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The hygro-mechanical behavior of single hemp fiber/epoxy interface was investigated through its characterization at the microscopic scale. Microdroplet debonding tests were developed in controlled humidity chambers to study the interfacial properties and adhesion mechanism of hemp/epoxy systems in in-use environmental conditions (from 9% to 98% relative humidity). The increase in environment relative humidity and therefore moisture content in the fiber/matrix system engenders a non-monotonic evolution of interfacial shear strength (IFSS) and post-debonding strength. Capillary adhesion illustrated with interfacial meniscus and attractive capillary force contribute to interfacial bond strength until RH=50%.

Increasing RH above 50%, corresponding to a specific amount of water molecules in the system, provokes a reduction of interactions between the hydroxyl groups on the fiber surface and the resin. Debonding behavior analysis associated to fiber/matrix interface fracture observation highlights a modification of the stress state at the interface when increasing relative humidity. The residual hygroscopic stresses generated during storage at various humidity are shown to be the major contributor of the optimal interface performances at 50%

1-Introduction

Efficient load transfer by interfacial bond shear strength of fiber/matrix composite systems is an essential requirement for the development of high-performance materials and can be distributed into several contributions: physico-chemical interactions, mechanical interlocking, interdiffusion and the generation of radial stresses [START_REF] Le Moigne | Surfaces and Interfaces in Natural Fibre Reinforced Composites[END_REF]. Most of the work dealing with synthetic or natural fiber/matrix interfacial properties have shown the important dependence of thermal stresses on temperature, related to the thermal differential expansion between the matrix and the anisotropic fiber [START_REF] Thomason | Temperature dependence of the interfacial shear strength in glass -fibre epoxy composites[END_REF]. For thermoset resins, thermal and chemical dimensional variations may be observed [START_REF] Nawab | A Device to Measure the Shrinkage and Heat Transfers during the Curing Cycle of Thermoset Composites[END_REF] as for thermoplastics, thermal and crystallization shrinkage occur [START_REF] Thomason | Transcrystallized interphase in thermoplastic composites[END_REF], especially during composite manufacturing. The use of natural fibers as composite reinforcements requires particular attention to avoid the generalization of the phenomena present in synthetic systems. Indeed, ligno-cellulosic fibers, often showing limited compatibility with epoxy resins [START_REF] Perremans | Investigation of the tensile behavior of treated flax fibre bio-composites at ambient humidity[END_REF], absorb water and develop hygroscopic swelling which inevitably generates radial stresses at the fiber/matrix interface during processing and storage that must be considered [START_REF] Péron | Study of hygroscopic stresses in asymmetric biocomposite laminates[END_REF][START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF]. Considering the thermal and the hygroscopic capacity of natural fibers and epoxy matrices to expend, a differential swelling will significantly affect the adhesion at the interface. This swelling will be mainly governed by moisture sorption with regard to the difference in thermal expansion coefficient (αepoxy≈45-62.10 -6 /°C; αnatural fiber≈70-80.10 -6 /°C) [START_REF] Jia | Carbon fibre pullout under the influence of residual thermal stresses in polymer matrix composites[END_REF][START_REF] Cichocki | Thermoelastic anisotropy of a natural fiber[END_REF][START_REF] Gentles | Characterisation of the transverse thermoelastic properties of natural fibres used in composites[END_REF] and hygroscopic expansion coefficient (βepoxy=0.1-0.5ε/Δm; βnatural fiber=1.16/Δm) [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF][START_REF] Lin | Investigation of the moisture-desorption characteristics of epoxy resin[END_REF][START_REF] Shirangi | Mechanism of Moisture Diffusion, Hygroscopic Swelling, and Adhesion Degradation in Epoxy Molding Compounds[END_REF]. The impact of the presence of water on fiber/matrix interface has been studied by several authors [START_REF] Chen | Influence of moisture absorption on the interfacial strength of bamboo/vinyl ester composites[END_REF][START_REF] Zhang | Effects of humidity conditions at fabrication on the interfacial shear strength of flax/unsaturated polyester composites[END_REF][START_REF] Le Duigou | Exploring durability of interfaces in flax fibre/epoxy micro-composites[END_REF][START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF][START_REF] Dhakal | Effects of water immersion ageing on the mechanical properties of flax and jute fibre biocomposites evaluated by nanoindentation and flexural testing[END_REF]. They obtained, for various natural fiber/matrix systems, a decrease in interfacial bond strength with increasing amount of water and attributed this evolution to the hydrophilic behavior of natural fibers associated to hydrophobic matrix and a degradation of the fiber/matrix interface. However, these studies deal with severe immersion tests or humidity during manufacture but do not deal with in-use environmental conditions, i.e. variation of relative humidity (RH).

Based on the observations of previous work on the hygro-mechanical coupling behavior of unidirectional biocomposites [START_REF] Réquilé | Deeper insights into the moistureinduced hygroscopic and mechanical properties of hemp reinforced biocomposites[END_REF], this study aims to understand the influence of moisture content induced by various environment on the interfacial properties between a single hemp fiber and epoxy resin. Microdroplet debonding tests were performed under controlled humidity chambers. The interfacial shear strength (IFSS), post-debonding strength (τpostdebonding) and debonding behaviors (load vs crosshead displacement curve) were analyzed using micromechanical approach and microscopic observations across environments with varying relative humidity (RH) from 9% to 98%. Finally, the contribution of residual stresses (thermal and hygroscopic) to interfacial performance was discussed.

Materials and Methods

Materials

Hemp fibers (Cannabis Sativa L., cultivars "Fedora 17") were mechanically extracted from straws harvested after dew retting process by La Chanvrière (Bar-sur-Aube, France) at the end of August 2016 and 37 days of field-retting. The thermoset resin for micro-droplet formation is an epoxy system consisting of a DGEBA resin (AXSON Epolam 2020) and an aliphatic amine hardener at a weight ratio of 100:34.

Micro-droplet manufacturing

The micro-droplet systems endured similar curing cycle and environmental storage than in previous work on unidirectional biocomposites from [START_REF] Réquilé | Deeper insights into the moistureinduced hygroscopic and mechanical properties of hemp reinforced biocomposites[END_REF] [START_REF] Réquilé | Deeper insights into the moistureinduced hygroscopic and mechanical properties of hemp reinforced biocomposites[END_REF] for comparison purposes. Single fibers were obtained by manual separation from hemp fiber bundles. After fiber storage at 23°C and 50% RH for 72 hours, 15-20 Epoxy droplets where then deposited along the fiber. Samples were cured using the following temperature cycle (curing cycle proposed by the supplier for resin property optimization): 3h at 40 °C, 2h at 60 °C then 2h at 80 °C and finally 4h at 100 °C. After cooling, each fiber/epoxy system were observed under the optical microscope to keep one drop per fiber by excluding systems presenting defects and for geometry control: axial symmetry, fiber diameter, droplet diameter and embedded length.

Storage conditions

The samples were stored in climatic chambers at a specific relative humidity (RH) and constant temperature (23°C). Humidity was controlled and regulated in each of the chambers to reach 9%, 33%, 50%, 75% and 98% using saturated salt solutions. Samples were kept in humidity chambers for 7 days, insuring hygroscopic saturation.

Microbond test

Micro-droplet tests [START_REF] Miller | A Microbond Method for Determination of the Shear Strength of a Fiber/ Resin Interface[END_REF] were performed on fiber/epoxy system previously selected as described in previous work of our team [START_REF] Le Duigou | Interfacial properties of flax fibre-epoxy resin systems: Existence of a complex interphase[END_REF]. Before the experiment, fiber/matrix systems were placed in a humidity chamber for storage at a particular RH (corresponding to the test RH) and constant temperature until hygroscopic equilibrium was reached. A minimum of 50 samples were tested in order to have at least 20 valid results for each fiber/matrix systems. A tensile machine (MTS Synergy) equipped with a 2N load sensor was used with a loading rate during debonding of 0.1 mm/min. The whole system was placed in humidity chamber in order to perform the microbond tests at 9%; 33%; 50%, 75% and 98% RH, corresponding to the storage conditions (preparation scenario in Figure 1). Force-displacement plots were recorded for each sample. Assuming a uniform interfacial stress value over the embedded length of the fiber, interfacial shear strength τapp was calculated based on the following equation 1 [START_REF] Miller | A Microbond Method for Determination of the Shear Strength of a Fiber/ Resin Interface[END_REF]:

= • •
. F is the debonding force at the loss of linearity. Le is the embedded length of the fiber and Df the average fiber diameter assuming a circular cross-section. The denominator product corresponds to the apparent embedded surface of the fiber by the epoxy resin. The post-debonding strength τpostdebonding was defined using the same equation to study friction contributions. The study of friction (post-debonding) is important since the mechanical energy absorbed during friction (after loss of adhesion) of the fibers in the matrix strongly influences the toughness of the composites [START_REF] Ashby | The Fracture and Toughness of Woods[END_REF].

Scanning electron microscope observation

The samples were sputter-coated with a thin layer of gold in an Edwards Sputter Coater, and analyzed with a Jeol JSM 6460LV scanning electron microscope at 20 kV accelerating voltage.

Statistical analysis

Descriptive statistics (median values, 25 th -75 th quartiles and max-min values) were used to describe the obtained measured IFSS and τpost-debonding. Given the violation of the normality hypothesis, a non-parametric Kruskal-Wallis [START_REF] Vargha | The Kruskal-Wallis Test and Stochastic Homogeneity[END_REF] test was used to assess differences of both interfacial properties between relative humidity conditions. For statistical significance, the alpha value was set at 0.05 meaning that the population between two batches are significantly different if P<0.05.

Results

Hemp/epoxy microdroplet system debonding behavior

Interfacial shear strength of the fiber/matrix bond as well as the post-debonding strength were evaluated through micro-droplet tests. The behavior of the fiber/matrix system can be described as follows (Figure 2): after fiber tensioning, a first linear increase of the debonding force (Fdebonding) is observed corresponding to the accumulation of energy by elastic deformation of the system. When the applied force becomes higher than the interfacial bond strength, the stored energy is released by initiation and propagation of a crack at the interface.

This phenomenon results in a loss of linearity of the Load=f(crosshead displacement) slope and corresponds to the beginning of the interfacial crack as presented Figure 2.A. Another debonding behavior was observed where the debonding force correspond to the maximum force applied to the system (Figure 2.E). Finally, the force decreases sharply down to a force value evolving in a more or less constant way. This force value corresponds to the postdebonding force (coupling friction and potentially delamination mechanisms) of the matrix on the fiber surface and is the result of existing residual stresses (also present during the debonding phase) and fiber roughness as the drop is displaced along the fiber.

Hemp/epoxy interface debonding behaviors were evaluated at different environment relative humidity associated to SEM images of hemp fiber/epoxy system after debonding (Figure 2.B and D). A change in interfacial failure mode leads to several debonding behavior as observed in various research work [START_REF] Chen | Influence of moisture absorption on the interfacial strength of bamboo/vinyl ester composites[END_REF][START_REF] Yang | Development and application of micromechanical techniques for characterising interfacial shear strength in fibre-thermoplastic composites[END_REF]. Progressive interface debonding behavior is observed at 9% RH, 33% RH and 50% RH for 81%, 77% and 73% of the tested samples, respectively (Figure 2.A and C), and complete debonding occurs as a sharp or brittle failure for RH>50% (Figure 2.E). The change in debonding behavior with increasing RH reveals a modification of interfacial interaction as well as globally load transfer mechanism. SEM images (Figure 2.B and 2.F) show the surface of the fiber after debonding test at 9% RH and 98% RH. The residual meniscus fragments present on the fiber surface at 9% RH (Figure 2.B) reflects a crack initiation in mode 1 in the matrix followed by a propagation of the crack along the interface [START_REF] Zinck | Thermo-hydrolytic resistance of polyepoxide-glass fibres interfaces by the microbond test[END_REF]. This confirms the progressive debonding behavior observed on typical force vs crosshead displacement for RH<50% (Figure 2.A). The increase in RH causes the resin meniscus fragments to disappear for a majority of the tested samples (80%) proving a modification in hygroscopic stress state (Figure 2.F). Few authors have interpreted the different debonding behavior before interface failure [START_REF] Zinck | Are microcomposites realistic models of the fibre/matrix interface? I. Micromechanical modelling[END_REF][START_REF] Sockalingam | Finite element analysis of the microdroplet test method using cohesive zone model of the fiber/matrix interface[END_REF]. They highlighted a progressive debonding and associated this phenomenon to a dissipation of energy by friction between the cracks along the debonded length at the interface. [START_REF] Miller | A Microbond Method for Determination of the Shear Strength of a Fiber/ Resin Interface[END_REF] [START_REF] Miller | A Microbond Method for Determination of the Shear Strength of a Fiber/ Resin Interface[END_REF] attributed the loss of linearity to droplet slippage and squeezing between the knives. However careful attention has been paid to remove these samples from experimental results.

The analysis of behavior after debonding gives additional information during debonding test.

Two types of behaviors are observed: a constant force associated to a friction phenomenon for 9% RH, 33% RH, 75% RH and 98% RH, and decreasing force associated to a cell-wall delamination process and friction phenomenon at 50% RH as observed on the force vs crosshead displacement graph presented figure 2.C. SEM image (figure 2.D) shows the surface of the fiber, initially embedded in the resin droplet, after debonding test at 50% RH. A peeling behavior of fiber cell-walls is observed once debonding has occurred especially at 50% RH testifying of a better fiber/matrix interfacial adhesion as compared to the internal fiber cohesion. Indeed, natural fiber microstructure is organized in layers and hierarchically organized, leading to transition zones of weak interfaces and stiffness gradient, especially when maturity is not reached [START_REF] Arnould | Better insight into the nano-mechanical properties of flax fibre cell walls[END_REF]. This specific structure may favor fiber peeling (Figure 2.D) which is emphasized in case of penetration of thermoset resin within the primary of S1 

Hemp/epoxy interfacial shear strength evaluation

From debonding test, interfacial properties are evaluated using micromechanics analysis based on the work of Miller et al. [START_REF] Miller | A Microbond Method for Determination of the Shear Strength of a Fiber/ Resin Interface[END_REF]. The relation in equation 1 implies that the force required to debond the interface must be proportional to the embedded surface [START_REF] Zinck | Are microcomposites realistic models of the fibre/matrix interface? I. Micromechanical modelling[END_REF]. The interfacial shear strength (IFSS) is therefore determined by linear regression between the debonding force and the fiber embedded area (Figure 3.A). To satisfy this relation, the assumption is made that all the elements are loaded in their elastic range. Thus, the energy required during the test should only correspond to the interface damage energy and not to the damage of the components (fiber and matrix). Despite a noticeable scatter, a linear relationship is observed between the debonding force and the apparent embedded fiber length (Figure 3.A). At ambient relative humidity of 50%, the interfacial shear strength obtained from the slope reached 16.2 MPa (R 2 =0.96), which agrees with the middle value of interfacial shear strength calculated values using equation 1 of 16.6±3.2 MPa. It is necessary to point out that the obtained IFSS at 50% RH values do not reflect only fiber/matrix interface properties and are therefore underestimated due to the contribution of the lower cohesion between fiber cell wall layers as described in section 3.1. In this particular case, the measured interface properties are thus limited by the fiber internal cohesion, becoming the weakest link.

Table 1 presents apparent interfacial shear strength of hemp/epoxy systems at 50% RH studied in this paper and from microbond tests carried out on flax/epoxy, flax/PP and hemp/PP systems in the same laboratory. Indeed, important disparity in the results has been shown for similar interface characterization method (microbond test) between laboratories due to many influencing factors [START_REF] Zinck | Are microcomposites realistic models of the fibre/matrix interface? I. Micromechanical modelling[END_REF][START_REF] Graupner | Fibre/matrix adhesion of cellulose fibres in PLA, PP and MAPP: A critical review of pull-out test, microbond test and single fibre fragmentation test results[END_REF]. These values should therefore be taken with caution (fiber variety and epoxy resin may differ) despite the precaution of comparing IFSS using the maximal debonding force for all systems. As a general statement, the IFSS values are higher for epoxy matrix as compared to polypropylene matrix due to weak interactions responsible for fiber/matrix adhesion [START_REF] Merotte | Flax and hemp nonwoven composites: The contribution of interfacial bonding to improving tensile properties[END_REF]. Glass fiber systems also show better interfacial properties as compared to flax and hemp systems, although the interface performance are relatively high for those natural fiber systems. However, it is important to keep in mind that glass fibers undergo a surface treatment (sizing) ensuring a strong bonding at the fiber/matrix interface [START_REF] Petersen | The amine:epoxide ratio at the interface of a glass fibre/epoxy matrix system and its influence on the interfacial shear strength[END_REF]. Hemp/epoxy system shows lower interfacial shear strength as compared to flax/epoxy systems. In addition to Van Der Waals interactions and hydrogen bonding, epoxy resins are known to have the ability to form acid/base and covalent bonds with natural fibers via accessible hydroxyl groups of cellulose present on their surface and epoxy ring opening irreversible process. Fiber surface provides reactive groups such as hydroxyl groups, carboxyl groups, aldehydes and esters from the presence of cellulose, hemicellulose, pectin, lignin, fats and waxes [START_REF] Le Moigne | Surfaces and Interfaces in Natural Fibre Reinforced Composites[END_REF]. The lower amount of lignin present in flax fibers as compared to hemp fibers [START_REF] Müssig | Testing Methods for Measuring Physical and Mechanical Fibre Properties (Plant and Animal Fibres)[END_REF] would favor -OH groups exposure and increase the surface polarity and bonding with epoxide and amine groups of the epoxy resin and the curing agent, respectively. statistical difference. This analysis confirms the presence of an optimal IFSS value when the samples are stored and tested at 50% RH.

Systems Hemp/epoxy

Post-debonding strength evaluation

By using a similar method as the calculation of IFSS, the post-debonding strength (τpostdebonding) was obtained for hemp/epoxy system. The term friction strength is here used but it is important to keep in mind that this term hides multiple contributions influencing the force after debonding. It has been shown in section 3.1 that for RH different than 50%, friction phenomenon was involved whereas at 50%, a process of cell-wall delamination was associated to friction phenomenon. Post-debonding strength is an important property mostly influenced by surface roughness of the fibers and stress state at the fiber/matrix interface that play a fundamental role in load transfer and in the properties of the composite. Figure 4 shows the post-debonding strength for hemp/epoxy systems as a function of RH ranging from 9% to 98%. Similar to IFSS, a non-monotonic evolution is observed with the increase of RH. A variation of 50% between RH=9% and RH=50% is observed with an increase from 5.8±1.4

MPa to 8.0±1.0 MPa. Then a quasi-constant evolution occurs between RH=50% and RH=98% at which the post-debonding strength reaches 10.6±2.6 MPa. From Kruskal-Wallis non-parametric statistical test, the post-debonding strength values obtained at 33%, 50%, 75% and 98% show no statistical differences (at the 0.05 level). However, these values are statistically different to the post-debonding strength value at 9% RH. This analysis confirms the presence of a threshold when reaching relative humidity higher than 33%. The quasi-constant evolution of post-debonding strength between 50% RH and 98% RH may spotlight a compensation between two phenomena: a reduction of the contribution of fiber roughness due a potential evolution of surface component properties (softening) and increase in hygroscopic residual stresses leading to a better stress transfer at the fiber/matrix interface.

Table 2 gathers the τpost-debonding/IFSS ratio for hemp/epoxy systems which gives information on the contribution of residual stresses related to friction to IFSS through high values of postdebonding strength. Literature data for hemp/PP and flax/PP are also shown for comparison purposes and evidence similar ratio at 50% RH.

The post-debonding strength value of hemp/epoxy system is important over the entire range of RH and increase drastically with higher relative humidity. Despite the action of physical and chemical interactions (Van Der Walls, hydrogen, acid/base and covalent in the case of epoxy matrix), the quality of the interface between the fiber and the matrix is mainly supported by high friction contribution, related to the presence of residual stresses. [START_REF] Merotte | Flax and hemp nonwoven composites: The contribution of interfacial bonding to improving tensile properties[END_REF].

Hemp

It is important to note the preservation of interface properties (IFSS and τpost-debonding) over the whole range of RH and particularly for extreme conditions (9% and 98% RH) (Figure 3 and [START_REF] Thomason | Transcrystallized interphase in thermoplastic composites[END_REF]. This shows the interesting hemp/epoxy interface resistance in dry and humid environments.

Discussion

Relative humidity and consequently variation of moisture content in hemp fiber and at hemp/fiber interface have an optimal around 50% RH that underlines an evolution of interfacial mechanism with moisture.

At low humidity (<9%) when no hygroscopic stresses are expected, interface bond strength is governed by dry adhesion (Van Der Walls interactions, chemical and acid/base interactions) (Figure 5.A) [START_REF] Wang | Effects of Capillary Condensation in Adhesion between Rough Surfaces[END_REF].

Figure 5: Representation of capillary adhesion mechanisms at fiber/matrix interface when increasing relative humidity from 9% to 98%.

When increasing RH up to 50%, interfacial shear strength increases. This effect is a hypothetical combination of capillary adhesion and compressive stresses at fiber/matrix interface. Indeed, it has been observed by a PLA colloidal probe with AFM analysis on flax surface that water condensation between fiber and PLA with an increase of RH (from 2% to 56%) leads to a water meniscus between them and an increase of interfacial adhesion [START_REF] Raj | Measuring adhesion forces between model polysaccharide films and PLA bead to mimic molecular interactions in flax/PLA biocomposite[END_REF].

Water meniscus and capillary adhesion are linked to Laplace pressure and interfacial tension between fiber and matrix which are responsible for an attractive capillary force between the water molecules and the fiber surface and the matrix [START_REF] Delrio | Capillary adhesion model for contacting micromachined surfaces[END_REF]. In this system, the presence of moisture at the hemp/epoxy interface and the formation of a water meniscus will create water capillary bridges along the interface (Figure 5.B and 5.C). In this state, the new capillary interactions may influence the global adhesion at the fiber/matrix interface. Due to the important surface roughness of hemp fibers, the hypothesis is that the increase in amount of water molecules will first enable the formation of meniscus at the few contact of the asperities and creating water capillary bridges and gaps along the interface. In the case of rough surfaces, it is important to note that interfacial adhesion will be affected by capillary bridge height, roughness height peaks, contact time and surface wettability [START_REF] Peng | Effects of the relative humidity and water droplet on adhesion of a bio-inspired nano-film[END_REF].

Debonding behavior associated to interface fracture observation confirm a modification of the stress state at the interface when increasing the relative humidity (Figure 2). Indeed, cohesive failure in the matrix is visible in the form of a residual epoxy meniscus left on the fiber after debonding (Figure 2.B). Its presence is a result of the radial normal stress distribution along the hemp fiber/matrix interface as described by Zinck et al. ( 2001) [START_REF] Zinck | Are microcomposites realistic models of the fibre/matrix interface? I. Micromechanical modelling[END_REF] and Herrera-Franco (1993) [START_REF] Herrera-Franco | Comparison of methods for the measurement of fibre/matrix adhesion in composites[END_REF]. When increasing the relative humidity up to 50% RH and above, these residual matrix menisci are not present (Figure 2.F). The change in failure mode at higher RH could be related to a modification of the amplitude and distribution of these radial stresses [START_REF] Biro | Application of the microbond technique: Effects of hygrothermal exposure on carbon-fiber/epoxy interfaces[END_REF][START_REF] Gaur | Effects of Environmental Exposure on Fiber/Epoxy Interfacial Shear Strength[END_REF].

When increasing the relative humidity (Figure 6), water sorption occurs by the penetration of water molecules in the system and more particularly within fiber cell wall (more hydrophilic than the resin). Besides the increase in fiber weight, water sorption in natural fiber has being identified as the main contributor of their anisotropic expansion [START_REF] Réquilé | Deeper insights into the moistureinduced hygroscopic and mechanical properties of hemp reinforced biocomposites[END_REF][START_REF] Le Duigou | Natural fibres actuators for smart bio-inspired hygromorph biocomposites[END_REF]. When embedded in a polymer matrix, the question of hygroscopic mismatch may be stresses. Indeed, considering the transverse hygroscopic expansion coefficients β of flax fibers as found by Le Duigou et al.

(2017) [START_REF] Le Duigou | Hygroscopic expansion: A key point to describe natural fibre/polymer matrix interface bond strength[END_REF] as equal to 1.14 and those of epoxy resin βepoxy resin≈0.1-0.5 [START_REF] Lin | Investigation of the moisture-desorption characteristics of epoxy resin[END_REF][START_REF] Shirangi | Mechanism of Moisture Diffusion, Hygroscopic Swelling, and Adhesion Degradation in Epoxy Molding Compounds[END_REF], a constraining effect of the matrix on the reinforcement induces compressive radial stresses at the fiber/matrix interface, promoting shear load transfer [START_REF] Réquilé | Deeper insights into the moistureinduced hygroscopic and mechanical properties of hemp reinforced biocomposites[END_REF] as well as interfacial properties of between rough surfaces [START_REF] Wang | Effects of Capillary Condensation in Adhesion between Rough Surfaces[END_REF]. They show that when reaching an important amount of water molecules (specific for every systems) at the fiber/matrix interface, water capillary bridges will increase until a water film, thicker than the roughness of the surfaces, is formed (Figure 5.D) and hydrogen bonds between reactive groups present on the fiber surface and water molecules are created [START_REF] Chen | Influence of moisture absorption on the interfacial strength of bamboo/vinyl ester composites[END_REF][START_REF] Le Duigou | Exploring durability of interfaces in flax fibre/epoxy micro-composites[END_REF]. Therefore, interactions between the hydroxyl groups on the fiber surface and the resin are reduced resulting in a weakening of the fiber/matrix interface adhesion. At the fiber scale, increasing the relative humidity leads to a decrease in intramolecular and intermolecular interactions, particularly with hemicellulose and amorphous cellulose, via the formation of hydrogen bonds between hydroxyl groups and water molecules. From a mechanical point of view, the decrease in hydrogen interactions between the fiber cell wall components leads to a loss of adhesion within the fibers associated to a reduction of cell wall rigidity [START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF][START_REF] Placet | Influence of environmental relative humidity on the tensile and rotational behaviour of hemp fibres[END_REF]. This behavior may be explained by the evolution of elastic modulus of water-sensitive components. Indeed, as shown by [START_REF] Back | Glass transitions of wood components hold implications for molding and pulping processes[END_REF] [45], an increase in component's water content leads to an important drop of their glass transition temperature and thus their rigidity. Interfacial adhesion is therefore also governed by the rigidity of fiber surface components. Kinloch [START_REF] Kinloch | Adhesion and Adhesives : Science and Technology[END_REF] exposed this phenomenon for synthetic materials by an energetic approach showing that above the critical quantity of water, the interface work of adhesion passes from a stable to an unstable state. A competition between the evolution of interactions at the microscopic scale takes place at the fiber/matrix interface with the variation of relative humidity. Physico-chemical interactions as well as the presence of hygroscopic residual stresses evolve with the environment relative humidity and more precisely with the amount of water molecules absorbed in the system. The quantification of moisture sorption is a notion to study particularly when a change in scale is made from macro to micro with the induced difficult question of where to fix the boundaries for the estimation of moisture sorption in a fiber/matrix system.

Conclusion

To understand the mechanical behavior in humid environment of hemp/epoxy systems along their lifetime, the influence of moisture sorption on their interface performance was studied using microdroplet debonding tests under various environment relative humidity.

Interestingly, a good conservation of interfacial bond strength and post-debonding (friction and delamination) properties over the whole range of RH and particularly for extreme conditions (9% and 98%RH) was noticed. Along the humidity range studied, a nonmonotonic evolution of the interfacial shear strength is observed. For low humidity rate, from 9% to 50%, IFSS increases and cohesive interfacial failure occurs progressively by early damage of the fiber and the matrix. At 50% RH, optimum properties, associated to a peeling phenomenon, are obtained, revealing a limitation of performances due to fiber cell wall interface failure rather than fiber/matrix interface failure.

Two major mechanism control the fiber/matrix load transfer: Capillary adhesion which required a certain amount of moisture (RH<50%) below which attraction between fiber and matrix are created. Residual stresses arising from thermal and hygroscopic mismatch influence the load transfer ability with various RH. Increasing RH will therefore increase their contribution over radial stresses.

Moisture sensitivity of natural fibers may possibly be an interesting factor in terms of fiber/matrix interface performances if controlled. The main challenge remains the question of the evaluation of moisture content at the fiber/matrix interface and inside the fiber, and the relation between microscopic and macroscopic scale to consider the development of biocomposites. 

Figure caption

Table caption

Table 2: Interfacial shear strength of different fiber/matrix systems at 50% RH using debonding experiments. Hemp/epoxy IFSS value was calculated using the maximal force for comparison with the literature. 
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Table 1 :

 1 Interfacial shear strength of different fiber/matrix systems at 50% RH using

		Flax/epoxy	Hemp/PP	Flax/PP	Glass/epoxy
	17.9 ± 5.9	22.3 ± 2.1 [34]	4.9 ± 0.8 [31] 6.4 ± 1.5 [31] 29.3 ± 2.4 [35]
	[This study]	22.5 ± 2.1 [16]			37.2 ± 4.6 [34]
	IFSS			
		22.7 ± 0.8 [35]		
	(MPa)			
		13.2 ± 3.2 [21]		
		22.5 ± 1.5 [21]		
	debonding experiments. Hemp/epoxy IFSS value was calculated using the maximal force for
	comparison with the literature.		
	Figure 3.B shows the interfacial shear strength (IFSS) hemp/epoxy systems as a function of
	relative humidity ranging from 9% to 98% relative humidity. A non-monotonic evolution of
	the IFSS is observed with the increase of relative humidity. This behavior has up to today not
	being described in the literature at this scale. The increase in relative humidity results in a rise
	of 30% of the IFSS from 13.0±3.2 MPa to 16.6±3.5 MPa between 9% and 50% RH. Beyond
	this point, a reduction of IFSS is observed up to 13.6±3.1 MPa and 12.5±2.2 MPa at 75% RH
	and 98% RH, respectively. From Kruskal-Wallis non-parametric statistical test, the IFSS
	value obtained at 50% RH is statistically different (at the 0.05 level) to IFSS values in other
	relative humidity conditions. Moreover, IFSS values at 9%, 33%, 75% and 98% show no

Table 2 :

 2 τpost-debonding/IFSS ratio of various natural fiber/matrix systems exposed to different relative humidity. S.D is the standard deviation. *Data from Merotte et al. (2018)

	/epoxy system	Hemp/PP Flax/PP
	9% 33% 50% 75% 98%	50%	50%
	τpost-debonding/IFSS (%) 48.3 66.8 56.8 68.5 71.9	59.4*	61.2*

Table 2 :

 2 τpost-debonding/IFSS ratio of various natural fiber/matrix systems exposed to different relative humidity. S.D is the standard deviation. *Data from Merotte et al. (2018).
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