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3D printing represents a great opportunity for biocomposites to be developed for the first time on the same time scale as their synthetic counterparts. The purpose of this article is a global investigation of the relationship between slicing parameters (i.e. Layer Height (LH), Interfilament Distance (ID), Number of Trips (NT), Number of Layers (NL)), microstructure and induced tensile properties in order to propose 3D printed continuous flax/PLA biocomposites with tailored mechanical properties.

The Layer Height controls filament compaction during printing. The decrease in LH from 0.6 to 0.2 mm results in a reduction in layer thickness, a decrease in porosity, and an increase in tensile properties (+210% for stiffness and strength). The increase in NL from 1 to 10 results in higher compaction ratio due to the compaction effect of layer n on layer n-1 and superior tensile properties (+ 50 % in modulus and + 73% in strength).

NT and ID control the space available for the filament between the nozzle and adjacent filaments respectively. This significantly affects the average layer thickness and the overall geometry of the sample. Increasing NT from 1 to 18 reduces the space available for the polymer matrix flow for each filament due to the neighboring effect. Generally, the 3D printing process with continuous-flax/PLA composites provides a wide range of tensile properties that are still considerably higher than the current published values for printed short natural fiber composites and in the same range as printed continuous glass fiber/PA composites.

I. Introduction

Additive manufacturing which builds physical 3D geometries by successive addition of material [START_REF]Terminology, Additive manufacturing -General principles[END_REF] is an emerging technology to produce the next generation of composite materials. Within this category, Fused Filament Fabrication (FFF), more commonly referred to as 3D printing, is increasingly being examined for pure polymers, short fiber-reinforced composites, and recently for continuous fiberreinforced composites. 3D-printed polymers and short fiber composites exhibit moderate properties due to a large void amount, lack of orientation, and low fiber content [START_REF] Kabir | A critical review on 3D printed continuous fiber-reinforced composites: history, mechanism, materials and properties[END_REF]. Continuous fiber composites generally offer high mechanical performance to meet structural design requirements [START_REF] Blok | An investigation into 3D printing of fi bre reinforced thermoplastic composites[END_REF] and were first introduced in the scientific community by Van der Klifft [START_REF] Van Der Klift | 3D Printing of Continuous Carbon Fiber Reinforced Thermo-Plastic (CFRTP) Tensile Test Specimens[END_REF] with the FFF process.

Continuous fiber-reinforced composites are mainly reinforced with glass, carbon, or Kevlar fibers [START_REF] Blok | An investigation into 3D printing of fi bre reinforced thermoplastic composites[END_REF][2] [START_REF] Mei | Tailoring strength and modulus by 3D printing different continuous fibers and filled structures into composites[END_REF]. Due to environmental concerns, biobased and natural fiber composites are also increasingly being investigated. Although the development of biocomposites is still in its infancy in terms of technological maturity, 3D printing is a great opportunity for biocomposites to develop for the first time on the same time scale as their synthetic counterparts. Recently, Matsuzaki et al. [START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF] and Le Duigou et al. [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposites for structural applications[END_REF] have proposed natural fiber-reinforced polylactic acid (PLA) that outperforms the mechanical properties of discontinuous natural fiber 3D-printed composites and could compete with conventional manufacturing processes [START_REF] Duigou | A Review of 3D and 4D printing of natural fibers biocomposites[END_REF]. The non-planar printing of continuous fiber-reinforced biocomposites has also been evidenced [START_REF] Zhang | Three-Dimensional Printing of Continuous Flax Fiber-Reinforced Thermoplastic Composites by Five-Axis Machine[END_REF]. However, due to recent developments, there is a lack of knowledge on the relationship between the printing parameters, the slicing parameters, and the resulting architecture and mechanical properties, especially for continuous natural fiber-printed composites.

Compared to conventional manufacturing, 3D printing is a layer-by-layer technique that offers innovation in term of reduced design-to-manufacture time scale [START_REF] Dizon | Mechanical characterization of 3D-printed polymers[END_REF], overall costs [START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF] and production waste [START_REF] Mitchell | Additive Manufacturing-A Review of 4D Printing and Future Applications[END_REF], Interestingly, with 3D printing, complex microstructured material (gradient, distribution…) and tailored properties can be envisaged [2][3].

Printing parameters generally include nozzle geometry, printing speed, printing trajectory, nozzle temperature, bed temperature, and calibration. Replacing the round nozzle with a square nozzle significantly increases the interlaminar shear strength of the polymer due to a large reduction in porosity [START_REF] Papon | Effects of fiber surface treatment and nozzle geometry in structural properties of additively manufactured two-phase composites[END_REF]. Choosing the right temperature based on the thermal properties of the material has a significant influence on productivity and print quality. High temperatures contribute to better interlaminar bonding and reduced void occupancy and lead to improved mechanical properties [START_REF] Kabir | A critical review on 3D printed continuous fiber-reinforced composites: history, mechanism, materials and properties[END_REF].

Guessasma et al. [START_REF] Guessasmaa | Understanding the microstructural role of bio-sourced 3D printed structures on the tensile performance[END_REF] have suggested that wood-based biocomposites have stable tensile properties over a range of 210-250°C. Yang et al. [START_REF] Yang | Effect of extrusion temperature on the physico-mechanical properties of unidirectional wood fiber reinforced polylactic acid composite (WFRPC) components using fused deposition modeling[END_REF] have shown a slight decrease in tensile and flexural properties at extrusion temperatures between 200 and 230°C, but an increase in compressive strength (+ 15.1 %) and internal bond strength (+24.3%). The higher extrusion temperature showed better compatibility at the fiber/PLA interfaces and good adhesion between the extruded filament segments.

Printing speed has a minor effect on the tensile strength of continuous fiber 3D-printed composites [START_REF] Tian | Interface and performance of 3D printed continuous carbon fiber reinforced PLA composites[END_REF] but has a significant influence on the production cost [START_REF] Ning | Additive manufacturing of carbon fiber-reinforced plastic composites using fused deposition modeling: Effects of process parameters on tensile properties[END_REF]. Based on their review work, Mazzanti et al. [START_REF] Mazzanti | FDM 3D Printing of Polymers Containing Natural Fillers: A Review of their Mechanical Properties[END_REF] state that the reduction in high temperature residence time implied by faster printing speed can prevent the degradation of natural fibers. In another study, they also claim that an increase in porosity from 3.15% to 8.7% was observed in the temperature range 210-240°C, due to the change in filament cross-section that is not compensated for by print height and filament accumulation at the nozzle [START_REF] Guessasma | Microstructure and Mechanical Performance of 3D Printed Wood-PLA/PHA Using Fused Deposition Modelling: Effect of Printing Temperature[END_REF].

Slicing parameters include raster angle (in-plane angle), filling pattern, printing height, interfilament distance or nozzle diameter, filling pattern (e.g. honeycomb, hexagonal, triangular), filament orientation, and build orientation (out-of-plane) [START_REF] Kabir | A critical review on 3D printed continuous fiber-reinforced composites: history, mechanism, materials and properties[END_REF].

Ning et al. [START_REF] Ning | Additive manufacturing of carbon fiber-reinforced plastic composites using fused deposition modeling: Effects of process parameters on tensile properties[END_REF] have evidenced that specimens with 0° fiber orientation have the highest mechanical properties compared to 90° and 45° angles. Chabaud et al. [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fiber reinforced polyamide composite for outdoor structural applications[END_REF] confirm that a very high anisotropic ratio (E0°/E90°) is observed in 3D-printed Carbon and Glass/PA composites, which is underlined by the low transverse properties induced by the low interfilament properties. Liu et al. [START_REF] Liu | Three-dimensional printing of poly(lactic acid) bio-based composites with sugarcane bagasse fiber: Effect of printing orientation on tensile performance[END_REF] have examined the effect of printing orientation (0°, 90°, ±45° and 0°/90°) on the tensile strength of sugarcane bagasse fiber/PLA biocomposites. Longitudinal printing at 0° was the best solution, with a 7% improvement compared to the cross-solution (± 45° and 0°/90°) and 20% improvement compared to transverse printing at 90°. Le Duigou et al. [START_REF] Duigou | 3D printing of wood fiber biocomposites: From mechanical to actuation functionality[END_REF] observe more drastic evolutions between 0° and 90° that also depend on the distance between the printed filaments. Thus, 0° printing could exhibit two (2x) or three times (3x) more resistance than printing at 90°.

The print pattern on the edge (turn) of the specimen influences the transverse tensile behavior and properties. The filling pattern (e.g. rectangular, hexagonal, triangular) influences the strength and stiffness of the Nylon composite reinforced with CF, FG, and Kevlar [START_REF] Mei | Tailoring strength and modulus by 3D printing different continuous fibers and filled structures into composites[END_REF]. Rectangular filling with a large concentric fiber ring shows the highest tensile strength, followed by hexagonal and triangular filling. Changing the filling percentage from 30% to 90% multiplies the tensile strength and stiffness by factor 2 and 1.5 respectively for wood/PLA biocomposites [START_REF] Vigneshwaran | Statistical analysis of mechanical properties of wood-PLA composites prepared via additive manufacturing[END_REF]. The printing pattern, whether rectangular, triangular, or hexagonal, does not seem to influence the final properties of biocomposites [START_REF] Vigneshwaran | Statistical analysis of mechanical properties of wood-PLA composites prepared via additive manufacturing[END_REF]. Torrado-Perez et al. [START_REF] Perez | Fracture surface anlysis of 3D printed tensiles specimens of novel ABS based materials[END_REF] have shown that depending on the printing direction, i.e. build orientation (XYZ or ZXY plane), the effect of the natural fiber is different with a larger decrease in the out-of-plane direction compared to the in-plane one. Due to the high porosity of the Jute/ABS filament, a rupture of the trans-filament is observed.

Lower layer thickness results in higher packing density and high inter-bonding strength, which leads to high interfacial properties on continuous fiber composites [16][17]. The printing height of 0.3 to 0.05 mm improved tensile strength from 20.5 to 35.5 MPa and stiffness from 2567 to 3542 MPa [START_REF] Ayrilmis | Effect of printing layer thickness on water absorption and mechanical properties of 3D-printed wood/PLA composite materials[END_REF],

confirming the work of Le Duigou et al. [START_REF] Duigou | 3D printing of wood fiber biocomposites: From mechanical to actuation functionality[END_REF] and Dong et al. [START_REF] Dong | Additive manufacturing of mechanical testing samples based on virgin poly (lactic acid) (PLA) and PLA/wood fiber composites[END_REF] on similar wood/PLA biocomposites. The thickness of the layer also influences the microstructure and porosity level of the biocomposites. Le Duigou et al. [START_REF] Duigou | 3D printing of wood fiber biocomposites: From mechanical to actuation functionality[END_REF] and Ayrilmis et al. [START_REF] Ayrilmis | Effect of printing layer thickness on water absorption and mechanical properties of 3D-printed wood/PLA composite materials[END_REF] have evidenced the effect of the height of the layer on the porosity of wood/PLA. An increase in layer height from 0.05 to 3 mm induces greater porosity (Fig. 12), increased water absorption, and reduced tensile properties (30% modulus and 40%

strength) [START_REF] Ayrilmis | Effect of printing layer thickness on water absorption and mechanical properties of 3D-printed wood/PLA composite materials[END_REF].

The Interfilament Distance (ID) or hatch space describes the extent of the overlap between adjacent filaments, i.e. the distance to the center of the filaments. Tian et al. [START_REF] Tian | Interface and performance of 3D printed continuous carbon fiber reinforced PLA composites[END_REF] have shown that increasing the interfilament distance from 0.4 to 1.8 mm results in a significant reduction in the flexural properties of continuous carbon fiber/PLA composites. A minimum Interfilament Distance value of 0.4 was found, from which excessive overlap is observed and the printing process is disrupted. To the authors' knowledge, no work has been done on natural fiber composites.

The development of biocomposites is still in its infancy in terms of technological maturity, so 3D

printing is an incredible opportunity for them to develop for the first time on the same time scale as their synthetic counterparts. The objective of the present work is to describe for the first time the relationship between the slicing parameters, the resulting microstructure and geometry as well as the mechanical properties of new PLA composites reinforced with continuous flax fibers. In doing so, it will be possible to obtain a new class of high-performance biocomposites printed in 3D with tailorable properties. The effect on Layer Height (LH), Number of Trips (NT), Number of Layers (NL) and

Interfilament Distance (ID) on the porosity content and tensile properties are presented and discussed.

Materials and methods

Materials

Continuous flax yarns were provided by SAFILIN. They have a low twist (320 Turn/meter) and a low linear density of 68 Tex (or g/km) to guarantee high mechanical properties [START_REF] Baets | Determination of the optimal flax fiber preparation for use in unidirectional flax-epoxy composites[END_REF].

PolyLactic Acid Ingeo TM 3260HP (PLA) were supplied by NatureWorks ® .

Filament production

The filaments were produced by a co-extrusion process combining polymer coating of the flax yarn and impregnation. More information can be found in a previous article [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposites for structural applications[END_REF]. The filament diameter is 503 ± 47 µm, which is slightly larger than for continuous glass or carbon /PA equivalents [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fiber reinforced polyamide composite for outdoor structural applications[END_REF]. Table 1 shows the extrusion parameters that were used for the continuous flax/PLA biocomposite filaments. Biocomposites were printed with a customized Prusa MK3s printer. An extrusion motor was settled to control the amount of printed filament and feed the nozzle with continuous filament. Next, a flat head nozzle was used to compress the filament and entrain it during printing. The temperature of the nozzle and the hot plate was set at 195°C and 60°C respectively. The printing speed was 6 mm/s.

All samples were printed with a rectilinear filling pattern, oriented either at 0° (longitudinal) along the

x-axis without any contour. The readers can see picture in previous work [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposites for structural applications[END_REF]. The printing trajectory was controlled by a manually written Gcode and then transferred to the Repetier Host.

Characterization of the mechanical properties

The geometry of the tensile test specimens was set to L: 100; W: 17, and t: 1 mm. Tensile tests were performed along the fiber direction (longitudinally) on printed samples according to ISO 527-4 standards [START_REF]propriétés en traction -Partie 4: Conditions d'essai pour les composites plastiques renforcés de fibers isotropes et orthotropes[END_REF] for sample geometry. 3 mm thick Glass/epoxy tabs were glued (Loctite 406) to printed laminates to reduce stress concentration when clamping in the jaws. Prior to mechanical characterization, the samples were stored at 23°C and 50% RH until a constant mass was observed.

Tensile tests were conducted on an MTS 5kN device with a cross-head displacement speed of 1 mm/min and a controlled environment (23°C and 50% RH). The tensile strain was measured with a clip-gauge (L0 = 10 mm) and the longitudinal tensile modulus EL1 was determined over a range of strains between 0.05 % and 0.1 %. This original procedure was suggested in many articles [START_REF] Shah | Damage in biocomposites: Stiffness evolution of aligned plant fiber composites during monotonic and cyclic fatigue loading[END_REF][30] [START_REF] Monti | Mechanical behaviour and damage mechanisms analysis of a flax-fiber reinforced composite by acoustic emission[END_REF] to fulfil the specificity of natural fiber composites with regard to the characterization of stiffness. Five samples were systematically tested for each characterization.

Porosity and microstructure analysis

Porosity content Vp were measured using ASTM D2734-16 [START_REF] Astm D | Standard Test Methods for Void Content of Reinforced Plastics[END_REF]. The equation for this standard is as follows:

= 1 - 1 - + (Eq. 1)
In this equation, Vp is the porosity content, dC is the density of the composite, wf is the fiber weight fraction, dm is the density of the matrix (1.2 from the datasheet of PLA), and df is the density of the fiber (1.4 g/cm 3 [START_REF] Gall | Recommended flax fiber density values for composite property predictions[END_REF]). Five density measurements were made by volumetric and gravimetric tests and then were arithmetically averaged.

The microstructures of the reinforced filament and printed parts were observed in optical microscopy (Olympus BX51) at different magnifications (x5, x10, x20). The image analysis was performed using ImageJ software to evaluate porosity. The porosities were manually color-coded, then the images were binarized, and the surface of black areas was finally calculated using the software. Ten images were used for each system. SEM observations were performed on glass and flax preforms. Samples were sputter-coated with a thin layer of gold in an Edwards Sputter Coater and analysed with a Jeol JSM 6460LV SEM at 20 kV.

3 Results and discussions An average diameter of 503 ± 47 µm was measured, which is similar to those previously published [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposites for structural applications[END_REF] and slightly larger 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].

The low dispersion of flax yarns in the PLA matrix is shown by the deviation of the matrix and the fiber-rich areas (Fig. 1) from the center of the filament. This seems to be attributable to the coextrusion die.

The porosities are mainly located in the flax yarn that gives a porosity vp of 2.2 ± 0.8 %, which is low compared to filaments that are produced including short natural fiber (8.4< vp <47 %) [22][35], or in the range of polyamide filaments reinforced with continuous glass (vp =1.34 ± 0.13%) or carbon (vp =1.85 ± 0.30%) [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fiber reinforced polyamide composite for outdoor structural applications[END_REF].

Different volume contents of the fibers have been tested (not shown here), but it is not easy to obtain high quality printed samples and a good production rate. Thus, in the present work, the developed cFF/PLA filaments contain a volume fraction of 26.4 ± 1.1 %, which is slightly lower than the previously published batch and the commercial high performance carbon/polyamide filaments [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fiber reinforced polyamide composite for outdoor structural applications[END_REF][34].

Influence of Layer Height (LH) on the mechanical properties of cFF/PLA printed composites

The Layer Height (LH) is a slicing parameter that defines the distance between the nozzle and the surface to be printed. The resulting thickness of a printed ply due to the compression of the nozzle on the heated bed is noted Layer Thickness (LT) (Fig. 2). Here, a nozzle with plate geometry was used to promote compaction during printing. A wide range of Layer Height (LH) measurements was investigated and the thickness of the corresponding layer was measured on a single printed layer (Fig. 3a, black solid symbols). The relationship between these quantities is not linear, and there is a difference between the programmed Layer Height and the actual layer thickness. Two regimes may be observed : Below 0.3 mm programmed height, the actual layer thickness is always greater than the programmed one. This leads to an overcompaction of the material as evidenced by the value of the compression ratio around 2. The latter is defined as the ratio of the initial filament diameter (503 ± 47µm) to the measured ply thickness (Fig. 3a, white symbols). This can be explained by the twisted structure of the continuous flax yarn, which prevents complete compaction of the filament by the nozzle during printing. It can be argued that printing many layers with each actual layer thickness greater than LH can result in the printing nozzle being crushed when the actual thickness of layer n exceeds the LH of layer n+1.

Above the threshold of 0.25-0.3 mm, there is a monotonic increase in the actual thickness with LH until the filament can no longer be printed because LH is greater than the filament diameter. An LH of 0.7 mm is the maximum value that was successfully printed. Within this range, the actual thickness is always slightly less than the preset values, which means that undercompaction occurs.

Layer Height (mm) programmed on Gcode The Layer Height controls the microstructure of continuous Flax/PLA printed biocomposites: Figure 3b shows that for a low LH (e.g. 0.2 mm) where there is overcompaction, a misalignment of the flax fibers is observed (Fig. 3b). The increase in LH allows the yarn to be less compacted, which is clearly observed on the surface of the samples, and the fiber reinforcement appears to be more rectilinear. The porosity content has been evaluated on samples with three different LHs, 0.2, 0.3 and 0.6 mm (Fig. 4a). The porosity level follows an exponential increase with Layer Height from vp = 2 ± 0.6% for LH of 0.2 mm to 17.6 ± 3.9% for LH=0.6 mm.

Layer Height (mm) Thus, a smaller LH creates a smaller space between the layers where the bonding and interdiffusion mechanisms have apparently been triggered (Fig. 4b) due to a higher compression ratio (Fig. 3a . This change in the microstructure is expected to accelerate the moisture sorption mechanism, as has been evidenced elsewhere on printed short-wood-fiber/PLA biocomposites [START_REF] Duigou | 3D printing of wood fiber biocomposites: From mechanical to actuation functionality[END_REF][25], while maintaining constant hygroexpansion [START_REF] Gager | Understanding the effect of moisture variation on the hygromechanical properties of porosity-controlled nonwoven biocomposites?[END_REF]. The modification of LH also induces a linear reduction in both the EL1 stiffness and strength of continuous flax fiber/PLA composites (Fig. 5a). This confirms that the compression ratio, which represents the pressure applied to the filament during printing, can modulate the microstructure and mechanical properties by influencing the bonding mechanism between the printed layers. The longitudinal tensile modulus (EL1), strength (σL) and strain at break (εL) are gathered in Table 2. The highest tensile properties found for LH = 0.2 mm are in the same range as those previously published, taking into account the slight difference of fiber volume fraction (26.4 ± 1.1 % against 30.5%) [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposite for structural applications[END_REF]. By comparison, similar materials (Flax (30wf%)/PLA) manufactured with thermocompression have exhibited a more brittle behavior with a sudden rupture around 0.8% of strain [START_REF] Duigou | A multiscale study of the interface between natural fibers and a biopolymer[END_REF]. The twisted yarn architecture of continuous flax/PLA may contribute to tougher tensile properties that may be advantageous for structural design. A Rule of Mixture (RoM) is applied to estimate the flax fiber reinforcement properties by back calculation (with Em =3.5 GPa [START_REF] Naturworks | Ingeo TM Biopolymer 3260HP Technical Data Sheet[END_REF] and Vf = 26.5%). A fiber stiffness of 60 GPa is calculated, which is relevant for the properties of flax fibers [START_REF] Baley | Average tensile properties of French elementary flax fibers[END_REF] and other work on the conventional manufacture of flax fiber composites [27][41]. As a result, the FFF of continuous flax fiber biocomposites retained the reinforcement potential of flax fibers, even though thermal cycles were applied (co-extrusion and printing processes).

Analysis of fracture analysis of cFF/PLA revealed changes with variation of Layer Height (Fig. 5b, c andd). For LH = 0.2 and 0.3 mm, there is an initial transverse crack followed by propagation along the tensile axis. Regardless of the Layer Height, there are numerous fiber pull-outs (Fig 5c andd).

However, when LH reaches 0.6 mm, the fracture mechanism is modified with delamination triggered by the high porosity content (white arrows in Fig 5d ). The Number of Trips, hence the effect of neighboring filaments, influences the thickness of the printed layers. For NT greater than 6, the sample thickness is almost constant and then depends on the LH values, as evidenced in Figure 3a. Below NT = 6, there is a drastic reduction in the thickness of the layer, the limit of which is given by the thickness and compressibility of the flax yarn (Fig. 1). This result highlights the constraining effect of the neighboring filaments during compression by the nozzle, which prevents the polymers from spreading. During printing, the nozzle compresses the filament on the bed or the previous composite layer, but the volume of the printed filament must be constant (considering the reduction in the volume of porosity due to the compression ratio). Thus, due to the constraining effect of the neighboring filament, the polymer matrix cannot flow in a lateral Distance ID controls the gap between the flax yarns, which should influence the internal cohesion of the sample, the fiber content for a constant sample width, but also the mechanical properties [START_REF] Gladman | Biomimetic 4D printing[END_REF]. The tested values have been selected because they enable the printing of high-quality material. Above ID = 0.8 mm, there is a lack of cohesion between the filaments, making it impossible to carry out mechanical tests.

The sigmoid trend in layer thickness with NT is broadly similar to Figure 6a with an increase in composite thickness with NT until stabilization occurs around NT = 10. This is observed regardless of the ID. However, the Interfilament Distance considerably influences the variation in layer thickness between low and high Number of Trips (Fig. 8a). A high ID (ID = 0.8) that is greater than the initial filament diameter (503 ± 47µm) flattens the curve with a reduction in the thickness of the final layer.

In contrast, a low ID of 0.4, which is smaller than the filament diameter, drastically increases the thickness of the composite and leads to a deviation from the preset thickness given by the Layer Height (LH = 0.3 mm) and also on the compression ratio (real thickness/initial filament diameter) due to filament overlapping. preset Interfilament Distance (0.4, 0.6, and 0.8 mm) due to the reduced flow of the polymer matrix.

Here, the space available for the printed filament is bound to the distance between neighboring filaments (ID) (Fig. 9). Reducing the lateral space between the filaments, and keeping the volume of the material implies a flow of the polymer in the direction of thickness. This also implies a slight modification of the microstructure with a higher porosity content for ID = 0.4 mm (Vp (ID =0.4 mm) = 5.4 ± 0.8% ; Vp (ID =0.6 mm) = 3.2 ± 0.7%; Vp (ID =0.8 mm) = 2.3 ± 0.9%) that may be due to overlapping filaments. The Number of Trips (NT) does not affect the stiffness of the printed samples as standard deviations overlap. However, the strength is altered and decreases as the NT increases. This may be due to a statistically uncertain number of defects due the larger sample size. The Number of Layers (NL) represents the number of printed layers. Figure 11a shows that for an LH = 0.2 or 0.3 mm, the printing of several layers induces a linear reduction of the average layer thickness from 0.3 to 0.2 mm. The average layer thickness is calculated by dividing the total thickness by the Number of Layers. The trend is radically different when the LH is set at 0.6 mm with a thickness that increases slightly with NL (Fig. 11a). In addition, for the latter case, beyond 6 printed layers, the increase in the distance between the nozzle and the surface is so great that compaction is considerably reduced, and the printing process with adhesion to the previous layer could not take place. The increase in the NL induces a continuous increase in the actual layer thickness through the laminate with a thinner layer for the first layer compared to the last printed layers (Fig. 11 c). Thus, printing an n layer affects the previous n-1 layer by providing additional compressive stresses on the molten composite. The more NL, the greater the compression on the previous layers. Therefore, to achieve a constant compression ratio throughout the printing process, a function of the LH values should be proposed rather than a constant value. Work should also be conducted on the effect of yarn on the compressibility of the filament.

The Number of Layers (NL) has a small effect only on the overall sample width and the average filament width (Fig. 12) with a slight linear increase with NL for LH of 0.2 and 0.3 mm. This is caused by the additional compression when printing many layers. Thus, the almost constant value of the filament width with increasing NL at a fixed value of LH = 0.6 mm confirms the relationship between additional layer, compression, and filaments width. The consequence of various NL on the tensile properties and fracture behavior of cFF/PLA composite is evidenced in Figure 13a andb. Table 4 shows the mechanical data. The increase in NL from 1 layer to 10 layers implies a linear increase in tensile modulus (+ 50 %), which is due to the greater compaction of the printed filament. Higher tensile strength (+ 73%) and similar strain at break are also measured when 10 layers are printed (Table 4). This confirms that the load transfer between the PLA matrix and the flax yarn reinforcement is more efficient with a higher Number of Layers, as indicated by observation of the fracture surface (Fig. 13b). In fact, a reduced number of dry yarns is observed for NL = 10 compared to biocomposites with NL = 1 due to the compacting effect on the impregnation of the flax yarns.

Number of Layers

In a similar way to the continuous synthetic fiber composite printed by the Makforged® (but for a different reason) [START_REF] Chabaud | Hygromechanical properties of 3D printed continuous carbon and glass fiber reinforced polyamide composite for outdoor structural applications[END_REF], the evolution of cFF/PLA printed biocomposite properties with their geometry has to be carefully taken into account in the design process. The dispersion of stiffness and strength is important and shows that for a similar Flax/PLA material, with a similar fiber volume fraction, the 3D printing process can give a wide range of tensile properties (from single to double for strength and from single to triple for stiffness) depending on the slicing parameters (LH, ID, NT and NL); this finding opens the design space for biocomposite parts. detail elsewhere [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposite for structural applications[END_REF] but can relate to the difference in fiber quality, linear yarn weight, and fiber content. Previous work carried out in the same laboratory on a similar continuous Flax/PLA composite [START_REF] Duigou | 3D printing of continuous flax fiber reinforced biocomposite for structural applications[END_REF] resulted in tensile properties superior to those presented here (≈ + 30%). This result is probably due to the difference in fiber content (Vf =26.5 instead of 30.5%), the change of flax fiber spool (similar 68 Tex from Safilin), the geometry of the sample (width = 17 mm vs. 10 mm), and the printer (Prusa MK3s vs. Prusa i3). This whole experiment demonstrates that this technology is still in its infancy, and further work is required to make it a consistent and reliable process. Compared to conventional processes (e.g. thermocompression, vacuum-assisted infusion) infusion (black dots in Figure 14b andc) applied to long flax fiber composites, continuous flax/PLA printed composites offer competitive tensile properties, especially if evaluated for a similar fiber volume content (Fig. 14b andc). Layer Height is a crucial parameter to control the compaction of filament during printing. Decreasing LH from 0.6 to 0.2 mm induced a reduced layer thickness, lower porosity content, and higher tensile properties (+210% for stiffness and strength).

3. 1

 1 Microstructure of the Continuous flax/PLA biocomposites filament before printing Continuous flax/PLA biocomposites filaments (cFF/PLA) exhibit irregularities on their surface that have led to imperfectly circular filaments (Fig.1), mainly due to the co-extrusion process and the twisted architecture of the fiber bundles.

Figure 1

 1 Figure 1 Cross-section of Continuous flax/PLA biocomposites filaments made by co-extrusion process

Figure 2

 2 Figure 2 Schematic view of the printing process for Continuous Flax/PLA biocomposites and the corresponding slicing parameters, i.e. Interfilament Distance (ID), Number of Layers (NL), Layer Thickness (LT) and Number of Trips (NT).

Figure 3 (

 3 Figure 3 (a) Evolution of the measurement of the actual layer thickness (LT) on a layer after the printing process as a function of the programmed Layer Height (LH) for cFF/PLA composites. (b) Photograph of the cFF/PLA composites surface with different LHs. The dotted lines represent the edges of each sample.

Figure 4 (

 4 Figure 4 (a) Evolution of the porosity level (Vp) as a function of the Layer Height (LH) of cFF/PLA composites, The dotted line represents an exponential fit of the experimental data. (b) Micrographic section of cFF/PLA composites with different LH (from 0.2 to 0.6 mm). The black areas correspond to the porosity. The Number of Trips (NT) is 18 and the Number of Layers (NL) is 5.

  , white symbols). An LH of 0.6 mm results in very high porosity content, mainly located in the interlaminar areas in Fig4b)

Figure 5 ( 3 . 3

 533 Figure 5 (a) Evolution of tensile modulus (EL1) and tensile strength as a function of Layer Height of cFF/PLA composites. (b) Fracture surface microscope observation of cFF/PLA composites with various LH (from 0.2 to 0.6 mm). (c) SEM micrography of cFF/PLA composites with LH = 0.2 mm. SEM micrography of cFF/PLA composites with LH = 0.6 mm. The white arrows indicate that porosity has caused failure. (NT = 10).

Figure 6 (

 6 Figure 6 (a) Evolution of the actual layer thickness (measured on one layer) as a function of the Number of Trips (NT) for different Layer Height (0.2, 0.3 and 0.6 mm). (b) Schematic view of the effect of Number of Trips on the thickness and width of printed cFF/PLA composites.

  greater thickness is achieved. LH is also changing this situation. A schematic view is proposed to reproduce the phenomenon in Figure6bwhere 1, 3 or 5 Number of Trips (NT) in a given layer are analyzed.Filament width follows an exponential decay with the Number of Trips (Fig.6band Fig.7a). Average filament width is calculated by dividing the total width of the sample by the Number of Trips. One should keep in mind that the width of the filament is fundamentally different from the Interfilament Distance (Fig.1). ID focuses on the distance between the flax yarns, while the width of the sample takes into account the overall geometry and the polymer flowing over the edge. Without an adjacent filament, the polymer matrix can migrate freely which leads to a wide sample width (Fig.7b). Printing a filament shows that a width of 1.764 mm is obtained while the increase of the NT drastically reduces the average width between the filaments to an almost constant value of 0.6 mm after NT=10 due to a constant spreading of the polymer on the edge. The choice of the Number of Trips affects the accuracy of the sample geometry. In fact, this value is finally close to the preset value of Interfilament Distance.A lower Layer Height of 0.2 or 0.3 mm logically increases the filament width at higher compression (Fig.6band Fig.7a) than LH=0.6 mm.

Figure 7

 7 Figure 7 (a) Evolution of filament width as a function of the Number of Trips (NT) for different Layer Heights (0.2, 0.3 and 0.6 mm). Filament width is the ratio between the total width of the sample and the Number of Trips. (b) Micrograph of a single printed filament (c) and several printed filaments showing the effect of the Number of Trips on the filament width.

Figure

  Figure 8a and b presents a similar experiment but with different Interfilament Distance (ID) of 0.4, 0.6

Figure 8 (

 8 Figure 8 (a) Evolution of the real thickness of the layer (on one layer) as a function of the Number of Trips (NT) for different Interfilament Distances (0.4, 0.6 and 0.8 mm). (b) Evolution of the filament width as a function of Number of Trips for different Interfilament Distances (0.4, 0.6 and 0.8 mm) for a cFF/PLA composite. The Layer Height is 0.3 mm.

Figure 8 b

 8 Figure 8 b confirms that the Number of Trips has a dramatic effect on the sample width and average

Figure 9 Figure 10

 910 Figure 9 Schematic view of the effect of Interfilament Distance (ID) during the variation of the Number of Trips as a function of the average thickness of the middle of the layer. The LH is kept constant at 0.3 mm.

Table 3 3 . 4

 334 Tensile modulus, tensile strength, and strain for various Interfilament distances (0.4, 0.6, 0.8) and Number of Trips (5, 10 and 18) for cFF/PLA printed composite. The tests were performed on one sample with a Number of Layer =1. The letter L in inedx refers to the longitudinal direction (along fiber direction) Influence of the Number of Layers (NL)

Figure 11 (

 11 Figure 11 (a) Evolution of the average layer thickness as a function of the Number of Layers (NL) for different Layer Heights (0.2, 0.3 and 0.6 mm) (NT = 10) (b) Evolution of the actual layer thickness as a function of layer digit (n°1 to 10), (c) Micrographic cross section of 10 layers of cFF/PLA showing the difference in architecture through the laminate (LH = 0.3 mm).

Figure 12

 12 Figure 12 Evolution of the average filament width as a function of the Number of Layers (NL) for different Layer Heights (0.2, 0.3 and 0.6 mm) (NT = 10) for a cFF/PLA composite.

Figure 13 (

 13 Figure 13 (a) Evolution of tensile modulus and tensile strength as a function of Number of layers (NL) (for NT = 10, ID = 0.6 mm and LH =0.3 mm), (b) Fracture surface of cFF/PLA composite with NL of 1 and 10.

Figure 14

 14 Figure 14 Graph of tensile modulus and tensile strength (a) [43][6][22][44][45][46][24][47][15]. Evolution of Tensile modulus (b) and tensile strength (c) as a function of fiber volume fraction for cFF/PLA in relation to the literature values for the conventional manufacture (injection molding, thermocompression or infusion) of natural long fiber composites [48][30][31][49][50][51][52][53][54][27].

  Compared to the work of Matsuzaki et al.[START_REF] Matsuzaki | Threedimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF] on continuous Jute/PLA (black dot in Fig14a), the current work yield higher the tensile modulus and the strength. The reasons are described in more Tensile strength (MPa)

  an emerging technology aimed at producing the next generation of composite materials that are currently limited by the absence of applied materials. In the context of current environmental concerns, it has become necessary to develop biobased materials with a lower environmental footprint. 3D printing represents a great opportunity for biocomposites to develop for the first time on the same time scale as their synthetic counterparts. Most natural fiber composites used for 3D printing include short natural fibers with moderate mechanical properties. One alternative is the development of continuous natural reinforced polymer to improve those mechanical properties. The purpose of this article was, for the first time, to bring deeper insights in the relationship between slicing parameters (Layer Height (LH), Interfilament Distance (ID), Number of Trips (NT) and Number of Layers (NL)) on the final sample geometry (printing accuracy), the microstructure and the tensile properties in order to envisage a new class of 3D printed continuous flax/PLA biocomposites with tailored performance.

Table 1 Extrusion parameters to produce continuous flax/PLA filaments

 1 

		Continuous flax yarn filament
	Die size (mm)	0.6 (diameter) x 20 (length)
	Extruder temperature (°C)	180
	Die temperature (°C)	190
	Oven temperature (°C)	120
	Consolidating system (mm)	40 x 7
	Puller speed (m/min)	1
	Extrusion speed (rpm)	

Table 2 The tensile properties of cFF/PLA composites for different Layer Heights (LH). The letter L in index refers to the longitudinal direction (in the direction of the fibers)

 2 

	LH (mm)	EL1 (GPa)	σL (MPa)	εL (%)
	0.2	17.2 ± 0.7	183 ± 22	1.5 ± 0.2
	0.3	14.6 ± 0.6	166 ± 31	1.9 ± 0.1
	0.4	12.1 ± 0.7	163 ± 5	1.7 ± 0.1
	0.6	9.5 ± 0.4	87 ± 1	1.4 ± 0.1

  across all plies. Figure11b and cevidences the evolution of the actual thickness of each layer as a function of the layer digit.

	and compression ratio			
	ID (mm)	EL1 (GPa)	σL (MPa)	εL (%)
	0.4	12.9 ± 0.9	135 ± 10	1.4 ± 0.1
	0.6	15.6 ± 1.1	186 ± 4	1.9 ± 0.2
	0.8	17.1 ± 1.5	147 ± 16	1.6 ± 0.3
	NT	EL1 (GPa)	σL (MPa)	εL (%)
	5	11.6 ± 0.9	130 ± 19	1.7 ± 0.2
	10	11.1 ± 1.3	132 ± 14	1.6 ± 0.3
	18 (full sample)	11.2 ± 1.2	112 ± 11	1.6 ± 0.2
				Increasing
	the Number of Layers from 1 to 10 does not generate a homogeneous distribution of layer thickness

Table 4 Tensile properties of cFF/PLA composite for different Number of Layers (NL). The letter L in index refers to the longitudinal direction (along fiber direction)

 4 

	Figur
	es
	14a,
	b and

(Fig 14c)

. Overall, the mechanical properties are always considerably higher than for printed short natural fiber composites (respectively blue and red dots in Fig

14a

).

Layer thickness was limited by the compressibility of the twisted flax yarn while the relation between LH and the real layer thickness was linear. Both over-and undercompaction were observed for low to high LH. This result implies that when printing numerous layers, the compaction ratio (initial filament diameter/real layer thickness) varied. Increasing Number of Layers (NL) from 1 to 10 brought higher compaction ratio and higher tensile properties (+ 50% in modulus and + 73% in strength). The compaction varied along the cross section with the first plies being the more compressed. Number of Trips (NT) and Interfilament Distance (ID) played the role of "neighboring filaments" that influenced the polymer matrix flow during the printing process by controlling the available space for the filament between the nozzle and the adjacent filaments. This considerably affected the average layer thickness and the overall sample geometry. Increasing NT from 1 to 18 reduced the available space for the polymer matrix flow for each filament. Thus, the sample geometry is more accurate and the average filament width (total width/ NT) followed the preset Interfilament Distance. A decrease of ID from 0.8 to 0.4 mm emphasized this effect. These conclusions may be extended to other 3D-printed materials but the amplitude of phenomena should depend on the rheological properties of the matrix and the compressibility of yarns.

Overall, the 3D printing process presented here with continuous flax/PLA composites yielded to a wide range of tensile properties that were always drastically higher than the current published values on short natural fiber-printed composites. The tensile properties are in the same range as those continuous glass/PA-printed composites. This confirms the potential of continuous flax fiberreinforced printed composites to be high performance composite materials with a large range of reachable properties. This open the era of new design of biocomposites with the added-value of a versatile and disruptive manufacturing process.
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