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3D PRINTING OF CONTINUOUS FLAX FIBRE REINFORCED BIOCOMPOSITES FOR STRUCTURAL APPLICATIONS
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Recently, interest has been increasing in natural fibres as composite reinforcing fillers for polymer-based filaments manufactured with the Fused Deposition Modeling (FDM) process, despite their moderate mechanical properties compared to pure polymer.

An innovative way was proposed in the present work to optimize the mechanical properties of biocomposites. It was based on novel continuous flax fibre/PLA (cFF/PLA) composite filaments made with a customized co-extrusion process and printed with a simple and affordable printing machine. The microstructure of the printed cFF/PLA biocomposite evidenced a homogeneous distribution of yarn within the cross section, while the twisted flax yarn led to fibre-rich areas at mesoscale. The cFF/PLA showed tensile modulus and strength values that exceeded the only available published result on continuous natural fibre printed composites by more than 4.5 times. Tensile properties were in the same range as those for continuous glass fibre/PolyAmide (PA) printed composites, paving the way for the use of biocomposites in structural applications. Their weakest point was their transverse properties that remained poorer than similar flax/PLA thermocompressed composites.

Introduction

Among several AM techniques, Fused Deposition Modeling (FDM -also known as Fused Filament Fabrication (FFF)) can be performed on thermoplastic polymers or composites, to allow a filament to be printed in layers. The main benefits of FDM are its low cost, relatively high speed and potential for reinventing the design process [START_REF] Td | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF]. Nevertheless today several drawbacks remain, such as the limited availability of materials, the numerous printing parameters (layer thickness, width, orientation) and their moderate mechanical performance which hinder their more extensive development, especially for load bearing applications [START_REF] Wang | 3D printing of polymer matrix composites: A review and prospective[END_REF].

Thermoplastic polymers reinforced with natural fibres (wood, flax, hemp, etc.) possess a promising range of specific mechanical properties [START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000-2010[END_REF] in combination with a reduced environmental footprint [START_REF] Duigou | Substitution of glass/polyester composites by Flax/PLLA biocomposites. Is is justified ?[END_REF]. These biocomposites are most commonly used in manufacturing process such as extrusion, injection moulding, thermoforming, film stacking, vacuum bag moulding, etc. [START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000-2010[END_REF][5] [START_REF] Pickering | A review of recent developments in natural fibre composites and their mechanical performance[END_REF]. Recently, natural fibres have been attracting interest as composite fillers for 3D printing, but the mechanical properties of the printed parts remain low. This can be explained by the poor properties of selected fibres, the low volume fraction, the low fibre aspect ratio, the fibre disorientation, and the high porosity content in the printed part [START_REF] Ibrahim | Sustainable Natural Bio Composite for FDM Feedstocks[END_REF][8] [START_REF] Milosevic | Characterizing the Mechanical Properties of Fused Deposition Modelling Natural Fiber Recycled Polypropylene Composites[END_REF] [START_REF] Stoof | Fused Deposition Modelling of Natural Fibre/Polylactic Acid Composites[END_REF].

Continuous synthetic (glass, carbon or aramid) fibre composites are increasingly being studied due to the high level of performance they can achieve compared to their discontinuous counterparts [START_REF] Goh | Recent progress in Additive Manufacturing of Fiber Reinforced Polymer Composite[END_REF]. 3D Printing can be performed with simultaneous impregnation of polymer and fibres [START_REF] Li | Rapid prototyping of continuous carbon fiber reinforced polylactic acid composites by 3D printing[END_REF][13] [START_REF] Yang | 3D printing for continuous fiber reinforced thermoplastic composites : mechanism and performance[END_REF] or on pre-impregnated filaments [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF][16] [START_REF] Dickson | Fabrication of continuous carbon, glass and Kevlar fibre reinforced polymer composites using additive manufacturing[END_REF], the latter exhibiting higher potential for structural applications with significantly improved mechanical performance.

As far as we know, Matsuzaki et al. [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF] were the first authors to propose the printing of continuous natural fibres (jute yarn) with a PLA matrix using a simultaneous impregnation process. The obtained mechanical performance exceed all the published data available for 3D printed discontinuous natural fibre composites, with a longitudinal stiffness of 5.11 ± 0.41 GPa, strength of 57.1 ± 5.3 MPa and strain at failure of 1.81 ± 0.44%. However, jute fibres properties are moderate compared to other natural fibres [START_REF] Baley | Compressive and tensile behaviour of unidirectional composites reinforced by natural fibres: Influence of fibres (flax and jute), matrix and fibre volume fraction[END_REF], the fibre content was low (vf = 6.1%) while the linear density of jute yarn was high (500 Tex) [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF].

Based on the above, the purpose of this study was to evaluate the mechanical performance of a novel high-performance 3D printed biocomposite based on a continuous flax yarn embedded in a PLA matrix. Flax fibres were selected because of their tensile properties, which are among the best available in the natural fibre range [START_REF] Baley | Average tensile properties of French elementary flax fibers[END_REF]. In addition, flax yarns are industrially available with a very high quality and a large range of linear density. Continuous flax/PLA biocomposite filaments (cFF/PLA) were produced here using a customized co-extrusion process. The microstructure of the filament was studied including porosity, dispersion and fibre content.

Then, a simple and affordable 3D printer was modified to enable the printing of the developed cFF/PLA filaments. The microstructure of the final 3D printed part was then characterized by image analysis, while tensile mechanical properties were evaluated in the longitudinal and transverse directions. Finally, performance was analyzed in terms of material microstructure and compared with the literature.

Material and methods

Materials

Continuous flax yarns were provided by SAFILIN. The selected yarn was twisted (320 Turn/meter) with a linear density of 68 Tex. Polylactic acid Ingeo TM Biopolymer 3260HP (PLA) provided by NatureWorks ® was used with the following rheological properties: MFR=65 g/10min at 210°C.

Filament production

The coating continuous fibre fabrication (CCF) process was employed to make filaments with continuous fibres by extrusion coating. The influence of processing parameters such as the temperature, the extrusion rate, the line speed and the oven temperature were previously optimized in order to produce filaments with minimal defects and a low variation of diameter.

A diameter of 400 µm was targeted to enhance the potential printing quality compared to current 1.75 mm thick filaments. Table 1 reports the extrusion parameters that were used continuous flax/PLA biocomposite filaments. replicates and confirmed by image analysis.

Composite production by Fused Deposition Modeling (FDM)

A Prusa i3 printer was used for the FDM, after being modified with a custom 1.8 mm nozzle.

A flat-head nozzle was used to compress the filament and to drive it during printing. To control the cooling rate of the filament and to improve the printing accuracy, a second fan was fixed near the printing nozzle. An Arduino® card was used to control the fan rotation speed, allowing it to be modified between each layer. The 3D printer was controlled by Simplify3D ® software.

The temperature of the nozzle and heating plate was set at 195°C and 60°C respectively, and the printing speed was 6 mm/s.

All samples were printed with a rectilinear filling pattern, oriented either 0° (longitudinal) or 90° (transverse) along the x axis without any contour.

Characterization of the mechanical properties

Tensile samples geometry were settled at L : 125 x W : 10 x t : 1 mm. Tensile tests were performed on longitudinally (0°) and transversely (90°) printed samples following ISO 527-4 standards, using an MTS Synergie RT1000 traction machine. A 10 kN force sensor was used to measure the load, and an axial extensometer with a nominal length of 25 mm (L0) was used to measure the strain and then calculate the tensile modulus. The tensile modulus E1 was determined over a range of strains between 0.05 % and 0.1 % according to the procedure suggested by Shah et al. [START_REF] Shah | Damage in biocomposites: Stiffness evolution of aligned plant fibre composites during monotonic and cyclic fatigue loading[END_REF], and a second modulus E2 was also evaluated on a constant strain range (>0.4%). The tensile strain rate was set at 1 mm/min, and five samples were systematically tested for each determination.

Porosity content measurement

The porosity content was determined according to ASTM D2734-09 2009. The weight and volume of the composite were measured and the percentage of porosity was determined using the following equation :
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Where vp is the porosity content; ρc, ρm, ρf the composite, matrix, and fibre densities respectively; and wf the fibre weight ratio. Results were double-checked using image analysis of composite cross sections.

Microscopic and macroscopic observations

Microscopic observations were performed with Scanning Electron Microscopy. The samples were sputter-coated with a thin layer of gold in an Edwards sputter coater and then inspected with a JEOL JSM 6460LV scanning electron microscope operated at an accelerating voltage of 20 kV. Macroscopic observations of samples were carried out with a Canon digital camera DS126441 equipped with a Sigma macro lens (70-300 mm f/4-5.6).

Results and Discussion

Observations on the microstructure of the filaments and the continuous flax/PLA printed biocomposites

Continuous flax/PLA biocomposites filaments (cFF/PLA) exhibit irregularities on their surface which led to non-perfectly circular filaments (Figure 1a), principally due to the co-extrusion process. This has been observed previously for continuous synthetic fibre/polymer filaments [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF]. An average diameter of 482 ± 30 µm was measured here, which was slightly higher than commercial continuous glass or carbon/polyamide filaments [START_REF] Goh | Characterization of mechanical properties and fracture mode of additively manufactured carbon fiber and glass fiber reinforced thermoplastics[END_REF], but significantly thinner than the 1.8 mm discontinuous natural fibre composite filaments that are used commonly with conventional printing devices [10][21].

As the flax yarn was initially targeted for textile applications where strength is required during weaving, a twisted architecture of fibre bundles was observed. This has a direct consequence on the porosity content and the microstructure of the filaments, resulting in an imperfect impregnation of flax yarns. Low dispersion of flax yarns within the PLA matrix was evidenced with distinct matrix and fibre-rich zones (Figure 1). Even if porosities are mostly located within the flax yarn, the porosity content vp is encouragingly low (2.1 ± 0.6 %) when compared with filaments (as described elsewhere [21][22]) that are produced including short natural fibre composite (8.4< vp <47 %), or in the range of continuous glass (vp =1.34 ± 0.13%) or carbon (vp =1.85 ± 0.30%) reinforced polyamide filaments [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF].

In addition, the flax yarn exhibited a deviation from the centre of the filament that appears to be due to the co-extrusion die. Indeed, during the co-extrusion process, the polymer flows perpendicular to the flax yarn, which results in its positioning at the edge of the filament.

Trial tests have shown that a fibre volume content above 35% within filaments led to difficulties in obtaining high-quality printed samples. Thus, in the present work the developed cFF/PLA filaments contained a lower volume fraction of 30.4 ± 0.8 % (wf ≈ 34.5 %), which was close to commercial high-performance carbon/polyamide filaments [15][16]. Printing filaments did not affect fibre content and therefore cFF/PLA biocomposites had a similar fibre fraction than those of filaments.

Figure 1b shows a cross-section (Y-Z plane) of a unidirectional (UD) printed composite based on cFF/PLA filaments. Overall, the microstructure was assumed to be homogeneous at the sample scale. The reinforcement was distributed homogeneously within the section according to the printing pattern. The distance between each printed yarn centre was 621 ± 54 µm, while the average thickness of a single printed layer was 252 ± 22 µm. Compared to the initial filament dimension (mean diameter 482 ± 30 µm), it is obvious that the optimized printing parameters selected for the present work implied a compression of the melted filaments which reduced the thickness and increased their width. This resulted in an encouragingly low porosity content of 3.2 ± 0.7 %, especially when compared with the literature values for 3D printed biocomposites (vp ≈ 14.7-21.8%) [START_REF] Duigou | 3D printing of wood fibre biocomposites: From mechanical to actuation functionality[END_REF] or with continuous synthetic fibres (glass or carbon)/polyamide (vp ≈ 15%) [START_REF] Dickson | Fabrication of continuous carbon, glass and Kevlar fibre reinforced polymer composites using additive manufacturing[END_REF][16] [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF]. As illustrated in Figure 1a and b, porosities were mainly located within the flax fibre yarn rather than between printed layers due to sufficient compression during printing.

At the mesoscale (ply scale), the microstructure appeared rather heterogeneous, made up of fibre-rich and matrix-rich areas (Figure 1b), which is directly influenced by the microstructure of the filament induced by flax yarns. Deeper analysis of the printed path was achieved by printing a single ply of continuous flax/PLA biocomposite at 0° or 90° to the x axis (Figure 1c and d on the X-Y plane).

Close to each sample edges (white rectangles in Figure1 e and f), the printing head achieved a turn-back that led to fibre-rich areas with potentially higher porosity content as most of porosities are located within the flax yarn (Figure 1a andb). In addition, two different patterns were observed on the opposite sample edges (white rectangles in Figure1 e and f), an overlapping of flax yarn (Figure 1e) on one side and a regular loop pattern on the other side (Figure 1f). Again, this implied local heterogeneities with a change in fibre content. As far as the authors know, this observation has not been reported in the literature on continuous fibre/Polymer composites. In the present case, it can be attributed to filament mobility inside the printing nozzle due to a geometrical mismatch (dFilament = 482.3 ± 30 µm and dNozzle ≈ 1000 µm). Turning radii were measured by image analysis of the printed part without overlap. An average value of 0.29 ± 0.03 mm was obtained, which is around three times lower than the results achieved with glass and carbon fibre/PolyAmide (PA) composite using a commercial printer (Markforged® Mark two) [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF]. Since the diameters of the filaments fall in the same range, the disparity in turning radius is probably due to the lower in-plane stiffness of continuous flax yarn/PLA biocomposites compared to synthetic counterparts.

Analysis of mechanical behaviour

A representative longitudinal tensile behaviour of the cFF/PLA printed biocomposite is shown in Figure 2a. Globally, tensile behaviour was similar to those reported in the literature on biocomposites manufactured by conventional manufacturing processes [START_REF] Shah | Damage in biocomposites: Stiffness evolution of aligned plant fibre composites during monotonic and cyclic fatigue loading[END_REF][23][24] [START_REF] Bourmaud | Influence of processing temperature on mechanical performance of unidirectional polyamide 11 -flax fibre composites[END_REF].

Indeed, as highlighted by the variation of tangent modulus as a function of strain, the tensile behaviour of cFF/PLA was non-linear with a large drop of stiffness after 0.4 % strain. This peculiarity is the macroscopic expression of the non-linear tensile behaviour of flax fibres at the (sub)microscale (re-orientation of cellulose microfibrils and crystallization of amorphous cellulose [START_REF] Placet | Nonlinear tensile behaviour of elementary hemp fibres. Part I: Investigation of the possible origins using repeated progressive loading with in situ microscopic observations[END_REF]) when there is an efficient load transfer at the fibre/matrix interface [START_REF] Monti | Mechanical behaviour and damage mechanisms analysis of a flax-fibre reinforced composite by acoustic emission[END_REF].

Currently, it is difficult to define a Young's modulus that can be used for material selection or design processes. Therefore, the estimation of two elastic moduli has been proposed by Shah et al. [START_REF] Shah | Damage in biocomposites: Stiffness evolution of aligned plant fibre composites during monotonic and cyclic fatigue loading[END_REF]. The first tangent modulus (E1) was determined within a range of strain between 0.05 and 0.1% and the second modulus was the stabilized tangent stiffness (E2) determined above an applied strain of 0.4% (Figure 2a). Fracture analysis of longitudinal cFF/PLA revealed initial transverse cracks followed by propagation along the tensile axis (Figure 3a). SEM observations highlighted that fibre breakage was associated with numerous pull-outs of flax fibres within the yarn. This demonstrates the weak yarn cohesion due to fibre bundle organization and its highly twisted structure that implies imperfect impregnation (Figure 3c). Fragile rupture of the PLA matrix was observed associated with formation of a smooth surface (white arrow on Figure 3c).

Figure 2b shows the transverse behaviour of cFF/PLA. The stress vs. strain curve could be divided into two parts: a first quasi-linear section was observed up to 0.4 % strain which

Longitudinal tensile strain (%) 0,0 0,2 0,4 0,6 0,8 11 corresponds to fibre yarn/matrix interface debonding (Figure 3b) and flax fibre bundle debonding within the yarn. This is clearly illustrated in Figure 3c (white arrow) where a significant length of debonded flax fibres was observed. Then, a reduction of stress combined with an increasing strain revealed a quasi-ductile behaviour. Indeed, after crack initiation and propagation along fibre yarn/matrix interface (Figure 3b), an unwinding of filaments occurred (Figure 3b). This mechanism was already evidenced for continuous glass or carbon/PA parts printed composites [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF] and was implied by the printing pattern with filament turn-back at sample edges.

By comparison, similar materials (Flax (30wf%)/PLA) manufactured with thermocompression exhibited a brittle, i.e. a quasi-linear stress-strain behaviour until a sudden rupture happened around 0.8% of strain [START_REF] Duigou | A multi-scale study of the interface between natural fibres and a biopolymer[END_REF]. 

Tensile mechanical properties

The tensile properties of cFF/PLA with flax fibre volume content of 30.4% (wf ≈ 34.5%) were gathered in Table 2. Supplementary information (S1) gathered results from the literature about natural fibre composites manufactured with FDM process. Overall, the longitudinal properties were significantly improved compared to those reported for pure PLA (x7 for stiffness and x4.5

for strength [START_REF] Letcher | Material property testing of 3D printed specimen in PLA on an entry-level 3D printer[END_REF]), to discontinuous natural fibre reinforced 3D printed biocomposites (x11 for stiffness and x10 for strength) (Figure 4a), but also to the only available data on continuous jute/PLA printed biocomposites (x4.5 for stiffness and x4.5 for strength) (Figure 4a). This could be explained by :

-The higher mechanical properties of flax fibres [START_REF] Baley | Average tensile properties of French elementary flax fibers[END_REF] compared to the moderate tensile stiffness of natural fibres currently used such as wood [START_REF] Duigou | 3D printing of wood fibre biocomposites: From mechanical to actuation functionality[END_REF], hemp [10][30], harakeke [START_REF] Milosevic | Characterizing the Mechanical Properties of Fused Deposition Modelling Natural Fiber Recycled Polypropylene Composites[END_REF], coconut [START_REF] Safka | Use of composite materials for FDM 3D print technology[END_REF] and jute [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF][32].

-The higher aspect ratio (L/d<10) of continuous flax fibre yarns compared to discontinuous fibres [9][33]. Basically, low fibre aspect ratio and length were chosen to limit the clogging effect [START_REF] Kariz | Effect of wood content in FDM filament on properties of 3D printed parts[END_REF] but implies an inefficient load transfer at the fibre/matrix interface, leading to debonding rather than fibre breakage.

-The higher fibre content (vf =30.4% or wf =34.5 %). Indeed, low fibre content between 5-20 wf %, is generally found in the literature, which keeps viscosity relatively low and prevents clogging for discontinuous fibre biocomposites [START_REF] Kariz | Effect of wood content in FDM filament on properties of 3D printed parts[END_REF][9] [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF][21] [35][36]. The use of the simultaneous impregnation approach such as those used by Matsuzaki et al. [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF] led also to a moderate fibre fraction. Continuous jute/PLA had a fibre volume fraction of 6.1%.

-The better homogeneity of the microstructure and lower porosity content (vp = 3.2 ± 0.7 %) thanks to the use of a high standard textile with very low linear density of 68 Tex combined with a co-extrusion process.

Compared with 3D Printed structural composites made with continuous carbon fibres (Figure 4b), the cFF/PLA-printed biocomposites, having similar fibre volume fraction and filament production (pre-impregnated filament with co-extrusion), had logically inferior properties (stiffness and strength) considering the inferior properties of the fibres. Interestingly, they had stiffness levels similar to continuous glass fibre reinforced composites even if their strength was generally lower. Again, this is due to the difference of strength between flax and glass fibres as well as microstructure with twisted yarn and flax bundle organization. Figure 4b also evidences that continuous carbon or glass 3D printed composites could have tensile properties inferior to cFF/PLA if they were manufactured with in-situ impregnation. Indeed, this technique led to low fibre content and high void content. Results from the literature related to these materials were gathered in supplementary information S2. Then, in Figure 4c andd, the longitudinal tensile modulus (E1) and strength of cFF/PLA were compared with continuous flax fibre composites manufactured with thermocompression or film stacking, VARTM or even Automatic Fibre Placement (AFP). The properties were plotted as a function of fibre content to ensure an appropriate comparison. This results were consistent with those of conventionally manufactured biocomposites (Figure 4c andd). Fused Deposition Modeling of continuous flax fibres/PLA could be therefore considered as a viable technique for producing high-performance biocomposites, provided that high-performance fibres were used along with high-quality coated filaments. Compared to other additive manufacturing techniques such as Automatic Fibre Placement (AFP), 3D printing of continuous flax fibre can achieve similar properties, but it is interesting to note that no additional compression step is required.

As already claimed, the tensile modulus E1 was not sufficient to describe the behaviour of natural fibre composites, despite being the most common parameter available in the literature.

cFF/PLA showed a reduction of around 40% between E1 and E2 which was in a range similar to the related literature [START_REF] Cadu | What are the key parameters to produce a high-grade bio-based composite? Application to flax/epoxy UD laminates produced by thermocompression[END_REF]. The back calculation made from the longitudinal properties of the composite, while applying a rule of mixture using E1 or E2, yielded a fibre stiffness Ef1 of 68 GPa or 39 GPa, respectively. This was in agreement with the results of Baets et al. [START_REF] Baets | Determination of the optimal flax fibre preparation for use in unidirectional flax-epoxy composites[END_REF] and Bensadoun et al. [START_REF] Bensadoun | Impregnated Fibre Bundle Test for Natural Fibres used in Composites[END_REF]. Therefore, FDM of continuous flax fibre biocomposites enabled retaining the reinforcing potential of flax fibre even if thermal cycles were applied (co-extrusion and printing processes).

Transverse properties of cFF/PLA were also evaluated and presented in Table 2. Similar to conventional composite laminates, transverse stiffness was barely improved by the addition of natural fibres. Compared with the literature on continuous synthetic fibre 3D printed composites, the transverse stiffness of cFF/PLA was significantly higher than glass or carbon/PA composites (ET≈0,4 GPa [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications[END_REF]) due to PLA stiffness. A similar range of transverse strength could be found. cFF/PLA composites had higher transverse stiffness and strength than Elium®/flax made with VARTM [START_REF] Monti | Mechanical behaviour and damage mechanisms analysis of a flax-fibre reinforced composite by acoustic emission[END_REF] or MAPP/Flax made with Automatic Fibre Placement [START_REF] Baley | Flax/PP manufacture by automated fibre placement (AFP)[END_REF], but lower than unidirectional flax/PLA manufactured by thermocompression, (ET flax/PLA= 4.15 ± 0.35 MPa and σT flax/PLA = 27 ± 3.3 MPa) [START_REF] Duigou | A multi-scale study of the interface between natural fibres and a biopolymer[END_REF].

These properties were found to be the result of :

-The printing pattern with loop formation at the edge of the sample. Indeed, during a tensile test, two non-overlapping filaments came apart, leading to unwinding and rupture (Figure . 4b).

-The heterogeneous microstructure with a fibre-rich area, due to twisted yarn but also the printing pattern's implied stress concentration.

-The twisted yarn that led to incomplete polymer impregnation and a low transverse cohesion of yarn (reduced area of fibre/fibre interface) within the composite (Figure 4d).

Finally, printing cFF/PLA enabled (us to reach/reaching) a ratio of longitudinal to transverse stiffness (anisotropic ratio, i.e. AR) of between 4 and 7, depending on the selection of E1 or E2.

This ratio was found to be significantly higher than those observed for short wood fibres / PLA biocomposites (having AR ≈ 1) [START_REF] Duigou | 3D printing of wood fibre biocomposites: From mechanical to actuation functionality[END_REF] due to better control of the fibre orientation. Therefore, printing continuous natural fibre like cFF/PLA offered better control of mechanical performance than short fibre biocomposite counterparts. It also opened the design envelope for biocomposites through potential gradual material and even 4D printing [START_REF] Le Duigou | Natural fibres actuators for smart bio-inspired hygromorph biocomposites[END_REF].

CONCLUSION

This study presented a novel continuous flax fibre/PLA biocomposite (cFF/PLA) manufactured

using an affordable open-access 3D printing device, which led to an important improvement compared to neat PLA, to discontinuous natural fibre printed biocomposites, and to the only available reference on continuous natural fibre printed composite (x4.5 for tensile stiffness and x4.5 for tensile strength).

To achieve this level of performance, two strategies were combined in the present work. First, unlike most of the papers in the literature on 3D printing of natural fibre biocomposites, which were focused on discontinuous fibres, the authors here have developed a filament made of a continuous natural fibre yarn coated with a PLA matrix. Second, flax fibre yarns were selected with a very low linear weight (68 Tex). Indeed, among natural fibres, flax fibres exhibit almost the best tensile properties while a low linear weight allowed a reduction in microstructural heterogeneities.

When observed at different scales, the microstructure reflected a homogeneous distribution of yarn within the cross section (macroscale). However, the twisted flax yarn used here prevented a full impregnation and led to rich-fibre areas (mesoscale).

The non-linear tensile behaviour was found to be typical of natural fibre unidirectional composites with properties that were comparable to those of long flax fibre composites manufactured by thermocompression, VARTM, and AFP, as well as continuous glass/PA composites produced by a commercial 3D printer. Such high measured performance opens up 3D printed biocomposites to structural applications.

The weakest point of cFF/PLA printed composites was their transverse properties that remained lower than similar flax/PLA thermocompressed composites. The damage mechanism observed during tensile tests was similar to that observed in continuous synthetic fibre/polymer printed composites with filaments unwinding.

Future work should be driven to further improve the quality of the flax fibre yarn and its filaments, especially by using untwisted ribbons.
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Figure 1 :

 1 Figure 1: (a) Microstructure of a continuous flax fibre /PLA (cFF/PLA) filaments, (b) SEM microphotograph of cross section of untested cFF/PLA samples, (c) cFF/PLA transversally printed (90°) and (d) cFF/PLA longitudinally printed (0°). Details of Figure 1d showing (e) loops overlap and (f) regular loops.

Figure 2

 2 Figure 2 Representative (a) longitudinal and (b) transverse tensile behaviour of a cFF/PLA biocomposite (vf =30.4%).

Figure 3

 3 Figure 3 Macroscopic image of (a) longitudinal, (b) transverse fracture of cFF/PLA printed parts. SEM microphotograph of (c) longitudinal transverse fracture of cFF/PLA printed parts and (d) transverse fracture of cFF/PLA printed parts. White arrows evidence fibre bundle debonding and matrix failure.

Figure 4

 4 Figure 4 (a) Comparison of tensile modulus versus tensile strength for short and continuous natural fibre reinforced printed composites, [9][13][21][31][35][36][37][38][39], (b) comparison of tensile modulus versus tensile strength for continuous carbon and glass fibre printed composites [12][13][14][15][16][17][40][41][42] and comparison of (c) tensile modulus and (d) tensile strength as a function of fibre volume fraction for natural fibre composite used for structural applications manufactured with conventional process [18][25][27][43][44][45][46][47][48][49].

Fibre

  

Table 1

 1 Extrusion parameters to produce continuous flax/PLA filaments Fibre volume content was estimated by specific gravity measurement (ASTM D792) with 5

Table 2

 2 Longitudinal and transverse mechanical properties of unidirectional cFF/PLA (vf = 30.4%) printed biocomposites

	Material EL1 (GPa) EL2 (GPa)	σLmax (MPa)	εLmax (%)	ET (GPa)	σTmax (MPa)	εT for σTmax (%)
	cFF/PLA 23.3 ± 1.8	13.6 ± 0.8	253.7 ± 15.0	1.67 ± 0.20	3.5 ± 0.45	10.8 ± 1.2	0.45 ± 0.08

  1 Tensile properties of natural fibre printed biocomposites

	S.2 Tensile properties of continuous synthetic fibre printed composites	
	Materials	Mf (%)	Tensile modulus (GPa)	Tensile strength (MPa)	Ref.
	Carbon/PLA	9	19.5±2.1	185.2±24.6	[13]
	Materials Carbon/PLA Carbon/PLA Carbon/ABS Hemp/rPP Carbon/PA Harakeke/rPP Carbon/PA Carbon/PA Wood/PLA/PHA Carbon/PA Carbon/PLA Glass/PA Harekeke/PLA Glass/PA Glass/PA Hemp/PLA Glass/PA Kevlar/PA	Mf (%) 42 10 10 18.2 20 30 31 39 10 44.5 20 49.6 30 50.7 15.2 44 13 37.5 46 52 58.4 10 20 16 19.6 30 68.5 10 54 20 30 11.5 14.5	Tensile modulus (GPa) 3.25 0.72 4.2 2.5 26.7±4.8 3 2.8 41.1±3.1 52.0±4.4 2.6 60.1±7.0 3.3 69.1±6.0 2.1 13±1 2.2±0.1 35.7 2.0±0.05 20.6 1.55±0.1 16.4±5.0 1.65±0.06 1.6±0.2 19.3±2.8 24.2±2.6 0.8±0.1 28.9±2.3 2.9 4.2 3.12±0.15 3.75±0.89 4.1 25.9±1.9 3.2 7.2±0.01 3.2 x 3.61±0.54 4.37±0.59	91 80 Tensile strength 147 (MPa) 298.1±47 15 13 442.9±38 x 16 533±41 17 700±70 24 600±30 22 464 19.6±1.5 256 18.5±0.7 329.8±80 14.4±0.5 9.1±0.4 381.1±26.4 x 8±2 264±53 3.9±0.7 34 194±1 206±5 37 574.6±35.7 28 450±1 37 29 24 150±10 164±9	[12] Ref. [14] [9] [15] [41] [16] [40] [21] [42] [15] [10] [17] [41] [16] [17]
		10	1.4	19.9	
	Harekeke/rPP	20	1.85	22.1	
		30 10	2.1 1.2	23.6 20.5	[36]
	Hemp/rPP	20	1.4	21	
		30	2.0	22.45	
	Jute/ABS	5	1.5±0.1 0.9±0.2	25.9 12.9	[37]
	Wood/PLA	20	1.1	14	
			1.8±0.03	20±0.5	
	Wood/PLA	40	1.7±0.06 1.7±0.01	19.5±1.0 18±0.1	[52]
			1.7±0.04	18.1±0.4	
	Cellulose pulp/PE	10 20	0.98±0.07 1.51±0.12	12.5 29	[38]
	Coir/ABS	15	1.95	21.4	[31]
	Jute/PLA	5	2.1	38	[53]
	Continuous jute/PLA	6.1	5.1±0.4	57.1±5.3	[13]
					22
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