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Introduction

The use of natural fiber composites is nowadays highly recommended in many engineering applications for different industrial sectors due to their technical and ecofriendly properties [START_REF] Pil | Why are designers fascinated by flax and hemp fibre composites? Compos Part A[END_REF][START_REF] Lau | Properties of natural fibre composites for structural engineering applications[END_REF][START_REF] Cheung | Natural fibre-reinforced composites for bioengineering and environmental engineering applications[END_REF][START_REF] Panzera | Static, fatigue and impact behaviour of an autoclaved flax fibre reinforced composite for aerospace engineering[END_REF][START_REF] Kumar | Fibrous biocomposites from nettle (Girardinia diversifolia) and poly(lactic acid) fibers for automotive dashboard panel application[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF]. When biocomposite materials are made with long natural fiber reinforcement, machining remains an essential process to finish and transform the industrial biocomposite part toward its desired engineering functionality [START_REF] Nassar | Machinability of natural fiber reinforced composites: a review[END_REF]. However, the machining behavior of natural fiber composites is not similar to that of synthetic fiber composites because natural fibers are characterized by a multiscale cellulosic structure (from nanoscale of cellulose to mesoscale of fiber bundles [START_REF] Yan | Flax fibre and its composites -A review[END_REF]) that engenders critical issues in biocomposite materials such as poor wettability, degradation at the fiber/matrix interface, and damage of the fiber during manufacturing processes [START_REF] Ho | Critical factors on manufacturing processes of natural fibre composites[END_REF].

Many research works have thus been performed to investigate the cutting behavior of natural fiber composites using different machining processes such as drilling [START_REF] Wang | Machinability of natural-fibre-reinforced polymer composites: Conventional vs ultrasonically-assisted machining[END_REF][START_REF] Debnath | Drilling characteristics of sisal fiber-reinforced epoxy and polypropylene composites[END_REF][START_REF] Maleki | Experimental investigation on drilling of natural flax fiber-reinforced composites[END_REF][START_REF] Nasir | Critical thrust force and critical feed rate in drilling flax fibre composites: A comparative study of various thrust force models[END_REF], milling [START_REF] Babu | Effect of Machining Parameters on Milled Natural Fiber-Reinforced Plastic Composites[END_REF][START_REF] Çelik | An experimental study on milling of natural fiber (jute)-reinforced polymer composites[END_REF], and orthogonal cutting [START_REF] Chegdani | Mechanics of material removal when cutting natural fiber reinforced thermoplastic composites[END_REF][START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF][START_REF] Díaz-Álvarez | Analysis of orthogonal cutting of biocomposites[END_REF]. It has been found that the cutting behavior of natural fiber composites is different from that of synthetic fiber composites in terms of chip formation, fiber shearing, and interfaces' fracture [START_REF] Chegdani | Mechanics of material removal when cutting natural fiber reinforced thermoplastic composites[END_REF]. The removed chip of natural fiber composites remains continuous for a wide range of cutting conditions, while the chip curling is reduced when increasing the cutting speed and/or the cutting depth [START_REF] Chegdani | Mechanics of material removal when cutting natural fiber reinforced thermoplastic composites[END_REF][START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF]. This chip formation behavior is different from that of synthetic fiber composites that may have a discontinuous chip at dry and high loading cutting conditions [START_REF] Quadrini | Machining of glass fiber reinforced polyamide[END_REF][START_REF] Sheikh-Ahmad | Machining of Polymer Composites[END_REF][START_REF] Sheikh-Ahmad | Cutting and Machining of Polymer Composites[END_REF]. Unlike synthetic fibers that have linear elastic behavior with a brittle fracture [START_REF] Feih | Strength degradation of glass fibers at high temperatures[END_REF][START_REF] Marrot | Analysis of the hemp fiber mechanical properties and their scattering (Fedora 17)[END_REF], the cutting behavior of natural fiber composites results from the combined ductility of natural fibers and polymer matrix that induces a ductile behavior of the resulting composites at large loading conditions, avoiding hence a brittle fracture of the biocomposite and a premature failure of the interfaces [START_REF] Chegdani | Mechanics of material removal when cutting natural fiber reinforced thermoplastic composites[END_REF][START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF].

However, the complex cellulosic structure of natural fibers makes the machinability of biocomposites highly sensitive to their multiscale anisotropy.

Typically, the effect of fiber orientation has been revealed as highly significant on the machinability of biocomposites [START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF][START_REF] Chegdani | Numerical modeling of micro-friction and fiber orientation effects on the machinability of green composites[END_REF]. Indeed, the cellulose microfibrils are oriented toward the fiber axis, which provides largely higher fiber stiffness in the longitudinal direction comparing to the transverse direction of the fiber. Hence, the transverse fiber direction suffers from high transverse elasticity, which causes a transverse deformation of fibers before being sheared during the cutting process, provoking hence uncut fiber extremities and interfaces' fracture in form of debonding zones, especially when natural fibers are not enough stiff to encounter the transverse deformation [START_REF] Chegdani | Fiber type effect on tribological behavior when cutting natural fiber reinforced plastics[END_REF]. However, and even natural fibers are oriented perpendicular to the cutting feed direction, the longitudinal fiber stiffness contributes to the cutting behavior by enhancing the shear efficiency and reducing the interfaces' fracture as shown in [START_REF] Chegdani | Fiber type effect on tribological behavior when cutting natural fiber reinforced plastics[END_REF] by changing the fiber type, and in [START_REF] Chegdani | Thermal Effects on Tribological Behavior in Machining Natural Fiber Composites[END_REF] by lowering the fiber temperature. Indeed, even if the cutting feed is in the transverse direction of the fiber, the cutting tool solicits the fiber in longitudinal and transverse directions because the shear force is inclined toward the cutting feed direction whatever the fiber orientation as shown in [START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF]. In particular, for fiber orientation values of 0°, 45°, and 90° with respect to the cutting feed direction, it has been found that the shear angle between the shear force direction and the cutting feed direction is equal respectively to 35.3°, 40°, and 43.5°. Consequently, for a fiber orientation of 90°, the resulting shear force is not perpendicular to the longitudinal fiber direction even though the cutting feed direction is perpendicular to the longitudinal fiber direction. The fiber orientation of 45°, for which the shear force direction is the nearest to the longitudinal fiber direction, induces the most efficient shearing of fibers during the machining operation [START_REF] Chegdani | Effect of flax fiber orientation on machining behavior and surface finish of natural fiber reinforced polymer composites[END_REF]. It can be concluded that both longitudinal and transverse properties of natural fibers should be considered to investigate the machinability of biocomposites structures.

The multiscale anisotropy of natural fibers is related to their chemical composition that includes cellulose, hemicellulose, pectin, lignin, waxes, and water in form of moisture content [START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF]. Each chemical component influences the mechanical properties of the natural elementary fiber, typically the moisture content that has been assessed between 8% and 10% of the fiber weight [START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF]. This moisture content is reduced during the manufacturing process of the composites because of the high temperatures used for the molding but it is recovered after processing from the humidity of the storage environment [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF]. The moisture content can affect considerably the mechanical properties of natural fiber because water molecules act as a plasticizer in the cellulosic structure of natural fibers [START_REF] Hon | Wood and Cellulosic Chemistry[END_REF]. Therefore, this hygrometric parameter should be considered in the machinability investigation of natural fiber composites.

In this paper, the hygro-mechanical properties of natural fibers are first outlined from the literature review to apprehend the different hygrometric phenomena arisen in natural fibers, polymer matrix, and interfaces. Then, the hygrometric effect on the machinability of natural fiber composites is investigated on a biocomposite structure including unidirectional flax fibers and polylactic-acid (PLA) polymer matrix. The hygrometric variation is carried out by immersing the composite samples in water for different immersion times. Machining operations are performed using the orthogonal cutting process. Chip formation, machining forces, scanning electron microscope (SEM) observations, and topographic measurements of machined surfaces are considered to evaluate the influence of water content on the machinability and the cutting mechanisms of flax fibers reinforced PLA composites.

Hygro-mechanical properties of natural fiber composites: An overview

The hygrometric effect on the mechanical properties of natural fiber composites has mainly been investigated in the literature using water immersion because it is the most aggressive method for water absorption in natural fiber composites [START_REF] Saidane | Assessment of 3D moisture diffusion parameters on flax/epoxy composites[END_REF]. Flax fiber reinforced thermoset epoxy composites are the most considered material in the hygromechanical investigations [START_REF] Cheour | Effect of water ageing on the mechanical and damping properties of flax-fibre reinforced composite materials[END_REF][START_REF] Berges | Influence of moisture uptake on the static, cyclic and dynamic behaviour of unidirectional flax fibre-reinforced epoxy laminates[END_REF][START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF][START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF][START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF][START_REF] Moudood | Environmental effects on the durability and the mechanical performance of flax fiber/bio-epoxy composites[END_REF][START_REF] Jeannin | Influence of hydrothermal ageing on the fatigue behaviour of a unidirectional flax-epoxy laminate[END_REF]. Another thermoset matrix type was considered in literature when investigating the effect of water absorption on the fracture properties of flax fiber reinforced vinyl ester composites [START_REF] Almansour | Effect of water absorption on Mode I interlaminar fracture toughness of flax/basalt reinforced vinyl ester hybrid composites[END_REF][START_REF] Hristozov | Long-term tensile properties of natural fibre-reinforced polymer composites: Comparison of flax and glass fibres[END_REF]. For thermoplastic matrices, a hygro-mechanical study has been performed on flax fiber reinforced acrylic composites [START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF], flax fiber reinforced bio-based PLA composites [START_REF] Regazzi | Reversible and irreversible changes in physical and mechanical properties of biocomposites during hydrothermal aging[END_REF], and fine particles of different natural chopped fibers as a filler for bio-polyethylene composites [START_REF] Kuciel | A study on the mechanical properties and the influence of water uptake and temperature on biocomposites based on polyethylene from renewable sources[END_REF]. The hygromechanical properties of single natural elementary fibers have also been investigated with flax fibers [START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF] and hemp fibers [START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF].

Figure 1 illustrates an overview of water content and elastic modulus evolution in function of water immersion time for unidirectional long flax fiber reinforced epoxy composites (compared to unidirectional long glass fiber reinforced epoxy composites) and random short flax fiber reinforced PLA composites. In general, the effect of water content follows the Fick's law despite the neat epoxy where the water content generates a quasi-linear behavior. From Figure 1(a,b), it can be clearly seen the strong impact of natural fibers on the water absorption process. Both epoxy and PLA matrices generate very low water content without natural fibrous reinforcement (about 1%). Increasing the volume fraction of flax fibers increases significantly the water content in the composite. However, glass fibers do not influence the water absorption because the water content of epoxy matrix reinforced with 40%vt of unidirectional glass fibers has been found equal to 1.05% at saturation [START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF] which is similar to the water content of the neat epoxy shown in Figure 1(a). From all these results, it can be concluded that natural flax fibers are the main responsible for the water absorption mechanism and moisture content in the composite.

The influence of water content on the elastic modulus is shown in Figure 1(c,d).

It can be seen that the effect of water immersion time on the elastic modulus of neat epoxy, neat PLA, and glass fiber reinforced epoxy composite is negligible since the water content of these three materials does not exceed 1.05% at saturation. For flax fiber composites, increasing the water immersion time decreases the elastic modulus of the composite. This hygrometric effect is as more intense as the volume fraction of flax fibers is high and it is valid for natural fiber reinforced thermoset [START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF][START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF] and thermoplastic [START_REF] Regazzi | Reversible and irreversible changes in physical and mechanical properties of biocomposites during hydrothermal aging[END_REF] composites. The water content does not affect only the elastic modulus but also the tensile strength and the failure strain. It has been shown that water uptake increases the failure strain [START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF][START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF][START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF][START_REF] Jeannin | Influence of hydrothermal ageing on the fatigue behaviour of a unidirectional flax-epoxy laminate[END_REF]. The decrease of the elastic modulus and the increase of the failure strain were attributed to the plasticization of the composite constituents caused by the infiltration of water molecules that can be bonded with the hydroxyl groups in the hydrophilic components of flax fibers and act thus as a plasticizer, which makes the material more ductile [START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF][START_REF] Duigou | Seawater ageing of flax/poly(lactic acid) biocomposites[END_REF][START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF]. However, the literature reported divergent outcomes about the hygrometric effect on the tensile strength. Indeed, while some studies show a decrease of both the elastic modulus and the tensile strength in function of the water aging time [START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF][START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF][START_REF] Moudood | Environmental effects on the durability and the mechanical performance of flax fiber/bio-epoxy composites[END_REF][START_REF] Jeannin | Influence of hydrothermal ageing on the fatigue behaviour of a unidirectional flax-epoxy laminate[END_REF][START_REF] Scida | Influence of hygrothermal ageing on the damage mechanisms of flax-fibre reinforced epoxy composite[END_REF], other investigations demonstrate also a decrease of the elastic modulus but an increase of the tensile strength [START_REF] Berges | Influence of moisture uptake on the static, cyclic and dynamic behaviour of unidirectional flax fibre-reinforced epoxy laminates[END_REF][START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF][START_REF] Muñoz | Water Absorption Behaviour and Its Effect on the Mechanical Properties of Flax Fibre Reinforced Bioepoxy Composites[END_REF]. The decrease of the tensile strength on natural fiber composites with water aging has been explained in literature by a multiscale degradation of the composites' structure. On one hand, the fiber structure is composed of stacking of cellulosic cell-walls and water can directly affect the hydrophilic constituents of the flax fiber and then weakens the interface between these cell-walls which leads to damage the fiber [START_REF] Chilali | Effect of water ageing on the load-unload cyclic behaviour of flax fibre-reinforced thermoplastic and thermosetting composites[END_REF]. On the other hand, the decrease of the tensile strength can also be due to the weakening of fiber-matrix interfaces because of water aging that contributes to the hydrolysis of the polymer matrix and thus the breakage of its molecular chain [START_REF] Hu | Moisture absorption, tensile strength and microstructure evolution of short jute fiber/polylactide composite in hygrothermal environment[END_REF]. The increase of the tensile strength is attributed to the swelling of flax fibers within the composite structure as a result of water absorption, which can strengthen the interfacial bonding between fibers and matrix due to the hygrometric fiber expansion [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF][START_REF] Berges | Influence of moisture uptake on the static, cyclic and dynamic behaviour of unidirectional flax fibre-reinforced epoxy laminates[END_REF][START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF]. Nevertheless, it has been shown that even if the tensile strength increases with water content, the interlaminar shear strength decreases with water content [START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF]. Therefore, the hypothesis of enhancing the interfacial properties with the hygrometric fiber expansion appears to be questionable. The most probable explanation for the increase in mechanical strength with water content is related to the cellulosic structure of natural fibers. Indeed, the hygro-mechanical behavior of natural fibers has been investigated with elementary flax and hemp fibers [START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF][START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF]. These studies have demonstrated that tensile modulus and strength of natural fibers increase by increasing the relative humidity (i.e. the water content). This behavior is explained by the rearrangement of the cellulosic structure. It is well known that natural fibers, typically plant fibers, are mechanically controlled by the secondary cellwall (S2) where the cellulose microfibrils are embedded in an amorphous natural matrix and are oriented from the fiber axis with a microfibrillar angle that is around 10º for flax fibers and 6º for hemp fibers [START_REF] Dittenber | Critical review of recent publications on use of natural composites in infrastructure[END_REF][START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF]. Water absorption could induce plasticizing of the amorphous matrix because of water adsorption and the creep of cellulose microfibrils in the relaxed amorphous matrix after a certain water uptake threshold, leading to their rearrangement, with more parallel orientations with respect to the fiber axis which increases the elastic modulus and the tensile strength of the fiber [START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF][START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF].

It can be concluded from this review section that the moisture content affects differently the mechanical properties of natural fiber composites at different scale levels, from the nanoscale of cellulose microfibrils to the macroscale of the overall biocomposite structure, passing by the microscale of natural elementary fibers and interfaces. This specific multiscale hygrometric behavior of natural fiber composites will be considered in this paper to investigate their machinability.

Materials and methods

biocomposite material and water immersion

The biocomposite material used in this study is provided by "Kairos Biocomposites - The fiber volume fraction is estimated to be equal to 23.7% using the equation ( 1) [START_REF] Chilali | Analysis of the mechanical behaviour of flax and glass fabrics-reinforced thermoplastic and thermoset resins[END_REF] where 𝑚 𝑓 and 𝑚 𝑐 are the mass of the flax fiber fabric and the composite, respectively. 𝜌 𝑓 = 1.4 g/cm 3 and 𝜌 𝑚 = 1.24 g/cm 3 are the density of flax fibers and the polymer matrix, respectively [START_REF] Regazzi | Reversible and irreversible changes in physical and mechanical properties of biocomposites during hydrothermal aging[END_REF].

𝑉 𝑓 = 1 1+( 𝑚 𝑐 -𝑚 𝑓 𝑚 𝑓 )( 𝜌 𝑓 𝜌 𝑚 ) (1) 
To investigate the effect of water content on the machinability of flax/PLA composites, the samples are immersed in tap water for different durations from 1 day to 150 days at a constant room temperature of 25 ºC. The detailed hygrometric parameters are presented in Table 1. Reference samples are used to evaluate the water content after each considered immersion time where 4 samples are considered for each configuration to assure the repeatability of the results. Each sample is taken out of the water and wiped just before the cutting operation to ensure the water content of the hygrometric condition.

Orthogonal cutting and surface analysis setup

Orthogonal cutting tests are made on a shaper machine (GSP -EL 136) with a carbide cutting insert (Sandvik -TCGX 16 T3 04 -AL H10) as shown in Figure 2. Cutting forces (Fc) and thrust forces (Ft) are measured using a piezoelectric dynamometer (Kistler -9255B) that is connected to a multichannel charge amplifier (model 5019 B131) and a data acquisition board using the Labview software and a sampling rate of 10,000 Hz. To highlight the in-situ chip formation mechanisms during cutting, a highspeed camera (FASTCAM SA5 CCD) is used to record optical frames at an acquisition rate of 20,000 frames per second. The machined surfaces are then observed at a microscale using the scanning electron microscope (SEM) at low vacuum mode (JEOL -5510LV). 3D topographic surface variations were measured by a three-dimensional optical interferometer (WYKO 3300NT). The orientation of unidirectional flax fibers is perpendicular to the cutting direction. Table 1 summarizes the machining parameters used for orthogonal cutting experiments. Each cutting configuration is tested at least three times to assure repeatability. Thus, the final outputs from the orthogonal cutting experiments are presented as the mean value of these three repeated tests. Measurement errors are considered as the average of the absolute deviations of data repeatability tests from their mean. times. The water content rate (𝑊 𝑐 (%)) is calculated using the equation ( 2) where 𝑀 𝑖 is the initial sample mass and 𝑀 𝑓 is the sample mass after the water immersion.

𝑊 𝑐 = 𝑀 𝑓 -𝑀 𝑖 𝑀 𝑖 × 100 (2) 
It is important to note that the so-called water content in this section is properly related to the water immersion process. Indeed, natural fibers can also absorb water from the ambient environment. Therefore, it should be an initial water content before water immersion that is not considered in this hygrometric investigation.

It can be seen that the water content increases by increasing the water immersion shows that flax/PLA generates about 1.8% and 6% of water content at saturation with 10% and 30% of fiber volume fraction, respectively. This difference in water content at saturation is probably due to the structure of the natural fibrous reinforcement.

Flax/PLA used in Figure 1 is composed of short fibers while flax fibers used in this study are long, unidirectional, and continuous. For short fiber structure, only flax fibers located on the sample surfaces are directly exposed to water. Short fibers are provided with water from PLA diffusion that is low as shown in Figure 1(b). For long fiber structures, the extremities of fibers are directly exposed to water on the sample surfaces which caused more water absorption and diffusion in flax fibers by capillarity. Note that the moisture content in a humid environment of single flax fibers is between 10% and 14% depending on the applied fiber treatment [START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF]. For flax/PLA composites, the moisture content is reduced because the polymer matrix avoids direct exposure to the humid environment. Moreover, the polymer matrix avoids an important swelling of flax fibers that could allow more water uptake. 

Hygrometric effect on the chip formation

Figure 4 shows the chip morphology for different hygrometric configurations. Flax/PLA samples have not the same appearance on the high-speed camera images when increasing the water immersion time. Without water immersion, flax fibers are clearly obvious on the high-speed camera images as shown in Figure 4(a,e). By increasing the water content, flax fibers disappear from the high-speed camera images which means that flax fibers have absorbed water and changed the color to be like the color of the PLA matrix (Figure 4(d,h)).

The water uptake has a significant effect on the chip morphology. In the transient hygrometric regime, the chip curling increases significantly by increasing the water immersion time. This indicates an important modification on the tribo-mechanical properties of flax/PLA composites due to the water uptake. Indeed, in the context of machining science, the cause of chip curling is due to the bending moment formed at the deformation zone, owing to the non-collinearity of the resultant force on the rake face and the resisting force on the shear plane [START_REF] Cook | The mechanism of chip curl and its importance in metal cutting[END_REF][START_REF] Liu | A Study on Chip Curling and Breaking[END_REF]. The bending moment required to change the radius of the chip curvature is called the "fully plastic bending moment" (𝑀 𝑓𝑝 ) and it is given by the following the equation ( 3) where 𝜎 0 is the flow stress, 𝑏 is the chip width, and 𝑡 𝑐 is the chip thickness [START_REF] Cook | The mechanism of chip curl and its importance in metal cutting[END_REF].

𝑀 𝑓𝑝 = 𝜎 0 𝑏 𝑡 𝑐 2 4 (3) 
It can be noticed from equation (3) that increasing the cutting depth (i.e.

increasing the chip thickness) will increase the flow stress and then the required bending moment, which will lead to reducing the chip curling. Inversely, water content inside the biocomposite structure increases the plasticity of the composite by reducing the elastic modulus and rising the elongation at break as shown in section 2. Consequently, the flow stress would decrease by increasing the water immersion time, which will decrease the bending moment and thus increases the chip curling.

Besides, it has been shown that biocomposite materials made from natural fibers and polymer matric can exhibit a self-shaping because of a moisture-induced bending actuation [START_REF] Duigou | Hygromorph BioComposites: Effect of fibre content and interfacial strength on the actuation performances[END_REF][START_REF] Duigou | Moisture-induced self-shaping flax-reinforced polypropylene biocomposite actuator[END_REF]. Indeed, the biocomposite structure shows a multiscale architecture (fiber bundles, elementary fibers, and constitutive cell-walls) which influences the water uptake and the swelling ability of natural fibers, and thus the water-induced bending of the biocomposite material [START_REF] Duigou | Moisture-induced self-shaping flax-reinforced polypropylene biocomposite actuator[END_REF]. The swelling ability of flax fibers acts as the driving force of bending in the removed chip of the biocomposite. The water-induced bending direction can be in the cutting plane and/or out of the cutting plane depending on the size and the distribution of flax fiber bundles, which are random in the actual biocomposite structure. The contribution of the water-induced bending can hence explain the high intensity of chip curling and its deformation out of the cutting plane when increasing the water immersion time.

In the saturated hygrometric regime, Figure 5 shows that increasing the water immersion time reduces the chip curling which is opposite to the curling trend of the transient hygrometric regime presented in Figure 4. This chip formation behavior indicates induced damage to the chip structure due to the water aging process that contributes to reduce the chip curling. Indeed, it can be noticed at the extreme hygrometric condition that the removed chip is subjected to fractures (CF in Figure 5(c,f)) without inducing fragmentation of the chip. These fractures weaken the curling process and are attributed to the moisture-induced damages of the interfaces in the saturated regime that cannot resist the high applied machining stresses. 

Hygrometric effect on the machining forces

Figure 6 shows the machining forces obtained at transient and saturated regimes separately. In general, machining forces increase by increasing the cutting depth which is, as well-known, due to the increase of the removed material quantity. Figure 6(a) and The specific behavior of thrust forces in the transient hygrometric regime can be explained by the effect of water content on the fiber spring-back. In machining of composite materials, the fiber spring-back induces a significant force component in the direction of the thrust force [START_REF] Lasri | Modelling of chip separation in machining unidirectional FRP composites by stiffness degradation concept[END_REF][START_REF] Arola | Orthogonal cutting of fiber-reinforced composites: A finite element analysis[END_REF]. The fiber spring-back force component is as significant as the fiber is rigid. In section 2, it has been shown from experimental investigations on single elementary natural fibers that the moisture content decreases the fiber rigidity until reaching a critical threshold after which the fiber stiffness increases again in function of the water content. The decrease of the fiber stiffness at the beginning of the water absorption process was attributed to the plasticization of the amorphous polymeric components of the fiber, while the increase of the fiber stiffness after the critical water content threshold was attributed to the rearrangements of cellulose microfibrils toward the fiber axis [START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF]. In the case of this study, it can be seen that the critical water content threshold that allows switching the stiffness behavior of flax fibers is reached at 7 days of water immersion, which corresponds to ~ 4.5 % of water content. Therefore, the decrease of flax fiber stiffness by increasing the water immersion time up to 7 days contributes to a decrease of the fibers spring-back during the cutting process, which leads to a decrease of the thrust forces. Inversely, the increase of flax fiber stiffness by increasing the water immersion time after the threshold of 7 days contributes to an increase of the fibers spring-back during the cutting process, which leads to an increase of the thrust forces.

In the saturated hygrometric regime, the water content in flax fibers is stabilized.

However, the degradation of the interfaces is still activated due to the hydrolysis process [START_REF] Hu | Moisture absorption, tensile strength and microstructure evolution of short jute fiber/polylactide composite in hygrothermal environment[END_REF]. This failure mechanism weakens the bonding between fiber and matrix, which decreases the stiffness of the fibrous reinforcement in the biocomposite structure and participates hence to reduce gradually the spring-back power of flax fibers as the water immersion time increases. This may explain the decrease of the thrust forces by increasing the water immersion time in the saturated hygrometric regime.

On the other side, the increase of the machining forces when switching from the transient to the saturated regime could be attributed to the surface reaction effect related to the wet tool/material contact. Indeed, section 2 shows that the mechanical properties of natural fiber composites are stabilized at the end of the transient regime when the water content reaches its maximum. Since the machining forces behavior in the transient regime is attributed to the multiscale mechanical behavior of the biocomposite, this hygro-mechanical effect will disappear at the end of the transient regime. At this critical hygrometric point, flax fibers are saturated with water molecules and the cutting operation will thus engender an important water content on the cutting contact interface.

This will induce surface tension and surface pressure in the cutting contact interface due to the capillary rise [START_REF] Keller | Surface tension force on a partly submerged body[END_REF][START_REF] Carter | Importance of dynamic surface tension to the residual water content of fabrics[END_REF]. In the case of dynamic solicitations such as machining, it has been shown that the dynamic surface tension is proportional to the water content in the fabric [START_REF] Carter | Importance of dynamic surface tension to the residual water content of fabrics[END_REF]. This can explain the increase of the machining forces at the transientsaturated hygrometric transition. This effect is more obvious when increasing the cutting depth because of the local increase of the hydrostatic pressure, induced by the water content, which intensifies the surface reaction forces. Figure 8 shows typical SEM images of the machined surfaces in the saturated regime. It can be noticed that the fiber shearing is neatly improved in this hygrometric regime where the elementary fiber's shapes are observable from the SEM images.

Hygrometric effect on the cutting mechanisms

However, the debonding zones caused by the interfaces' fracture increase by increasing the water immersion time.

From the microscopic observations of Figure 7 and Figure 8, and the hygromechanical behavior of biocomposites described in section 2, it can be noticed that the cutting behavior of flax/PLA composites regarding the water immersion time involves different biocomposite properties at different scale levels. In the transient hygrometric regime, the cutting behavior of flax fibers depends on the water content. The flax fiber shearing is not initially perfect without water immersion and this shearing imperfection is as more critical as the water immersion time increases up to the threshold of 7 days determined in section 4.2. At this hygrometric stage, the first infiltration of water molecules can be bonded with the hydroxyl groups in the hydrophilic components of flax fibers and act thus as a plasticizer, which decreases the rigidity of the fiber as explained in section 2. Consequently, the shearing performances of flax fibers are reduced in this hygrometric stage because the shearing of natural fibers in machining is as more efficient as the fiber rigidity is higher [START_REF] Chegdani | Fiber type effect on tribological behavior when cutting natural fiber reinforced plastics[END_REF][START_REF] Chegdani | Thermal Effects on Tribological Behavior in Machining Natural Fiber Composites[END_REF].

Conversely, and from the threshold time of 7 days, the fiber shearing is improved by the increase of water immersion time. From this critical amount of water content inside flax fibers (~ 4.5 %), cellulose microfibrils are crept and rearranged toward the fiber axis which leads to an increase in the fiber rigidity (see section 4.2) and thus the enhancement of the fiber shearing efficiency during the cutting process.

When achieving the hygrometric saturation in flax/PLA composites, water content and mechanical properties become constant which can explain the similar shearing behavior of flax fibers observed from the end of the transient hygrometric regime and all over the saturated regime. However, the water exposure time in the biocomposite structure damages gradually the interfaces between elementary flax fibers and the PLA matrix, and these damages become critical after saturation. As shown in section 2, the mechanical properties of natural fiber composites are stabilized in the saturated hygrometric regime, but the hydrolysis of the molecular chain of the polymer matrix remains activated with the presence of water inside the biocomposite structure.

The hydrolysis phenomenon contributes to intensify the deterioration of the polymer matrix from the interfaces because these latter constitute the contact surface with water molecules absorbed by flax elementary fibers. This may explain the expansion of the debonding zones on the machined surfaces by the increase of the water immersion time in the saturated hygrometric regime (Figure 8). It is important to note that the described phenomena are more obvious when performing the machining with high cutting depth since the machining interaction forces are more substantial (Figure 6). 

Hygrometric effect on the machined surface roughness

To qualify the hygrometric effect on the machined surface roughness of flax/PLA composites, the topographic image size should correspond to the considered fibrous structure size in order to be on the relevant scale for an efficient topographic analysis of natural fiber composites [START_REF] Chegdani | New Multiscale Approach for Machining Analysis of Natural Fiber Reinforced Bio-Composites[END_REF]. The fibrous structure size in the case of the considered flax/PLA composites are continuous unidirectional bundles of flax fibers. The average diameter of the flax fiber bundles in flax/PLA composites is about 150 ±50 µm. The objective of the interferometer has been adapted to be as close as possible to this scale range. Therefore, an objective with a magnification of ×20 is used to get topographic images of 153×204 µm 2 . The quantification of these measurements with the arithmetic mean of the surface roughness (Ra) is given in Figure 9.

The surface roughness behavior of Figure 9 reproduces the similar cutting behavior shown in section 4.4. In general, the machined surface roughness increases by increasing the cutting depth in the two hygrometric regimes. In the transient hygrometric regime, the surface roughness increases by increasing the water immersion time until reaching the critical threshold of 7 days. Then, the surface roughness decreases by increasing the water immersion time. This result corresponds to the microscopic observation of Figure 7 where the increase of the surface roughness is due to the uncut fiber extremities caused by the poor fiber shearing efficiency. After the water immersion threshold time of 7 days, the surface roughness decreases due to the improvement of the fiber shearing but does not reach the initial surface roughness values (without water immersion) because of the induced debonding zones that contribute to the increase of the machined surface roughness. On the other side, the saturated hygrometric regime shows an increase of the surface roughness when increasing the water immersion time which is mainly due to the expansion of the concluded that the cutting mechanisms induced by the hygrometric effect are well reproduced with the topographic analysis of machined surfaces at the relevant scale of the flax fibrous reinforcement. 

Figure 1 :

 1 Figure 1: Hygrometric effect on water content and elastic modulus of natural fiber composites. Figures are reproduced from data of[START_REF] Assarar | Influence of water ageing on mechanical properties and damage events of two reinforced composite materials: Flax-fibres and glass-fibres[END_REF][START_REF] Li | Hydrothermal ageing mechanisms of unidirectional flax fabric reinforced epoxy composites[END_REF][START_REF] Regazzi | Reversible and irreversible changes in physical and mechanical properties of biocomposites during hydrothermal aging[END_REF] 

France" .

 . The samples are manufactured by stacking 10 layers of a unidirectional nonwoven flax fabric and 11 layers of PLA thin films using the thermo-compression technique. The density of the flax fabric is 110 g/m 2 . PLA layers have a thickness of 250 µm and a density of 285 g/m 2 . biocomposite plates of flax/PLA are performed with 200 ºC of molding temperature and 1 bar of mold pressure for 5 min. Then the cooling process is executed at 7 bars of mold pressure from 200 ºC to 25 ºC in 5 min. Flax/PLA composite workpieces used for the machining experiments have the dimensions of 30  20  3.5 mm 3 .
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 2 Figure 2: (a) Image of the experimental setup of the orthogonal cutting tests. (b) Zoom on the cutting zone.

Figure 3

 3 Figure 3 presents the water content of flax/PLA samples after different water immersion

  Figure 1(b) which is about 23 days. However, a difference in water content at saturation
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 1 Figure 1(d) shows that the mechanical properties of flax/PLA composites
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 3 Figure 3: Evolution of water content rate in flax/PLA composites in function of water immersion time
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 45 Figure 4: Chip morphology of flax/PLA composites in function of cutting depth and water immersion time in the transient hygrometric regime
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 6 Figure 6(b) show a decrease in cutting forces in function of water immersion time at

  Figure 6(c). Then, thrust forces increase by increasing the water immersion time until
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 6 Figure 6: Cutting and thrust forces behavior in function of cutting depth and water immersion time. (a,c) the transient hygrometric regime, and (b,d) the saturated hygrometric regime

Figure 7

 7 Figure 7 presents typical SEM images of the machined surfaces in the transient

  Increasing the cutting depth intensifies the plastic deformation of flax fibers and causes slight uncut fiber extremities on the machined surfaces (Figure7(d)). After 7 days of water immersion, no significant change is noticed at 100 µm of cutting depth (Figure7(b)). However, the fiber shearing deteriorates at this hygrometric level when increasing the cutting depth as shown in Figure7(e). Moreover, some debonding zones are generated on the fiber/matrix interfaces (DZ in Figure7(e)). After 21 days of water immersion, the fiber shearing is improved where the shapes of the elementary flax fibers start to be visible (Figure7(c,f)). Nevertheless, the debonding of the interfaces is more important at this hygrometric stage, especially when increasing the cutting depth as clearly shown in Figure7(f).
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 78 Figure 7: Typical SEM images of machined surfaces of flax/PLA composites in function of cutting depth and water immersion time for the transient hygrometric regime. DZ means debonding zone
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 9 Figure 9: Arithmetic mean values of the machined surface roughness (Ra) for flax/PLA composites in function of cutting depth and water immersion time. (a) the transient hygrometric regime, (b) the saturated hygrometric regime

Table 1 :

 1 Machining and hygrometric parameters used for orthogonal cutting experiments

	Parameter	Value	Unit
	Tool rake angle ()	20	Degree º
	Tool clearance angle ()	7	Degree º
	Tool edge radius (r)	12	µm
	Cutting speed (Vc)	50	m/min
	Fiber orientation ()	90	Degree º
	Cutting depth (ap)	100 / 200 / 300	µm
	Water immersion time (tim)	1 / 2 / 7 / 14 / 21 / 30 / 60 / 90 / 120 / 150	Day