11 J. Similar observations were made in the literature for crossply glass/epoxy laminates at Vf = 58% [START_REF] Namala | Digital Image Correlation of Low-Velocity Impact on a Glass/Epoxy Composite[END_REF][START_REF] Singh | A damage evolution study of E-glass/epoxy composite under low velocity impact[END_REF]. In general, the main difference between the flax/epoxy and glass/epoxy laminates is the breakage of flax fibers, not observed for glass fiber laminates. The next section presents microtomography scans on flax composites in support of the external observations made above.

Micro-CT

Figures 12 and 13 show micro-tomography scans for FUM0 and FUM090 laminates respectively for two observation planes, Y-Z plane normal to the fiber direction and X-Z plane parallel to fibers. They were performed at 5 J and 8 J. First, the images show very few porosities, observable by small dark dots in the tested samples. For this reason, porosity is considered to have no noticeable effect on the composites behavior. As expected, samples impacted at 5 J exhibited less internal damage than those impacted at 8J. A larger curvature of the samples is observed at 8 J, in line with the higher permanent displacement trends in Figure 8. Bending cracks originating from the rear face and transverse to the fiber direction are detectable in Figures 12a and13a. This was expected considering the tensile stress is maximum at this location [START_REF] Sy | Damage evolution in unidirectional and cross-ply flax/epoxy laminates subjected to low velocity impact loading[END_REF]. These fractures correspond in fact to the longitudinal cracks shown in Figure 11. Matrix cracks caused by shear stresses appear at 8 J for FUM0S and FUM0F, with delamination near the mid-plane corresponding to the flexural neutral axis of the specimens.

In the (y-z) plane of FUM0 laminates (Figure 12a), a conical shape of the damage (delimited by the dashed red lines) propagating upward through the laminate thickness, is observed. In the (x-z) plane, both fiber breakage and delamination are observed. The former corresponds to the transverse crack seen on the rear face of the impacted samples in Figure 11a while delamination is mainly responsible for the elongated (elliptical) shape of the damage shown in the same figure.

Generally, although the presented impact curves in Figures 3 and6 show no major differences between the unmodified and fibrillated laminates for impact energies less or equal to 8 J, the tomography images reveal less damage in the case of FUM0F. This is mainly observed in the (x-z) plane in Figure 12b. This could be related to a higher extensibility of the mat binder when fibrillation is present as raised by Khakalo et al. [START_REF] Khakalo | Mechanically-induced dimensional extensibility of fibers towards tough fiber networks[END_REF]. According to these authors, fibrillation allows larger deformations of the fiber network before fracture. This could explain the lower density of internal defects in the FUM0F sample for which a higher extensibility of the reinforcement would generally result in less internal damage even though the final permanent displacements are slightly higher in this case (as observed in Figures 6 and8). This hypothesis, however, remains to be confirmed.

For cross-ply laminates in Figure 13, delamination was significant in both observation planes.

Comparing Figures 12a and13a (y-z planes), considerably fewer matrix cracks appeared in the FUM090 compared to the FUM0 laminate. Rather, it is delamination that has developed most at the interface between the 0° and 90° plies where stress discontinuities are obtained in cross-ply laminates. The initiation of delamination in this case is also observed by the sudden drop in the load just after the damage threshold has been reached. This is shown at the beginning of the damaged zone in the force-time and force-displacement curves of cross-ply laminates in Figures 3 and6. The different damage mechanisms observed for the UD and cross-ply laminates are also in line with those observed by Lebaupin et al. in flax/PA11 composites [START_REF] Lebaupin | Influence of the stacking sequence on the low-energy impact resistance of flax/PA11 composite[END_REF]. Finally, Figure 13b shows that the damage in cross-ply laminates presents a conical shape where delamination and transverse cracks coexist. The microtomography analysis showed several damage mechanisms such as bending and shear matrix cracks, delamination, and fiber breakage. The high energy absorption in flax-epoxy specimens, corresponding to the much larger surfaces inside the load-unload curve loop, are directly linked to these damage mechanisms occurring in the specimens [START_REF] Panciroli | Comparing the impact resistance of flax/epoxy and glass/epoxy composites through experiments and numerical simulations[END_REF][START_REF] Monti | Analyse du comportement dynamique de composites et de structures sandwiches bio-sourcés[END_REF].

CONCLUSION

In this study, the low energy impact behavior of unidirectional and cross-ply FFRC and GFRC was investigated. Load-time and load-displacement curves along with the energy absorption levels coupled with visual observations and microtomography were used to evaluate the impact behavior of the materials and assess the effect of surface fibrillation of short flax fibers in the mat binder of the UD-mat flax reinforcement. For all laminates, no full penetration of the impactor was observed.

The FFRCs exhibited much higher permanent displacement and energy dissipation (corresponding to the surface areas inside the load-unload curve loops) compared to GFRCs which produced higher elastic restitution of impact energy. The influence of surface fibrillation was not as expected, considering at high impact energy (11 J) the peak load was lower, and the permanent displacement was higher while the absorbed energy was almost the same as for standard (non-fibrillated) fiber for a given type of laminate (UD or cross-ply). This remains to be explained, but it has been hypothesized that the lower porosity of the fibrillated mat binder (the detached microfibrils filling the interstices between the fibers) could increase damage under the sudden shear stress of the impact load, especially at high energy levels or when a certain energy level threshold is reached.

For a given type of fiber (standard, fibrillated, or glass), the ratio absorbed/impact energy (or energy absorption ratio) of UD laminates was lower than for cross-ply laminates (0/90) at low energies (3 and 5 J) to gradually become higher at high energies (8 and 11 J). This was clearer for FFRCs, especially the fibrillated ones. A hypothesis for this behavior is that a shift occurs from a delamination failure mode at low energies (3 and 5 J) to a more energy absorbing fiber fracture mode at higher energies. Because fiber fracture was observed more often in UD flax laminates with the increase of impact energy (as observed from fracture inspection in Figure 11) compared to cross-ply laminates where delamination was always dominant, this would translate to a gradually higher energy absorption ratio for the UD flax laminate given the high resilience of flax fibers upon fracture.

Finally, fracture analysis showed elliptical damage shapes for the FFRCs with longitudinal and transverse cracks while a butterfly shape was associated with the cross-ply FFRC. The main damage occurring in the GFRCs were matrix cracks and delamination. According to the visual and microtomographic analyses, bending and shear matrix cracks, delamination and fiber breakage were present in flax composites. The combination of these damage mechanisms increases the energy absorption in FFRCs compared to the GFRCs. 

Figure 1 .

 1 Figure 1. Flax UD-mat process: a) flat winder, b) dynamic sheet former, c) drum dryer, d) flax UD-mat reinforcement.

Figure 2 .

 2 Figure 2. The impact test equipment used in this work: a) Instron drop-tower and the data acquisition system, b) the impactor with a specimen between the supports.

Figure 3 .

 3 Figure 3. Load-time curves for the unmodified and fibrillated flax/epoxy laminates at different energies : a) FUM0S, b) FUM0F, c) FUM090S and d) FUM090F.

24

 24 

Figure 4 .

 4 Figure 4. Load-time curves of the impacted glass/epoxy laminates at different energies : a) GUD0 and b) GUD090.

Figure 5 .

 5 Figure 5. Peak load of the flax/epoxy and glass/epoxy laminates for the following configurations a) [0]8, b) [0/90]2S.

Figure 6 .

 6 Figure 6. Load-displacement curves of: a) FUM0S, b) FUM0F, c) FUM090S and d) FUM090F.

Figure 7 .

 7 Figure 7. Load-displacement curves of a) GUD0 and b) GUD090.

Figure 8 .

 8 Figure 8. Permanent displacement of the flax/epoxy and glass/epoxy laminates for the following configurations a) [0]8, b) [0/90]2S.

Figure 9 .

 9 Figure 9. Absorbed energy of the flax/epoxy and glass/epoxy laminates for the following configurations a) [0]8, b) [0/90]2S.

Figure 10 .Figure 11 .

 1011 Figure 10. Energy absorption ratio for a) the unmodified flax/epoxy laminates, b) the fibrillated flax/epoxy laminates and c) the glass/epoxy laminates

Figure 12 .

 12 Figure 12. Microtomography images of FUM0S and FUM0F impacted samples at 5 J and 8 J : a) along the (y, z), b) along the (x,z).

Figure 13 .

 13 Figure 13. Microtomography images of FUM090S and FUM090F impacted samples at 5 J and 8 J: a) along the (y, z), b) along the (x,z).

Table 1 .

 1 Physical properties of the laminates.

		Thickness, t (mm)	Vf (%)	Density (g/cm 3 )
	FUM0S	4.25 ± 0.07	39.08 ± 0.76	1.281 ± 0.005
	FUM0F	4.09 ± 0.05	40.61 ± 0.52	1.292 ± 0.008
	FUM090S	4.36 ± 0.02	38.10 ± 0.16	1.272 ± 0.005
	FUM090F	4.18 ± 0.02	39.74 ± 0.27	1.281 ± 0.005
	GUD0	2.34 ± 0.04	39.71 ± 0.86	1.693 ± 0.012
	GUD090	2.32 ± 0.03	40.05 ± 0.59	1.723 ± 0.018
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