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Introduction

Benefits of non-woven flax fabrics

Thanks to their low density [START_REF] Gall | Recommended flax fibre density values for composite property predictions[END_REF], competitive specific mechanical properties [START_REF] Wambua | Natural fibres: can they replace glass in fibre reinforced plastics?[END_REF][START_REF] Lefeuvre | Tensile properties of elementary fibres of flax and glass: Analysis of reproducibility and scattering[END_REF], and environmental profile [START_REF] Joshi | Are natural fiber composites environmentally superior to glass fiber reinforced composites?[END_REF], plant fibers such as flax are replacing glass fibers in industrial components like interior car parts [START_REF] Magurno | Vegetable fibres in automotive interior components[END_REF][START_REF] Bledzki | Cars from Bio-Fibres[END_REF]. Both injected and thermo-compressed non-woven parts can be found, though the latter represent a more significant share of the global biocomposite market. A variety of processes exist to manufacture non-woven reinforcement preforms, the most common of which are the needlepunching and the spun-lacing methods, both yielding similar composite mechanical properties [START_REF] Martin | Evaluation of the potential of three non-woven flax fiber reinforcements: Spunlaced, needlepunched and paper process mats[END_REF].

These non-woven composites possess mechanical properties that fall between those of a unidirectional composite and an injection-molded composite [START_REF] Shah | Natural fibre composites: Comprehensive Ashby-type materials selection charts[END_REF]. Nevertheless, non-woven fabrics are substantially more economical in price than aligned unidirectional composites [START_REF] Shah | Natural fibre composites: Comprehensive Ashby-type materials selection charts[END_REF]. Furthermore, nonwoven preforms are more compliant than unidirectional preforms thereby enabling processing of complex-shaped products.

Non-woven biocomposites are usually embedded in a polyolefin thermoplastic matrix, typically poly-(propylene) (PP) for the automotive sector due to its technical advantages, which include temperature stability (during service), low melting (processing) temperature, good mechanical properties, as well as its low price. However, mixing biomass plant fibers with a petroleum-derivative polyolefin polymer tarnishes the eco-profile of the biocomposite -even if the use of recycled PP as a matrix can be an attractive compromise [START_REF] Bourmaud | What is the technical and environmental interest in reusing a recycled polypropylene-hemp fibre composite?[END_REF]. Of course, the environmental impact of the plant fiber/PP non-woven biocomposite can be reduced by recycling the material at its end-of-life [START_REF] Bourmaud | Investigations on the recycling of hemp and sisal fibre reinforced polypropylene composites[END_REF][START_REF] Dickson | The effect of reprocessing on the mechanical properties of polypropylene reinforced with wood pulp, flax or glass fibre[END_REF][START_REF] Renouard | Exploring two innovative recycling ways for poly-(propylene)-flax non wovens wastes[END_REF][START_REF] Bourmaud | Innovating routes for the reused of PP-flax and PP-glass non woven composites: A comparative study[END_REF]. This is a relevant solution in a circular recycling context for the non-woven sector where such wastes represent 25%wt of the production. However, most commonly, incineration (with or without energy recovery) is the selected option. Arguably, replacing the petrochemical polymer with a biodegradable polymer unlocks alternate end-of-life scenarios, namely (bio-)degradation through composting. This scenario may be particularly attractive when sustainability policies and regulations are based on solid waste generation (vis. plastic challenge) rather than energy use or carbon emission over product life cycle.

Compost-based degradation of bioplastics

Indeed, the scale of our ocean plastic pollution challenge [START_REF] Eriksen | Plastic Pollution in the World's Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea[END_REF] has drawn rapidly surging interest in biodegradable polymers. To better understand the degradation behavior of flax-reinforced bioplastics, here, we focus on the degradation of poly-(lactid) (PLA), poly-(butylene-succinate) (PBS) and poly-(hydroxyalkanoate) (PHA). The degradation of these biopolymers is well studied [START_REF] Kale | Compostability of Bioplastic Packaging Materials: An Overview[END_REF][START_REF] Laycock | Lifetime prediction of biodegradable polymers[END_REF][START_REF] Lucas | Polymer biodegradation: Mechanisms and estimation techniques -A review[END_REF][START_REF] Tokiwa | Biodegradability and Biodegradation of Polyesters[END_REF] and is described to be a complex phenomenon. Degradation depends on the chemical nature of the polymer, the environment the degradation is occurring in, as well as the degradation period. For instance, temperature has an important effect on the degradation of PLA [START_REF] Agarwal | Characterization of the Degradation of Polylactic Acid Polymer in a Solid Substrate Environment[END_REF][START_REF] Itävaara | Biodegradation of polylactide in aerobic and anaerobic thermophilic conditions[END_REF] mainly because of its transition to a rubbery state above its glass transition temperature Tg. Indeed, in a simulated compost held at 58°C, PLA (Tg = 61.2 °C) [START_REF] Yang | Thermal and mechanical properties of chemical crosslinked polylactide (PLA)[END_REF] exhibits rapid erosion in its molecular weight, which decreases from 225•10 3 to 500 Daltons over 30 days [START_REF] Kale | Biodegradability of polylactide bottles in real and simulated composting conditions[END_REF], while it needs in excess of 150 days to fragment in the soil at a temperature between 15°C and 25°C [START_REF] Weng | Biodegradation behavior of P(3HB,4HB)/PLA blends in real soil environments[END_REF]. However, in this same soil condition, PHA can be fragmented enough to not find any macroscopic residue within 60 days [START_REF] Weng | Biodegradation behavior of P(3HB,4HB)/PLA blends in real soil environments[END_REF]. In contrast, in a manurebased compost, Luo et al. [START_REF] Luo | A study of physical and mechanical properties of poly(hydroxybutyrateco-hydroxyvalerate) during composting[END_REF] show that PHA loses 80% of its weight after 50 days. PBS, on the other hand, degrades in a soil compost of 30°C at a slower rate losing only 13.5% of its weight after 80 days [START_REF] Kim | Biodegradability of bio-flour filled biodegradable poly(butylene succinate) bio-composites in natural and compost soil[END_REF].

Degradation relates to the erosion of the material over time [START_REF] Laycock | Lifetime prediction of biodegradable polymers[END_REF][START_REF] Lucas | Polymer biodegradation: Mechanisms and estimation techniques -A review[END_REF], and for a polymer-based material, degradation includes polymer chain scission as well as potential macro-and micro-fragmentation. This erosion phenomenon is induced by water and/or microorganisms, and is dependent on a number of parameters such as sample geometry (e.g. thickness) and temperature. At the end of the degradation process, the polymer is reduced to oligomers and/or monomers. This degradation, however, should not be confused with biodegradation, which is the bio-assimilation of the oligomers and/or monomers by microorganisms. This bio-assimilation leads to their conversion to mainly CO2, H2O and living matter. Biodegradation (therefore) follows after degradation.

Compost-based degradation of plant fiber/biopolymer composites

As plant fibers are biodegradable, their incorporation in composites can modify the degradation behavior of the polymer matrix. Indeed, plant fibers are highly hydrophilic and often degrade faster than biodegradable polymers. Furthermore, embedding plant fibers in polymers induce two interfaces: one between the polymer and the fibers, and a second between the fibers inside a fiber bundle. Both interfaces are likely to influence both mechanical properties and degradation behavior of composites.

Several authors have already shown their interest in mechanical property evolution and biodegradability of biocomposites [START_REF] Koronis | Green composites: A review of adequate materials for automotive applications[END_REF][START_REF] La Mantia | Green composites: A brief review[END_REF][START_REF] Dicker | Green composites: A review of material attributes and complementary applications[END_REF].

PLA is the leading biopolymer used in studies on flax fiber biodegradable composites, and it is reported to have mechanical properties better than that of glass fiber/PP [START_REF] Bledzki | Mechanical performance of biocomposites based on PLA and PHBV reinforced with natural fibres -A comparative study to PP[END_REF] and glass fiber/polyester [START_REF] Bodros | Could biopolymers reinforced by randomly scattered flax fibre be used in structural applications?[END_REF].

The melting temperature of PLA is around 170°C, which avoids thermal degradation of plant fibers during composite processing typically seen above 200°C [START_REF] Bourmaud | Influence of processing temperature on mechanical performance of unidirectional polyamide 11-flax fibre composites[END_REF]. It has been shown that in a compost at 25°C, non-woven flax/PLA degrades more (and faster) with increasing fiber content [START_REF] Alimuzzaman | Biodegradability of nonwoven flax fiber reinforced polylactic acid biocomposites[END_REF]. Furthermore, the architecture of the flax preform -unidirectional or non-woven -influences the composite degradation behavior as flax fibers act as a porous media drawing in water [START_REF] Akonda | Physico-Mechanical, Thermal and Biodegradation Performance of Random Flax/Polylactic Acid and Unidirectional Flax/Polylactic Acid Biocomposites[END_REF][START_REF] Bayerl | Influence of fibre architecture on the biodegradability of FLAX/PLA composites[END_REF] and potentially microorganisms. As PLA's rapid degradation occurs close to 60°C [START_REF] Agarwal | Characterization of the Degradation of Polylactic Acid Polymer in a Solid Substrate Environment[END_REF], it is relevant to look at other and less used biodegradable polymers, such as PHA and PBS, as matrices for non-woven flax composites.

Limited investigations have examined their mechanical properties [START_REF] Bodros | Could biopolymers reinforced by randomly scattered flax fibre be used in structural applications?[END_REF] or the degradation of their flax reinforced composites. Furthermore, it is hard to directly compare all these literature studies as the degradation behavior depends on many factors including the polymer used as a matrix (including molecular weight), the fiber volume fraction [START_REF] Alimuzzaman | Biodegradability of nonwoven flax fiber reinforced polylactic acid biocomposites[END_REF][START_REF] Bayerl | Influence of fibre architecture on the biodegradability of FLAX/PLA composites[END_REF], the preform architecture [START_REF] Akonda | Physico-Mechanical, Thermal and Biodegradation Performance of Random Flax/Polylactic Acid and Unidirectional Flax/Polylactic Acid Biocomposites[END_REF][START_REF] Bayerl | Influence of fibre architecture on the biodegradability of FLAX/PLA composites[END_REF], the sample geometry [START_REF] Lyu | Degradability of Polymers for Implantable Biomedical Devices[END_REF], the composite and interface quality, as well as the compost environment. See Table 1 for a detailed literature recap. A systematic study exploring the potential of these various biodegradable polymers to be used in nonwoven flax composites and monitoring their degradation under the same environment, with sample geometry representative of current industrial parts, will give interesting insights. It will inform industrial materials choices that resolve the 'biodegradation paradox', achieving adequate mechanical properties and the desired kinetics of degradation.

This study focuses on the degradation of three biocomposite materials made of flax non-woven preforms embedded in a PLA, PBS or PHA matrix. As PP is industrially used nowadays, its reinforced composite will set the benchmark. Tensile mechanical properties of the four as-produced formulations are assessed and compared to inform their potential in industrial components. Then, their ageing (degradation) behavior in a garden compost over a period of six months is investigated, periodically monitoring the evolution in weight, mechanical properties, as well as microstructure. Mechanisms and kinetics of degradation are then discussed, and the 'design service life' of the biocomposite materials is determined.

Materials and Methods

Reinforcements

Flax non-woven preform (100 ± 15 g/m²) was provided by Ecotechnilin (Yvetot, France). The nonwoven is extracted from a needle-punching line making flax non-woven preforms, however the material extraction takes place just before the napping step, prior to the consolidation step.

Matrix

Main characteristics of polymers selected for this study are indicated in Table 2. These melting temperatures allow us to consider biocomposite processing cycles below 200°C, which is essential in order to not thermally degrade the flax fibers and to maintain their performance and mechanical behaviour [START_REF] Gourier | Mechanical analysis of elementary flax fibre tensile properties after different thermal cycles[END_REF].

Polymer manufacturing and characterization

First, polymer granulates were transformed into films. For this, they were dried at 60°C for 12h under 60 kPa before undergoing a process of extruding and calendaring using a mono-screw extruder (Labstation Plasticorder Brabender) and a calendaring machine Univex Brabender (Bradender, Duisburg, Germany). Main process parameters are presented in Table 3 and Figure 2 presents the set-up used to manufacture polymer films. After this process step, polymer films were obtained with thicknesses varying from 50 to 100 µm. 

Figure 2 : Extrusion and calendaring process used to transform polymer granulates into a polymer film

As the composite is made by film stacking, it is important to define the appropriate processing temperature, in order to ensure good impregnation of the flax non-woven preform with the polymer.

During the film stacking process, the shear rate applied is generally between 1 s -1 and 10 s -1 [START_REF] Bourmaud | Influence of processing temperature on mechanical performance of unidirectional polyamide 11-flax fibre composites[END_REF][START_REF] Agarwal | Study of compressibility and resin flow in the development of thermoplstic matrix composite laminates by film stacking technique[END_REF][START_REF] Jespersen | Film stacking impregnation model for a novel net shape thermoplastic composite preforming process[END_REF].

Considering the light architecture of the flax preform used, a polymer viscosity of 500 ± 50 Pa.s is targeted to ensure good impregnation. Furthermore, processing all composites at the same polymer viscosity is a way to ensure similar impregnation of the flax preforms. Thus, the viscosity at several temperatures for the virgin polymers has been investigated to find the ideal temperature of processing. All the results of this investigation are presented in Figure 3; the black rectangle identifies the values of film stacking process parameters given above. For all polymers, increasing the temperature induces a decrease of their viscosity. This study leads us to choose the following processing temperature for making composite: 200°C for PLA, 175°C for PHA, 170°C for PBS and 190°C

for PP. In our case, the process temperatures are a maximum of 200°C, without the risk of self-heating as can be the case in extrusion, and the maximum exposure time was limited to 8 minutes (Figure 4). In this time and temperature range flax fibers retain satisfactory mechanical properties [START_REF] Gourier | Mechanical analysis of elementary flax fibre tensile properties after different thermal cycles[END_REF][START_REF] Baley | Influence of drying on the mechanical behaviour of flax fibres and their unidirectional composites[END_REF].

Composite manufacturing

A lay-up made of ten plies of flax preform and several plies of polymer films were assembled and put in an oven at 40°C for 24h under a pressure of 60 kPa in order to dry the flax as well as the biopolymer before manufacturing the composite. The number of polymer plies varied according to polymer density as well as well as the thickness of the film. A constant fiber volume fraction of 30 ± 1% was maintained for all the composites. The lay-up was then hot compression molded with a hydraulic press LabTech Scientific 50T (Labtech, Samutprakarn, Thailand) yielding laminate plates of 20 cm x 20 cm x 2mm. The cycle of pressure/temperature had been optimised using thermal and rheological data presented in Figure 4. The temperature of the hot plates was fixed during the entire cycle and depends on the polymer: 200°C for PLA, 175°C for PHA, 170°C for PBS and 190°C for PP. The aim of this temperatures choice was to obtain composites with similar level of impregnation due to a similar polymer viscosity. Then, the lay-up was put in the contact of the hot-plate for three minutes to melt the polymer. Then, first compression at 20 bars was applied for two minutes following by a quick degassing. The last compression at 50 bars was performed for three minutes. The lay-up was then cooled placing it between two cold plates for four minutes under a pressure of 100 bars. That yields composites with porosity lower than 2%, measured by microtomography (see methods in later subsection). As references, pure polymer plates of 11x11 cm with a thickness of 2mm were made from injection molding with a Battenfeld BA800 injection machine (Wittmann Battenfeld, Kottingbrunn, Austria). Once the composite and pure polymer plates are made, these were cut with a milling machine into dog-bone shaped samples based on the ISO 527-4. 

Compost degradation

A 900 liter wooden compost bin was filled with the compost mix, comprising of green and brown plant waste. The temperature inside the compost was monitored by two EL-USB-2-LCD Lascar electronics recorders, at a depth of 30 cm. Samples were buried into the compost at a depth between 20 and 40 cm. This compost mix was used as a harsh environment for ageing the composites. No intervention was done to the compost during experiments, and the compost was not covered. Weather data (mean temperature and daily rainfall) was obtained from the University of Cambridge Botanic Garden weather station located 2m from the compost bin.

For each biocomposite and their virgin polymer, ten sampling phases were planned. For the industry reference PP and flax/PP, four sampling phases were planned, as they were not expected to degrade as much, or at least degrade much more slowly. Samples were dried (for 32h at 40°C) before being buried in the compost (to determine initial dry mass) and then again before mechanical testing (to determine aged dry mass and mechanical properties) to avoid moisture effects overshadowing the degradation effects. Sample batches were extracted after 0, 6, 14, 20, 38, 55,70, 104, 125 and 190 days.

Weight evolution

The weight loss evolution was calculated according to (1) and expressed as a percentage. is the initial weight before any degradation and correspond to the weight of the composite at t time.

∆ = - × 100 (1) 

Composite tensile test

Static tensile tests were performed on an Instron 5500R machine (Instron, Norwood, MA, USA) where displacement and strain were recorded by an EIR LE-05 laser extensometer. The gauge length was 25mm and the displacement speed was 1mm/min. For each formulation at each sampling phase, 8

samples were tested and at least 5 data points were kept (e.g. ignoring grip failures). The tangent modulus was calculated over a strain of 0.02% to 0.15% for all the flax reinforced biocomposites [START_REF] Shah | The tensile behavior of off-axis loaded plant fiber composites: An insight on the nonlinear stress-strain response[END_REF] and neat PHA bioplastic. For neat PLA, PBS and PP, which have a bigger elastic zone, the tangent modulus was calculated from 0.15% to 0.5% applied strain. Normalized strength is used to compare the strength evolution of biocomposites. It is defined as following [START_REF] Wambua | Natural fibres: can they replace glass in fibre reinforced plastics?[END_REF], where is the initial tensile strength and the strength of the composite after a time t of degradation.

∆ = - (2) 

Microtomography

To observe the microstructure of the samples and their evolution upon compost degradation, a microtomography study was performed on a lab-based Nikon XT H225 ST X-ray micro-tomography system. The middle section of the dogbone samples was imaged. An X-ray tube voltage of 65kV and a tube current of 100 μA were used, with an exposure time of 1000 ms, a total of 3141 projections, and an optimal voxel (3D pixel) size of 7.00 µm. For each formulation, one sample was observed via microtomography before composting, after 70 days in the compost and the after 190 days in the compost.

Images were extracted and analyzed using the software VGStudio Max 2.2, to obtain a porosity analysis by a greyscale threshold in a volume of 9x7x1.5mm on each analyzed sample. This volume was selected in the middle of the analyzed 3D picture, at an equal distance of edges in all directions.

SEM

Sample observation was also done using a JEOL SEM (JSM-IT500HRSEM) at an acceleration voltage of 3 kV and a gold sputter coating was performed for preparing samples using a sputter coating (Scancoat6) from Edward. For interface analyses, samples underwent a brittle fracture under nitrogen before being sputter coated.

Results and Discussion

Mechanical characterization of composite

Figure 5 illustrates the tensile stress-strain behaviors of the four neat polymers (Figure 5a), alongside their non-woven flax reinforced composite (Figure 5b); measured tensile properties are presented in Table 4. The three biopolymers present a higher ultimate tensile strength than PP, the industry reference. With a tangent modulus close to 4.0 GPa, PLA and PHA have very similar stiffness and significantly higher than that of PP (1.4 ± 0.2 GPa). On the other hand, PBS is less stiff than the others with a Young's modulus of only 0.8 ± 0.1 GPa, but it exhibits a strain at failure three times higher than PP. 5b), differences in mechanical properties are much less pronounced than for the virgin polymers, highlighting that the fiber substantially modulates the mechanical properties. Indeed, all composites exhibit tensile strengths and Young's moduli at the same order of magnitude. Flax/PLA is the stiffest formulation (13.2 ± 1.3 GPa), followed by flax/PHA (10.3 ± 1.5 GPa). Flax/PP and flax/PBS present a similar modulus of 8.2 ± 0.7 MPa and 7.3 ± 1.2 GPa, respectively. Thus, even though virgin PBS has a different mechanical behavior (e.g. lower stiffness, higher failure strain) than the other polymers, the stiffness of flax/PBS is comparable in magnitude to the other formulations. This does predicate that the increase in stiffness of the polymer upon flax fiber incorporation, at same fiber volume fraction, is more pronounced for flax/PBS than for flax/PLA with a modulus change of +867% and +250%, respectively. This substantial stiffness 'leap' between virgin and fiber reinforced PBS has been shown in injected parts [START_REF] Bourmaud | Fully biodegradable composites: Use of poly-(butylenesuccinate) as a matrix and to plasticize l-poly-(lactide)-flax blends[END_REF]. In the present work, all biocomposites have the same fiber volume fraction (30 ± 1%), void volume fraction (< 2%), and are made from the same flax fiber non-woven preform architecture. However, in addition to fiber morphology, quality of the interface between fiber and matrix is preponderant to ensure efficient stress transfer. Non-polar PP is known to have poor interfacial compatibility with polar plant fibers [START_REF] Merotte | Flax and hemp nonwoven composites: The contribution of interfacial bonding to improving tensile properties[END_REF] 3.

Mechanical data obtained are similar to the ones found in the literature for PP, Figure 5c, which confirms the conformity of our manufacturing process and the resulting composites [START_REF] Gager | Understanding the effect of moisture variation on the hygromechanical properties of porosity-controlled nonwoven biocomposites[END_REF][START_REF] Merotte | Mechanical and acoustic behaviour of porosity controlled randomly dispersed flax/PP biocomposite[END_REF][START_REF] Oksman | Natural fibres as reinforcement in polylactic acid (PLA) composites[END_REF].

Regarding the mechanical properties of our biocomposites, they are higher than the composites produced in literature studies [START_REF] Bodros | Could biopolymers reinforced by randomly scattered flax fibre be used in structural applications?[END_REF][START_REF] Alimuzzaman | Nonwoven polylactic acid and flax biocomposites[END_REF] (Table 3). This is due to the quality of the preform and the optimized manufacturing process used (Figure 4) yielding porosity lower than 2% -determined via microtomography. Here, we emphasize that the three flax/bioplastics investigated are, mechanically speaking, credible and promising alternatives to flax/PP composites. 

Ageing analysis

In this study, a garden compost is chosen as a harsh environment for the ageing and degradation study.

Figure 6 shows evolution in weight loss for each composite, compared to their virgin polymer. SEM micrographs further depict the degree of surface erosion of the composite during ageing. It is evident that at any given time and for any considered polymer, flax composites degrade more (i.e. more weight loss) than the virgin polymer. This is mainly due to the degradation of the flax inside the composite, and the surface erosion induced by the presence of flax. Indeed, flax/PP shows a weight loss of 5.75 ± 0.50% after 190 days even though virgin PP does not measurably degradable in this time scale.

As observed in Figure 6, flax/PLA and flax/PP have similar weight loss evolution. For both formulations, SEM observations at 70 and 190 days (Figure 6) reveal no matrix erosion and only slight surface erosion due to the degradation of flax. As the compost temperature remains below 37.5°C after ten days, PLA is handicapped at the lower compost temperature. Indeed, PLA has to be close to its glass transition temperature for speeded degradation [START_REF] Itävaara | Biodegradation of polylactide in aerobic and anaerobic thermophilic conditions[END_REF]. In an in-vessel compost maintained at 80 ± 5°C, the loss of weight of unidirectional kenaf/PLA reached 40% in only 28 days [START_REF] Ochi | Mechanical properties of kenaf fibers and kenaf/PLA composites[END_REF], whereas our flax/PLA biocomposite buried in a garden compost, with fluctuating temperatures between 8°C and 37.5°C after 10 days, loses 6% of its weight after 190 days. This temperature influence is lower for the PHA and the PBS as they both have low glass transition temperatures of 0°C and -30°C respectively. With the emergence of porosity, degradation of fibers and increased roughness, flax/PHA and flax/PBS both undergo surface erosion and polymer degradation (Figure 6). Furthermore, their weight decreased more than flax/PP; 12.3 ± 1.4% for flax/PHA and 7.4 ± 0.5% for flax/PBS, compared to 5.75 ± 0.5% for flax/PP after 190 days. Note that while virgin PBS's degradation is very low, flax/PBS degradation is higher than that of flax/PP. Two potential explanations are easier degradation of flax in PBS than in PP, and the presence of flax promoting PBS to degrade, for example by increasing the surface contact area between water and PBS. The second explanation has been used to explain flax/PLA degradation in an elevated temperature compost [START_REF] Bayerl | Influence of fibre architecture on the biodegradability of FLAX/PLA composites[END_REF]. On the other hand, the high value for flax/PHA is mainly explained by the degradation of virgin PHA itself, which is significant: 7.7 ± 0.8% after 190. Consequently, flax/PHA shows a substantially eroded surface than the other biocomposites [START_REF] Woolnough | Surface changes in polyhydroxyalkanoate films during biodegradation and biofouling[END_REF]. What are the main mechanisms in biopolymer degradation? To degrade a polymer, hydrolysis needs to take place to reduce polymer chain size [START_REF] Lucas | Polymer biodegradation: Mechanisms and estimation techniques -A review[END_REF]. Depending on the rate of water diffusion and the rate of the hydrolysis, either of two phenomena manifest: surface erosion or bulk erosion [START_REF] Laycock | Lifetime prediction of biodegradable polymers[END_REF][START_REF] Lyu | Degradability of Polymers for Implantable Biomedical Devices[END_REF]. As it is subjected to hydrolysis faster than water diffusion, PHA is principally surface eroded [START_REF] Weng | Biodegradation behavior of PHBV films in a pilotscale composting condition[END_REF]. On the other hand, PLA undergoes bulk erosion as hydrolysis takes place in the volume after water has diffused throughout the specimen [START_REF] Burkersroda | Why degradable polymers undergo surface erosion or bulk erosion[END_REF]. Regarding PBS, some studies have noted surface erosion [START_REF] Cho | Hydrolytic degradation behavior of poly(butylene succinate)s with different crystalline morphologies[END_REF], while others have observed the same behavior as for PLA [START_REF] Li | in vitro Evaluation of Biodegradable Poly(butylene succinate) as a Novel Biomaterial[END_REF]. Wu et al. [START_REF] Wu | Biodegradation of poly(butylene succinate) film by compost microorganisms and water soluble product impact on mung beans germination[END_REF] observed a decrease in molecular weight during PBS degradation in a compost at 30°C, indicating that it undergoes bulk degradation. However, these mechanisms are in competition and many factors can influence which one is dominant [START_REF] Burkersroda | Why degradable polymers undergo surface erosion or bulk erosion[END_REF][START_REF] Shi | Comparison of poly(butylene succinate) biodegradation by Fusarium solani cutinase and Candida antarctica lipase[END_REF], including the thickness of the sample [START_REF] Lyu | Degradability of Polymers for Implantable Biomedical Devices[END_REF].

This difference in polymer degradation behavior could influence the way degradation occurs in the biocomposites. Thus, it is of interest to compare surface erosion of the biocomposites, which is the main contributor to weight evolution, with the evolution in porosity, which is measured by microtomography (Figure 7). We observe that flax/PBS and flax/PHA do not show a clear increase in porosity even though they present eroded surfaces. Interestingly, flax/PLA doesn't show notable surface erosion but does undergo a substantial increase in porosity, starting at 2.1% and reaching 5.2% after 190 days. This phenomenon is also observed on the industry reference, flax/PP, with an increase from 1.5% to 2.8% in 190 days. This implies internal degradation, which was not expected based on the weight loss measurements. Looking at the shape of the pores (Figure 7), porosity appears to be mainly present at the interface between the matrix and flax fibers. The phenomenon responsible for this interface degradation could be the swelling of flax fibers in the composite, which is an anisotropic hygroscopic expansion [START_REF] Lee | Longitudinal and concurrent dimensional changes of cellulose aggregate fibrils during sorption stages[END_REF][START_REF] Mussig | Testing methods for measuring physical and mechancial fibre properties (plant and animal fibres)[END_REF]. As the polymer undergoes a lower hygroscopic expansion, internal stress is generated at the interface. This stress could be large enough to damage the interface permanently with micro-cracks and/or debonding [START_REF] Azwa | A review on the degradability of polymeric composites based on natural fibres[END_REF][START_REF] Joseph | Environmental effects on the degradation behaviour of sisal fibre reinforced polypropylene composites[END_REF][START_REF] Regazzi | Reversible and irreversible changes in physical and mechanical properties of biocomposites during hydrothermal aging[END_REF]. Interestingly, this phenomenon is mainly present for flax/PLA. This is probably due to its glass transition temperature, which is higher than the compost temperature. This is not the case for the other polymers investigated. PLA is damaged because of the stress applied by the swelling whereas other biopolymers only undergo a reversible deformation with no impact on the interface. It is known that the interface between flax fiber and PP is poor [START_REF] Merotte | Flax and hemp nonwoven composites: The contribution of interfacial bonding to improving tensile properties[END_REF]. Thus, the swelling effect has an impact on this interface even though PP has a glass transition temperature lower than the compost temperature. Another explanation is the enzymatic degradation of residual pectic components at fiber's surface induced by the presence of microorganisms in the compost which deteriorate the fiber/polymer interface [START_REF] Le Duigou | In-situ evaluation of flax fibre degradation during water ageing[END_REF]. It is well known in composite science that the interface is a critical zone for stress transfer between the polymer and the fibers. Thus, the presence of porosity at the interface will have an important impact on mechanical properties of a composite. Figure 8 presents the evolution of the normalized ultimate strength during the ageing of the composites and SEM micrographs illustrate changes in the flax/polymer interface; see Table 6 for all mechanical data during ageing. The temperature of the compost, as well as external weather (mean temperature and rainfall) are plotted to inform our discussion of the results. Note that the temperature evolution of our compost is typical for this kind of compost [START_REF] Ryckeboer | A survey of bacteria and fungi occurring during composting and self-heating processes[END_REF][START_REF] Ryckeboer | Microbiological aspects of biowaste during composting in a monitored compost bin[END_REF][START_REF] Fogarty | Microbiological Degradation of Pesticides in Yard Waste Composting[END_REF]. First of all, an important drop in ultimate strength from 90.4 ± 7.8 MPa to 56.6 ± 2.5

MPa is observed for flax/PLA. This drop of 37% could be directly related to interface deterioration, where porosity between flax fibers and PLA matrix appears after only six days. A drop of 24% is also observed for the flax/PHA during that time period, whereas a small reduction in strength is evident for flax/PBS. As discussed before, this observation may have several explanations and especially the high compost temperature of 58.5°C (Figure 8) at the beginning of the experiments, approaching the PLA's glass transition temperature of 61.2°C [START_REF] Yang | Thermal and mechanical properties of chemical crosslinked polylactide (PLA)[END_REF]. That could lead to recrystallization inducing a shrinking of PLA and generate porosity. As this strength drop occurs after only six days, the hypothesis of polymer degradation at the interface seems quite doubtful. In contrast, the creation of porosity has been observed in flax/PLA aged in seawater meaning the swelling and/or shrinking scenario is more probable [START_REF] Le Duigou | In-situ evaluation of flax fibre degradation during water ageing[END_REF]. After this initial drop, flax/PLA's and flax/PHA's ultimate strength stays constant until 55 days, which corresponds to our observations of increase of weight loss rate. Then, flax/PLA undergoes a further drop, retaining only 38% of its initial strength, falling below the 50% initial strength, which can be considered as the acceptable service limit stress. On the other hand, flax/PHA undergoes a constant decrease after this point.

Remarkably, the ultimate strength of flax/PBS decreases constantly. Composite mechanical properties are mainly influenced by fiber properties and interface quality in this case. As the flax/PBS interface is only slightly impacted by ageing, and considering that the virgin PBS's mechanical properties stay unchanged during ageing (Table 7), the decrease in ultimate strength is principally due to degradation of the fiber. In the compost, fibers are exposed to moisture which, over long term, decrease fibers' mechanical properties [START_REF] Le Duigou | In-situ evaluation of flax fibre degradation during water ageing[END_REF][START_REF] Le Duigou | Long term immersion in natural seawater of Flax/PLA biocomposite[END_REF]. This moisture could also impact bundles as it has been shown that immersion in clear water for only 72h at 23°C degrades the middle lamella of bundles (flax/flax interface) [START_REF] Bourmaud | Importance of fiber preparation to optimize the surface and mechanical properties of unitary flax fiber[END_REF]. Thus, this phenomenon leads to a poor interface between the fibers leading to decreased stress transfer capacity inside a bundle. It is also possible that microorganisms present in the compost play a role in degrading the fiber or the remaining middle lamellae, thereby causing easier decohesion of the fiber bundles, present in large numbers in a non-woven preform and negatively influencing composites mechanical properties. Note that all strength data presented here are slightly underestimated as cross-section area is overestimated due to the surface modification and the roughness of degraded samples such as flax/PHA and flax/PBS. After 190 days, all composites -flax/biodegradable polymer composites and the industry reference, flax/PP -have similar normalized ultimate strength close to 55%. Thus, the formulations investigated here are not only comparable in the context of unaged mechanical properties, but also the impact of ageing is comparable. What is more, even if the initial strength of flax/PLA (90.4 ± 7.7MPa) is higher than flax/PBS (68.6 ± 5.0MPa), flax/PLA falls (temporarily) below the design limit of 50% after 70 days, where flax/PBS undergoes more predictable, gradual ageing which could be preferable for long term applications.

Conclusion

The mechanical performance and compost ageing behavior of three biocomposites made of nonwoven flax fabrics and biodegradable polymers (flax/PLA, flax/PHA, flax/PBS) were investigated and compared to flax/PP, an industry reference. We showed that all flax/biodegradable polymer composites had better strength and stiffness than flax/PP. Our ageing investigations reveal that flax composites degrade predominantly through one of two possible routes, depending on the composite formulation (i.e. polymer selected): surface erosion or porosity generation at fiber/matrix interfaces.

While surface erosion diminishes composite mass, interfacial porosity substantially reduces composite ultimate tensile strength, making the ageing behavior less predictable. We observe that flax/PLA primarily degrades at the interface, with localized porosity forming and reducing its strength by 37% after just six days of burial in a garden compost. In contrast, due to surface degradation of fibers and polymer, flax/PHA losses 12.3 ± 1.4% mass after 190 days. We find that all the flax/biodegradable polymer biocomposites have lost 50% of their initial strength after 190 days in the garden compost, comparable to the industry reference flax/PP. These flax/biodegradable polymer biocomposites have the potential to resolve the 'biodegradation paradox': they can be designed to have adequate mechanical performance for industrial products, even after ageing in harsh conditions, and yet offer biodegradation as an alternative end-of-life disposal route to incineration.

Figure 1 :

 1 Figure 1 : Differential scanning calorimetry of the four polymers (PLA, PHA, PBS, PP) used to make flax biocomposites. Tests were done from 25 °C to 200 °C at 10 °C/min in open aluminum pans.

Figure 3 :

 3 Figure 3 : Viscosity of virgin polymers at several temperature close to their melting temperature, a) polypropylene (PP), b) polylactic acid (PLA), c) polyhydroxyalkanoate (PHA), d) polybutylene succinate(PBS). The black rectangle is the valid range for a good film stacking impregnation.

Figure 4 :

 4 Figure 4: Typical pressure (solid line) and temperature (dotted line) cycle used here for the film stacking process, here the temperature correspond to the PHA's cycle.

  which penalizes the mechanical properties of the non-woven flax/PP composite. The ultimate tensile strength ranking is similar to the stiffness, with the strength of flax/PBS (67.5 ± 5.3 MPa) being slightly better than flax/PP (58.4 ± 2.1 MPa).

Figure 5 :

 5 Figure 5: Mechanical behavior of a) virgin polymers used in the manufacturing of the biocomposites, and b) flax non-woven composites at a fiber volume fraction of 30%. The axes scales are different in a) and b). c) A comparison with literature data (unfilled circles) is presented. References for literature values are available in Table3.

Figure 6 :

 6 Figure 6 : Comparison of weight loss for each composite and associated virgin polymer. SEM pictures are presented for key time periods to depict surface degradation of the biocomposites.

Figure 7 :

 7 Figure 7 : Evolution in microporosity. Observation and measurement with microtomography analysis in a sample's volume of 9x7x1.5 mm, taken in the middle of the sample. To the right, for each biocomposite, evolution in internal porosity (bars) is compared to evolution in weight loss (dots).

Figure 8 :

 8 Figure 8: Normalized ultimate strength evolution for the three biocomposites and the industry reference. The horizontal line depicts the design service strength limit of 50%. At the top right: Compost temperature, average outdoor temperature and rainfall are plotted on a graph to facilitate discussion of the results. After 20 days, the compost's temperature follows the external temperature. Top left: Cryo-SEM observation of the interface after 6 days of composting for flax/PBS (top) for which slight debonding is observed and for flax/PLA (bottom) which undergoes significant debonding. Bottom: Cryo-SEM observations of the evolution (from 0 days to 190 days) of the flax/polymer interface for each composite, focusing on the debonding zone.

Table 1 :

 1 Summary of literature study results on degradation of non-woven biocomposites in a

compost Materials Environment Fiber fraction [wt-%] Thickness of samples (mm) Weight loss (%) Residual strength (%) Reference Non-woven thermo-compressed PLA/FLAX

  

		Compost 25°C	40	2.00	6 (120 days)	30 (flexural)	[32]
		Compost -°C	50	2.30	27 (120 days)	20 (flexural)	[33]
		Compost 40 ± 7°C	30	3.00	4 (56 days)	/	[34]
	Farmland soil 25 ± 5 °C	20	0.65	25 (90 days)	/	[36]
	PBS/Jute	Compost 30 ± 2°C	30	/	30 (120 days)	/	[37]
	Injection-molded						
	PLA/Abaca	Soil 25-30 °C	10	0.50	10 (60 days)	/	[38]
	PHA/FLAX	Soil -°C	20	2.00	15 (112 days)	55 (tensile)	[39]
	PHBV/Abaca	Soil 25-30 °C	10	0.50	50 (90 days)	/	[38]
	PBS/Abaca	Soil 25-30 °C	10	0.50	45 (60 days)	/	[38]

Table 2 :

 2 Main characteristics of the thermoplastic polymers used in this study (from datasheets).

	Polymer Provider	reference	Density [g/cm -3 ]	MFI
	PLA NatureWorks	PLA3001D	1.24	22 (210°C/2.16kg)
	PHA NaturePlast	PHI002	1.25	15 -30 (190°C/2.16kg)
	PBS pttMCC	BioPBS TM FZ71PM	1.26	22 (190°C/2.16kg)
	PP Total	PPC10942	0.905	44 (230°C/2.16kg)
	2.1 Thermal analysis			

PLA, PHA and PP have a similar melting temperature, which is 172°C, 177 °C and 168 °C, respectively. PBS presents a lower melting temperature of 119°C. In addition, glass transition temperature of PLA is not clearly defined here but a relaxation is noticed between 60°C and 70°C. Glass transition temperature of PHA, PBS and PP are not observed/measured; they are expected to be below ambient temperature.

Temperature

[°C] 

Table 3 :

 3 Extrusion and calendaring machine parameters of films.

			Extruding parameters		Calendaring parameters
	Polymer	T die	T zone 3	T zone 2	T zone 1	Screw speed (turns/min)	Roller temperature	Roller speed (turns/min)
	PHA	170 °C	190 °C	190 °C	190 °C	40	60 °C	1
	PBS	130 °C	140 °C	140 °C	160 °C	40	45 °C	1
	PLA	190 °C	190 °C	190 °C	190 °C	50	50 °C	5
	PP	200 °C	200 °C	200 °C	200 °C	80	70 °	2

Table 4 :

 4 

	]

Mechanical properties of polymers and non-woven composites before any degradation. 'Change' refers to the improvement between raw polymer and non-woven flax composite with a fiber volume fraction of 30%.

Materials Tangent Modulus [GPa] Maximum Strength [MPa] Strain at Maximum strength [%

Table 5 :

 5 Comparison with literature study results on mechanical properties of biocomposite made with non-woven flax fibers

	Materials Fiber volume	Tangent Modulus	Maximum Strength	Reference
		fraction [%]	[GPa]	[MPa]	
	PLA/FLAX	30	13.2 ± 1.3	90.4 ± 7.8	This study
		30	8.0 ± 0.1	99.0 ± 5.0	[30]
		36	8.2 ± 0.2	50.0 ± 5.0	[50]
	PHA/FLAX	30	10.3 ± 1.5	82.4 ± 4.1	This study
		30	4.5 ± 0.4	40.0 ± 2.0	[30]
	PBS/FLAX	30	7.3 ± 1.2	67.5 ± 5.3	This study
		30	3.5 ± 0.1	49.0 ± 1.0	[30]
	PP/FLAX	30	8.2 ± 0.7	58.4 ± 2.1	This study
		34	7.6 ± 0.8	62.0 ± 4.3	[47]
		36	5.4 ± 0.3	44.9 ± 1.1	[48]
		38	6.5 ± 0.4	40.2 ± 1.7	[51]
		38	6.3 ± 0.9	56.4 ± 2.2	[51]

Table 6 :

 6 Evolution in ultimate strength and normalized ultimate strength for composite during ageing

	Days in compost	PLA/Flax	PHA/Flax	PBS/Flax	PP/Flax
			Initial tensile strength [MPa]	
	0 days	90.4 ± 7.8	82.4 ± 4.1	67.5 ± 5.3	58.4 ± 2.1
			Normalized strength [-]	
	0 days	1	1	1	1
	6 days	0.63 ± 0.03	0.76 ± 0.04	0.93 ± 0.03	/
	14 days	0.61 ± 0.05	0.74 ± 0.02	0.84 ± 0.04	/
	20 days	0.64 ± 0.05	0.78 ± 0.04	0.89 ± 0.05	/
	38 days	0.68 ± 0.03	0.78 ± 0.04	0.81 ± 0.05	/
	55 days	0.69 ± 0.04	0.67 ± 0.04	0.71 ± 0.05	/
	70 days	0.38 ± 0.03	0.60 ± 0.03	0.71 ± 0.03	0.61 ± 0.03
	104 days	0.39 ± 0.04	0.55 ± 0.03	0.68 ± 0.04	/
	125 days	0.49 ± 0.04	0.55 ± 0.05	0.58 ± 0.09	0.57 ± 0.03
	190 days	0.52 ± 0.03	0.53 ± 0.05	0.56 ± 0.05	0.59 ± 0.03

Table 7 :

 7 Evolution in ultimate strength and normalized ultimate strength for virgin polymer during ageing

	Days in compost	PLA	PHA	PBS	PP
			Initial tensile strength [MPa]	
	0 days	61.4 ± 0.8	38.6 ± 1.4	39.1 ± 0.5	24.4 ± 0.8
			Normalized strength [-]	
	0 days	1	1	1	1
	6 days	1.00 ± 0.03	0.89 ± 0.05	0.97 ± 0.01	/
	14 days	1.06 ± 0.03	0.94 ± 0.01	1.02 ± 0.02	/
	20 days	1.00 ± 0.03	0.89 ± 0.02	1.01 ± 0.01	/
	38 days	0.99 ± 0.02	0.89 ± 0.01	1.01 ± 0.02	/
	55 days	0.94 ± 0.02	0.86 ± 0.02	0.95 ± 0.02	/
	70 days	0.89 ± 0.03	0.74 ± 0.02	0.95 ± 0.03	0.94 ± 0.01
	104 days	0.92 ± 0.07	0.71 ± 0.03	0.97 ± 0.03	/
	125 days	0.70 ± 0.14	0.65 ± 0.03	0.99 ± 0.02	0.97 ± 0.05
	190 days	0.87 ± 0.08	0.64 ± 0.05	1.00 ± 0.02	1.02 ± 0.01

Acknowledgments

We thank the Cambridge University Botanic Garden (particularly Mr. Carl Tatterton) for use of their research plot, providing compost, access to meteorological data, and for their continuous engagement during this study. We also thank Région Bretagne and Interreg V.A Cross-Channel Programme for funding this work through our project, FLOWER: Flax composites, LOW weight, End of life and Recycling (http://flower-project.eu).