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Surface modification of flax yarns by enzymatic treatment and their interfacial adhesion with thermoset matrices
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The objective of this study was to assess the effects of commercially available and relatively inexpensive enzyme preparations based on endo 1,4-β-xylanase, pectinases and xyloglucanases on the thermal (TGA), morphological (SEM), chemical (FT-IR) and mechanical (single yarn tensile tests) properties of flax yarns. The preparation based on pectinases and xyloglucanases proved to be the best performing, resulting in effective removal of hydrophilic components such as hemicellulose and pectin, in individualization of yarns, and in increased thermal stability, at the expense of a reduction in mechanical properties depending on the treatment parameters. Single yarn fragmentation tests highlighted an improved interfacial adhesion after enzymatic treatment, with reduced debonding length values of 18 % for epoxy matrix and up to 36 % for a vinylester resin compared to untreated flax yarns.

Introduction

The development of high-performance natural fibre composites cannot neglect the optimization of the fibre/matrix interfacial adhesion [START_REF] Bourmaud | Towards the design of high-performance plant fibre composites[END_REF]. The importance of the fibre/matrix interface for the macroscopic response of fibre reinforced composites is well consolidated, and it is not an easy task to find an ideal interface able to optimize simultaneously all the macroscopic properties that are directly or indirectly affected by its characteristics, i.e., tensile strength, fracture toughness, resistance to creep, fatigue, dimensional stability and environmental degradation. This consideration leads to the full awareness that interfacial properties need to be optimized rather than maximized [START_REF] Karger-Kocsis | Recent advances in fiber/matrix interphase engineering for polymer composites[END_REF]. For these reasons, the improvement of the adhesion properties between natural fibres and polymer matrices can be based on the optimization of the chemistry of the sizing agents or on the surface modification of the fibres to increase the bonding and wettability by the matrix. In this regard, numerous strategies have been devised to address the limitations of natural fibres, mainly ascribed to their hydrophilic character that precludes a suitable interfacial adhesion with hydrophobic polymer matrices, but at the same time increases moisture absorption and related microbiological degradation [START_REF] Bourmaud | Towards the design of high-performance plant fibre composites[END_REF]. In this field, the engineering of fibres' surface for their effective incorporation in composite materials with reduced costs and environmental impact represents a noticeable challenge. With this in mind, many strategies that have been investigated over the years suffer from the need to handle large amounts of chemicals ( [START_REF] Bledzki | The effects of acetylation on properties of flax fibre and its polypropylene composites[END_REF][START_REF] Huo | Effect of surface treatments on interfacial properties of flax fiberreinforced composites[END_REF][START_REF] Amiri | Effect of Chemical Treatment of Flax Fiber and Resin Manipulation on Service Life of Their Composites Using Time-Temperature Superposition[END_REF][START_REF] Tserki | A study of the effect of acetylation and propionylation surface treatments on natural fibres[END_REF]) or complex equipment [START_REF] Bozaci | Effects of the atmospheric plasma treatments on surface and mechanical properties of flax fiber and adhesion between fiber-matrix for composite materials[END_REF][START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF][START_REF] Yuan | Plasma treatment of sisal fibres and its effects on tensile strength and interfacial bonding[END_REF][START_REF] Oliveira | Surface Modification of Banana Fibers by DBD Plasma Treatment[END_REF][START_REF] Yuan | Effects of plasma treatment in enhancing the performance of woodfibre-polypropylene composites[END_REF], which can limit their full industrial exploitation. Another recent approach consists in decorating the fibres' surface with nanostructures to increase the surface area and the stress transfer with the polymer matrix [START_REF] Wang | Surface modification of ramie fibers with silanized CNTs through a simple spray-coating method[END_REF][START_REF] Sarker | High-Performance Graphene-Based Natural Fiber Composites[END_REF][START_REF] Wang | Grafting of nano-TiO2 onto flax fibers and the enhancement of the mechanical properties of the flax fiber and flax fiber/epoxy composite[END_REF], but this strategy usually involves several processing steps that make it less attractive for industrial applications. In [START_REF] Foruzanmehr | Physical and mechanical properties of PLA composites reinforced by TiO2 grafted flax fibers[END_REF], the authors reported the grafting of TiO2 on flax fibres with a view to increasing the mechanical properties of poly lactic acid-based composites. Fibres needed two steps, namely dewaxing and oxidation. In this regard, fibres were first treated with boiling acetone and then NaOH that was later neutralized by using a diluted citric acid solution. In the second step, the alcohol groups of the flax fibres were oxidized to carboxylic groups by using TEMPO and then finally immersed in the sol for the synthesis of TiO2 based on titanium isopropoxide as a precursor. A slight increase in the interlaminar shear strength (ILSS), in the thermal and moisture resistance of the resulting composites was achieved, but with a remarkable complexity.

An environmentally friendly substitute for chemical and physical methods is represented by the use of biological agents such as fungi [START_REF] Pickering | Interfacial Modification of Hemp Fiber Reinforced Composites Using Fungal and Alkali Treatment[END_REF][START_REF] Gulati | Fungal-modification of natural fibers: A novel method of treating natural fibers for composite reinforcement[END_REF][START_REF] Schirp | Production and characterization of natural fiber-reinforced thermoplastic composites using wheat straw modified with the fungusPleurotus ostreatus[END_REF] and enzymes [START_REF] Gustavsson | Modification of cellulose fiber surfaces by use of a lipase and a xyloglucan endotransglycosylase[END_REF][START_REF] George | Enzymatically treated natural fibres as reinforcing agents for biocomposite material: mechanical, thermal, and moisture absorption characterization[END_REF][START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF] or supercritical fluids [START_REF] Francois | Can supercritical carbon dioxide be suitable for the green pretreatment of plant fibres dedicated to composite applications[END_REF][START_REF] Seghini | Environmentally Friendly Surface Modification Treatment of Flax Fibers by Supercritical Carbon Dioxide[END_REF].

Biological modifications provide advantages over chemical and physical methods, including their selectivity, the lower energy input required and their recyclability and reusability. In particular, the use of enzyme technology in the field of textile and natural fibre modification is rapidly increasing.

The enzymatic treatment represents a green way to modify natural fibres, and in literature enzymatic treatments have been used with two final aims: (i) the extraction of bast fibres from non-fibrous tissues in the stems as an alternative to dew retting [START_REF] De Prez | Effect of enzymatic treatment of flax on fineness of fibers and mechanical performance of composites[END_REF][START_REF] De Prez | Flax treatment with strategic enzyme combinations: Effect on chemical fiber composition and ease of fiber extraction[END_REF], (ii) the surface modification of fibres already extracted in order to reduce hydrophilicity and increase thermal stability [START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF][START_REF] Liu | Effect of pectin and hemicellulose removal from hemp fibres on the mechanical properties of unidirectional hemp/epoxy composites[END_REF]. In these latter studies, the enzymatic treatment was reported to be able to catalyse the removal of undesirable substances like pectin, hemicelluloses, lignin, and waxes from the surface of the fibres improving fibre/matrix adhesion, moisture resistance and thermal stability. In fact, pectin and hemicellulose are the primary components contributing to surface polarity that promotes a hydrophilic behaviour and leads to moisture absorption. A careful selection of enzymes and their amounts is crucial in order to obtain an efficient treatment. The leading enzymes used in the fibre modification are: pectinases, used to hydrolyse pectin; hemicellulases (xylanases), able to destroy the hemicellulosic material; laccases, able to degrade lignin; cellulases, responsible for degradation of the β-1,4-glucosidic bonds in crystalline and amorphous cellulose [START_REF] De Prez | Enzymatic treatment of flax for use in composites[END_REF]. In some studies enzymes are combined with chelating agents, such as EDTA (ethylene diamine tetra-acetic acid) or EDTMPA (ethylene diamine tetra methylene phosphonic acid), whose role is to remove calcium ions from pectin in plant cell walls, thus making pectin soluble in many liquids and easily attacked by enzymes [START_REF] Stuart | Structural biocomposites from flax -Part I: Effect of bio-technical fibre modification on composite properties[END_REF][START_REF] Li | Hemp fibre reinforced composites using chelator and enzyme treatments[END_REF].

Different studies in literature investigated the effect of enzymatic treatments on the mechanical performance of composite materials. Bledzki et al. [START_REF] Bledzki | Polypropylene composites with enzyme modified abaca fibre[END_REF] addressed the effects of an enzymatic treatment (fungamix) on the properties of abaca fibres and their resulting composites based on a polypropylene matrix. The enzymatic treatment caused a decrease in the fibre roughness and pronounced fibrillation, while the tensile and flexural tests highlighted an increase of 5 % -45 % for the tensile strength and of 10 % -35 % for the flexural strength after the fibre modification. In addition, the moisture absorption of the composites was reduced by 20 % -45 %. George et al. [START_REF] George | Enzymatically treated natural fibres as reinforcing agents for biocomposite material: mechanical, thermal, and moisture absorption characterization[END_REF] tested different commercially available enzymes, namely xylanase, polygalacturonase, laccase, and xylanase + cellulase, on hemp and flax fibres embedded in a polypropylene matrix.

Polygalacturonase treatment caused the most significant decrease in hemicellulose and pectin for all treatments tested, which resulted in a better water resistance and thermal stability of the composite materials compared to the untreated ones. No significant influence on the mechanical properties of the composites was detected.

These available studies suggest that enzymatic treatments show potential to shape the fibre/matrix adhesion in natural fibre composites. In this framework, this study is one of the first that addresses the influence of commercially available and inexpensive enzyme preparations without the presence of any chemicals on morphological, thermal and mechanical properties of flax yarns intended for composite applications. In addition, this study reports an assessment of the interfacial adhesion with two thermoset matrices, namely epoxy and vinylester, performed by micromechanical single-fibre fragmentation tests (SFFT).

Materials and Methods

Raw materials

Flax (Linum usitatissimum) yarns were carefully extracted by hand from a 2×2 twill fabric (200 g/m 2 ) provided by Composites Evolution (Chesterfield, UK), which do not include any specific sizing formulation. The thermoset matrices used to assess the interfacial adhesion with flax yarns were an epoxy system (Epoxy Prime 27 infusion resin and PRIME 20 slow hardener, mixing ratio 100:28) supplied by Gurit (Newport, UK) and a styrene-free vinylester (Advalite VH-1207) provided by Reichhold (London, UK), which was cured by using a Norpol Peroxide PMEC N24 hardener with a mixing ratio of 1 phr.

Biochemical enzymatic treatment

In order to remove their pectin and hemicellulose content, flax fabrics and yarns were treated using two commercial enzyme preparations of relatively low cost. A Feedlyve AXC 1500L and a Peclyve EXG commercial enzyme solutions, supplied by Lyven SA (Colombelles, France), were selected. The Feedlyve AXC 1500L preparation is rich in endo 1,4-β-xylanase enzyme, which is able to degrade hemicellulose by attacking the xylan backbone arbitrarily that forms xylooligosaccharides [START_REF] De Prez | Enzymatic treatment of flax for use in composites[END_REF]. The Peclyve EXG preparation is instead rich in pectinases and xyloglucanases enzymes, which can remove both pectin and hemicellulose, respectively. The biochemical treatment was performed on both flax fabrics and flax yarns. Flax fabrics, with the dimension of 3×3 mm 2 , and flax yarns, with a length of 80 mm, were treated in small borosilicate lab jars, placed into a thermostatic and magnetically stirred water bath at the temperature of 50 °C. Different concentrations and times were selected, (Table 1). The optimum enzyme-specific pH values were used. Afterwards, drying was performed at 80 °C for 24 hours.

Characterization of wetting properties

The wetting properties of the flax fabric were addressed by a water drop test performed by using a video-based optical contact angle measuring instrument, OCA 15 Pro (DataPhysics GmbH, Filderstadt, Germany). Generally, this system is used in order to perform a contact angle measurement using the sessile drop method on homogeneous solid substrates. In this work, due to the non-homogeneous characteristics of flax fabrics, it was not possible to carry out a contact angle measurement and the wetting behaviour of the fabric was measured in terms of time for complete absorption of the liquid, i.e., water retention time. During the test, degassed water drops with a volume of 4 μl were applied to the flax fabric and the time until the applied drop is absorbed completely was measured. 

Tensile testing of flax yarns

The mechanical properties of untreated and enzyme treated flax yarns were addressed by single yarn tensile tests in accordance with ASTM C-1557 at room temperature and using a Zwick/Roell Z010 machine (Ulm, Germany) equipped with a 1 kN load cell. Tests were carried out in displacement control with a cross-head speed of 2 mm/min. The flax yarns, after being extracted by hand from the fabric, were glued (Loctite™ Gel Superglue, Milan, Italy) onto a card tab with a central opening equal to the gauge length of 40 mm. 20-30 yarns, preliminary conditioned 45 °C for 24 h, were tested for each treatment, while the yarn diameter was calculated by optical microscopy as the average of at least ten measurements along the gauge length.

Fourier transform infrared spectroscopy analysis (FT-IR)

The surface modification of flax yarns caused by the enzymatic treatments was studied by Fourier-transform infrared (FT-IR) analysis, carried out with a Bruker Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped with a single reflection Diamond ATR cell. Spectra were recorded with a 3 cm -1 spectral resolution in the mid-infrared range (400-4000 cm -1 ) using 512 scans.

Thermogravimetric analysis (TGA)

The thermal stability of untreated and treated flax yarns was investigated using a SetSys Evolution (Setaram Instrumentation, Caluire, France) thermogravimetric analyzer. The samples, placed in an alumina pan, were subjected to a heating rate of 10 °C/min up to a maximum temperature of 800 °C in a nitrogen atmosphere.

Single yarn fragmentation test

The interfacial properties of untreated and enzymatically treated flax yarns with epoxy and vinylester matrices were measured by using the single fiber fragmentation test (SFFT), which was adjusted to test single yarns, as previously reported in [START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF][START_REF] Seghini | Environmentally Friendly Surface Modification Treatment of Flax Fibers by Supercritical Carbon Dioxide[END_REF][START_REF] Seghini | Interfacial adhesion assessment in flax/epoxy and in flax/vinylester composites by single yarn fragmentation test: Correlation with micro-CT analysis[END_REF]. Details of the mould and of the procedure used to manufacture the single yarn composite specimens can be found in [START_REF] Seghini | Environmentally Friendly Surface Modification Treatment of Flax Fibers by Supercritical Carbon Dioxide[END_REF]. Prior to matrix casting, flax yarns were conditioned at 45 °C for 24 h. Tests were carried out in an Instron E1000 ElectroPuls test machine (Norwood, MA, USA) with a load cell of 2 kN at a crosshead speed of 0.005 mm/min. The yarn diameter was evaluated as the average of at least ten measurements along the gauge length by optical microscopy (Zeiss, Oberkochen, Germany). The loading phase of the test was interrupted at specimen's failure or when the fragmentation saturation level was achieved, defined as no occurrence of new yarn breaks during a subsequent strain increase by 0.5 % [START_REF] Joffe | Interfacial shear strength of flax fiber/thermoset polymers estimated by fiber fragmentation tests[END_REF]. To achieve the saturation level, epoxy-and vinylester-based specimens were loaded up to strains larger than 9 % and 11 %, respectively. All flax yarns were characterized by a strain at failure at least three and two times smaller than the failure strain of both epoxy and vinylester resins, respectively, thus ensuring the conformity with the Kelly-Tyson model requirements [START_REF] Kelly | Tensile properties of fibre-reinforced metals: Copper/tungsten and copper/molybdenum[END_REF].

X-ray microtomography

Single yarn composite specimens were analyzed by an UltraTom CT scanner (RX Solutions, France) with a resolution of 1.5 μm, an accelerating voltage of 50 kV, and a beam current of 157 μA.

Optical and FE-SEM observations

The flax yarn diameters, as well as the fragment lengths, were measured by using a ZEISS Axio Imager optical microscope (Oberkochen, Germany). The morphology of enzymatically treated and untreated flax yarns was investigated by scanning electron microscopy (FE-SEM) with a Zeiss Auriga (Oberkochen, Germany). All specimens were sputter-coated with chromium prior to FE-SEM observation.

Results and Discussion

Characterization of flax yarns after enzymatic treatment

In an initial phase of the work, the enzymatic biochemical treatments were carried out only on flax fabrics. For both Feedlyve and Peclyve enzymatic preparations, the fabrics were treated using a concentration of 0.5, 2.5 and 5 wt% and a duration of 2, 3 and 6 h. The aim of this first phase of the experimental investigation was to verify the actual effect of the two enzymatic preparations on the surface properties of flax and thus to select the solution able to produce the best results. Enzymes are able to modify the surface properties without significantly affecting the bulk properties [START_REF] Boisset | Optimized mixtures of recombinant Humicola insolens cellulases for the biodegradation of crystalline cellulose[END_REF]. It was supposed that the removal of hemicellulose and pectin from flax fibres would reduce their hydrophilic behaviour, making them more resistant to moisture and thermally stable. In this framework, the wetting properties of the untreated and treated flax fabrics were analysed by a water drop test. The representative values of absorption times are reported in Table 2. Due the presence of hydroxyl and strongly polar groups, the untreated flax fabrics showed a marked hydrophilic behaviour. Water retention times lower than 1 s were found for the as-received flax fabric. From the results reported in Table 2, it is possible to notice that flax fabrics displayed a wetting behaviour strongly dependent on the type of enzymatic preparation used. An increase in the hydrophobic behaviour is produced after the Peclyve solution. On the contrary, the flax fabrics treated using the Feedlyve preparation maintained their strong hydrophilic behaviour.

In Figure 1 De Prez et al. [START_REF] De Prez | Flax treatment with strategic enzyme combinations: Effect on chemical fiber composition and ease of fiber extraction[END_REF][START_REF] De Prez | Flax treatment with strategic enzyme combinations: Effect on fiber fineness and mechanical properties of composites[END_REF] investigated different enzyme combinations based on several pectinase and hemicellulase activities including up to three different enzymes applied to flax fibres, and discussed their effects on chemical fibre composition, ease of fibre extraction and fibre fineness. The FE-SEM micrographs reported in Figure 3 show the morphologies of the flax yarns after the different enzymatic treatments. Irrespective of treatment condition, flax yarn fibrillation and individualization were observed. It is worth highlighting that, the longer the process time and the greater the enzyme concentration, the higher the fibrillation of yarns. As reported by George et al. [START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF], the pectinase is the enzyme that contributes the most to the separation of fibres from their yarn. An enzymatic effect observed only at high solution concentration

is the progressive breakage of the flax fibres present at the outer surface of the yarn. This effect was found for the yarns treated for 4.5 h and 6 h using a Peclyve concentration of 10 wt% (Figure 4).

The effect of the biochemical treatments on the surface composition of flax yarns was studied by Fourier-Transform Infrared (FT-IR) spectroscopy. In order to assess the changes induced by the enzymatic treatment on the composition of flax yarns, the FT-IR analysis was carried out on the samples treated using the minimum (Figure 5) and maximum (Figure 6) concentration of Peclyve solution. The micrograph shows the damage on the outer fibres of the flax yarn after the enzymatic treatment Spectra appear to be similar, however the main effect produced by the enzymatic treatment is a strong reduction of the bands around 1736-1742 cm -1 that can be assigned to the carboxylic ester in the pectin and wax [START_REF] Wang | Characterization of bioscoured cotton fabrics using FT-IR ATR spectroscopy and microscopy techniques[END_REF] and to the carbonyl C=O stretching of acetyl groups of hemicellulose [START_REF] Haque | Physico-mechanical properties of chemically treated palm and coir fiber reinforced polypropylene composites[END_REF] and at 1596 cm -1 , 1512 cm -1 and 1451 cm -1 of the lignin [START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF]. It is to be noted that the enzyme preparation used in the present study is not pure, therefore the presence of accessory enzymes besides the main components cannot be excluded. The removal of pectin bonded to hemicellulose might have triggered the rupture of the network, in line with the results in [START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF], where a reduction of hemicellulosic content in flax and hemp fibres was due to a treatment based only on pectinases (polygalacturonase and pectinmethylesterase). The reduction in the bands for hemicellulose, pectin and lignin was observed for flax yarns treated with both 2.5 wt% and 10 wt% of Peclyve solution, thus confirming that the enzymatic treatment was able to successfully degrade hydrophilic substances like hemicellulose and pectin from the surface of flax yarns. Comparing the infrared spectra obtained for the flax yarns enzymatically treated using a 2.5 wt%

Peclyve solution for different durations (Figure 5), it is possible to notice that the longer the treatment time, the greater the removal efficiency of the enzymatic solution. The lowest hemicellulose and pectin peaks were obtained after a treatment duration of 6 h (Figure 5d). These results are supported by the values of crystallinity index (CI) of cellulose calculated for the different flax yarns, which represents an important parameter describing the relative crystallinity of the fibres. The higher the CI, the greater the crystalline cellulose content and hence the greater the efficiency of the enzymatic treatment in extracting the amorphous components from flax [START_REF] Abidi | X-ray diffraction and FTIR investigations of cellulose deposition during cotton fiber development[END_REF][START_REF] Zhang | Morphology and mechanical behavior of isotactic polypropylene (iPP)/syndiotactic polypropylene (sPP) blends and fibers[END_REF]. In this work a semiquantitative measurement of the crystallinity index of cellulose (Table 3) was performed by using the intensity ratio between the IR absorption bands at 1427 and 897 cm -1 (I1427/I897), which belong to the CH2 bending mode of cellulose and to the CH in β-glycosidic linkages between monosaccharides [START_REF] Abidi | Changes in the cell wall and cellulose content of developing cotton fibers investigated by FTIR spectroscopy[END_REF]. A progressive increase in the cellulose crystallinity index values was observed passing from 3 h to 6 h treatment. Concerning the infrared spectra obtained for the flax yarns treated using a 10 wt% Peclyve solution (Figure 6), an additional reduction in the hemicellulose and lignin bands occurred.

Negligible differences can be found between the infrared spectra of the flax yarns treated for 4.5 h and 6 h and the same cellulose CI value was measured. These results highlight that the use of the Peclyve solution with a concentration of 10 wt% allowed to obtain the maximum efficiency after 4.5 h of treatment. No further removal of amorphous components from the surface of flax fibres was produced using longer treatment times. Li and Pickering [START_REF] Li | Hemp fibre reinforced composites using chelator and enzyme treatments[END_REF] reported the same trend in hemp fibres treated with combinations of pectinase and laccase with and without the presence of a chelator (EDTMPA). With a progressive removal of amorphous non-cellulosic compounds, the authors found a significant increase in the crystallinity index evaluated by the Segal method after enzymatic treatment, which passed from 66.3 % to 86.3 % for the raw and treated hemp fibres, respectively. cellulose, respectively [START_REF] Tajvidi | Effect of fiber content and type, compatibilizer, and heating rate on thermogravimetric properties of natural fiber high density polyethylene composites[END_REF][START_REF] Van De Velde | Thermal and Mechanical Properties of Flax Fibres as Potential Composite Reinforcement[END_REF]. Hemicellulosic and pectic contents of lignocellulosic fibres decompose at a lower temperature than cellulose and lignin [START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF], therefore it is assumed that the removal of less thermally stable hemicellulose and pectin by enzymatic treatment, as confirmed by FT-IR measurements, would improve the thermal resistance of treated flax yarns. After the enzymatic treatment, a change in the thermal stability of the flax yarns occurred. The thermogravimetric analysis confirmed the enzymatic removal of hemicellulose and pectin components from the flax surface. In particular, the thermal stability of flax yarns treated using the maximum concentration of 10 wt% of Peclyve preparation was investigated. The thermograms reported in Figure 7 show that the peak related to water loss remains unchanged. However, the second step of thermal degradation changed.

In fact, contrary to the as-received flax, both yarns treated for 4.5 h and 6 h, do not show any step of weight loss associated with the hemicellulose and the pectin decomposition. From the mass loss vs.

temperature curves, it can be also seen that the onset degradation temperatures tend to increase after the enzymatic treatment, compared with the untreated flax yarns, again confirming the removal of thermally liable constituents [START_REF] Li | Hemp fibre reinforced composites using chelator and enzyme treatments[END_REF].

Table 4 summarizes the maximum degradation temperature and the temperature of 10 % weight loss for the untreated and the treated flax yarns. Enzymatically treated flax yarns displayed a maximum degradation temperature only slightly lower compared to that of the untreated ones, despite the removal of components that could result in a weaker macrostructure because of disorder in bonding within the network [START_REF] Bateman | Degradation of Plant Cell Walls and Membranes by Microbial Enzymes[END_REF]. An increase of the 10 % of weight loss temperature was obtained after both enzymatic treatments. In particular, the highest temperature value (325.5 °C) was obtained for the flax yarn after a 6 h treatment. It was not possible to detect by thermogravimetric analysis any significant effect related to the lignin removal. Lignin decomposes slower and over a broader temperature range (200-500 °C) compared to cellulose and the hemicellulose [START_REF] Brebu | Thermal degradation of lignin -a review[END_REF]. Flax fibres are usually characterized by a low amount of lignin, which is kept low because it enables an easier extraction of the fibres from the stem [START_REF] Bourmaud | Towards the design of high-performance plant fibre composites[END_REF]. Therefore, even untreated flax fibres did not display a marked degradation peak for the lignin in the 400 -500 °C temperature range.

The mechanical properties of neat and enzymatically treated flax yarns were addressed by single yarn tensile test and the results were statistically analyzed by using the Weibull distribution (eq. 1):

𝑃𝑟 𝜎 1 𝑒𝑥𝑝 (1) 
where Pr(σ) represents the cumulative probability of failure as a function of applied stress σ, m is the Weibull modulus and σ0 is the characteristic strength. The failure probability (Pf) was estimated in accordance with equation 2:
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where N is the number of filaments tested and i is the rank of data point for each filament.

As shown in Table 5, the tensile strength and failure strain decreased after enzymatic treatments, in line with other studies on hemp fibres [START_REF] Liu | Effect of pectin and hemicellulose removal from hemp fibres on the mechanical properties of unidirectional hemp/epoxy composites[END_REF][START_REF] Li | Hemp fibre reinforced composites using chelator and enzyme treatments[END_REF]. The reduction in mechanical performance can be linked with the enzymatic effect of yarn fibrillation observed by FE-SEM analysis. A marked loss of tensile strength of about 58.5 % was obtained after a treatment with the 10 wt% Peclyve solution for 6 h. This tensile strength drop can be connected to the progressive breakage of the fibres present at the outer surface of the yarn produced at high solution concentration (Figure 4). Another phenomenon able to explain the reduction in the mechanical performance of the yarns is likely to be the enzymatic removal of non-cellulosic constituents of flax, such as pectin, hemicellulose and lignin.

Although they are not structural constituents of the fibre as cellulose, the non-cellulosic components have the role to keep linked together the cellulose microfibrils. A similar result was found by Liu et al. [START_REF] Liu | Effect of pectin and hemicellulose removal from hemp fibres on the mechanical properties of unidirectional hemp/epoxy composites[END_REF]. A reduction in the tensile properties of hemp fibres was reported after the enzymatic treatment using the polygalacturonase enzyme. The authors proposed a "composite model" to explain the mechanical behaviour of plant fibres and the effect of the enzymatic preparation on their properties. The hemp fibre can be assimilated to a composite material, in which the cellulose microfibrils are the reinforcing fibres and the non-cellulosic components are the matrix. According to this model, the mechanical performance of the composite is controlled not only by the cellulose microfibrils but also by their adhesion with the non-cellulosic matrix. The enzymatic degradation of the non-cellulosic matrix produced during the treatment results in a reduction in fibre/matrix interface strength and in an overall decrease in the tensile properties of the fibres. Similar conclusions have been found on pectinase treated hemp fibres by Saleem et al. [START_REF] Saleem | Treating bast fibres with pectinase improves mechanical characteristics of reinforced thermoplastic composites[END_REF].

In addition, lignin is a structural component and its degradation can result in a decrease in fibre tensile strength. The removal of amorphous non-cellulosic components from flax fibres has been confirmed by both FT-IR and thermogravimetric analysis. Several studies in literature investigated the relationships between the tensile properties and the cellulose crystallinity index for plant fibres [START_REF] Gassan | Alkali treatment of jute fibers: Relationship between structure and mechanical properties[END_REF][START_REF] Sawpan | Effect of various chemical treatments on the fibre structure and tensile properties of industrial hemp fibres[END_REF]. In general, an increase in tensile strength and Young's modulus with increased crystallinity index was reported. As described previously, in this study an increase in the cellulose crystallinity index was observed after the different enzymatic treatments. The reduction in the tensile strength of enzymatically treated flax yarns can be related to an excessive degradation of the structural components of fibre, such as lignin. A similar behaviour was found by Mwaikambo et al. [START_REF] Mwaikambo | Mechanical properties of alkali treated plant fibres and their potential as reinforcement materials II. Sisal fibres[END_REF] for alkali treated sisal fibres. A decrease in tensile strength and Young's modulus of sisal fibres with increased crystallinity index was reported. The authors suggested that the alkali treatment severity had a large influence on tensile properties and that higher levels of treatment can produce a marked degradation of the fibres. The results of the single yarn tensile tests were analysed by using the Weibull distribution (Table 5) and the corresponding curves are reported in Figure 8. Both untreated and enzymatically treated flax yarns displayed a quasi-linear trend, pointing out that the final failure was controlled by a unique population of defects and that the treatment had an influence on the concentration and severity of flaws but not on their nature. 

Fibre/matrix interfacial assessment by single yarn fragmentation test

The interfacial adhesion analysis was focused on two specific treatment conditions. In fact, according to the wetting test results and tensile strength values, single yarn fragmentation tests were performed on flax yarns treated using 5 wt% and 10 wt% of Peclyve enzymatic preparation for 4.5 h and 6 h. The 5 wt% -4.5h condition was selected because it allowed to obtain changes in the wetting properties of flax yarns without significantly affecting their mechanical performance. Indeed, this enzymatic treatment condition produced a decrease in the tensile strength of the yarns of approximately 27 %. On the other hand, the condition of 10 wt% for 6h was selected in order to assess the effects of the maximum concentration of Peclyve solution and of the maximum treatment duration on the adhesion quality between flax yarns and thermoset matrices. At least 10 fragmentation tests were carried out for each family of single yarn composites. The experimental procedure has been thoroughly described in previous publications [START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF][START_REF] Seghini | Environmentally Friendly Surface Modification Treatment of Flax Fibers by Supercritical Carbon Dioxide[END_REF][START_REF] Seghini | Interfacial adhesion assessment in flax/epoxy and in flax/vinylester composites by single yarn fragmentation test: Correlation with micro-CT analysis[END_REF]. A comparison between the critical filament lengths measured for the untreated and the enzymatically treated single yarn composites is shown in Table 6. The results highlight that following the enzymatic treatments, a modest reduction in the critical yarn length in both epoxy and vinylester matrices occurred. In particular, the best adhesion quality was obtained after the treatment performed using the maximum concentration value of 10 wt% and the maximum treatment duration of 6 h. In contrast, the flax/epoxy and the flax/vinylester systems with the flax yarn treated using the 5 wt% of Peclyve solution for 4.5 h showed a critical yarn length almost equal to that obtained for the untreated single yarn composites. Unfortunately, the yarn critical length cannot be used as the exclusive parameter for evaluating the interfacial adhesion, as it strictly depends on the yarn strength that has been affected by the biochemical treatment [START_REF] Fraser | Evaluation of surface treatments for fibers in composite materials[END_REF].

Nevertheless, a comparison between the two matrix systems is possible, and the results suggest that flax/epoxy samples are characterized by smaller values of critical lengths than the flax/vinylester ones. As already described for alternative flax yarn treatments [START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF][START_REF] Seghini | Environmentally Friendly Surface Modification Treatment of Flax Fibers by Supercritical Carbon Dioxide[END_REF][START_REF] Seghini | Interfacial adhesion assessment in flax/epoxy and in flax/vinylester composites by single yarn fragmentation test: Correlation with micro-CT analysis[END_REF], this behaviour is related to the significant incompatibly between the highly hydrophilic flax yarns and the fully dispersive vinylester resin used in the present study.

Another parameter usually reported in interfacial studies is the interfacial shear strength (IFSS), which was calculated in accordance with the Kelly and Tyson model [START_REF] Kelly | Tensile properties of fibre-reinforced metals: Copper/tungsten and copper/molybdenum[END_REF]. The strength value at the gauge length was obtained through extrapolation of the Weibull cumulative distribution function [START_REF] Seghini | Interfacial adhesion assessment in flax/epoxy and in flax/vinylester composites by single yarn fragmentation test: Correlation with micro-CT analysis[END_REF], and the corresponding values are summarized in Table 7. By comparing the results found after the enzymatic treatment with those obtained for the as-received flax yarns, it is possible to highlight that a reduction in the IFSS values was produced after both surface modification treatments. This is especially true for the flax yarns enzymatically treated using the 10 wt% of Peclyve solution for 6 h.

A poor interfacial adhesion between the treated flax yarns and both epoxy and vinylester matrices could be inferred from these results. However, as highlighted previously for the critical yarn length values, it is important to emphasize that the IFSS results are strictly dependent on the strong reduction in the mechanical properties of flax yarns caused by the biochemical treatments. After the 10 wt% Peclyve -6h treatment, the tensile strength at a length equal to the critical yarn length was reduced by 50 %, resulting in a strong decrease in the interfacial shear strength value with the epoxy and the vinylester resin. The main problem with this kind of test for yarns is related to the correct measurement of the cross-sectional area of the yarn. In fact a yarn includes voids among the technical fibres that during the impregnation stage are replaced by the matrix. This suggests that the IFSS values in the present work can only be used for a qualitative screening of the different flax yarns. Nevertheless, once again the better compatibility of flax yarns with the epoxy matrix can be confirmed. A more reliable assessment of the level of interfacial adhesion can be based on another parameter, i.e. the debonding length [START_REF] Kim | a Observations of Fiber Fracture and Interfacial Debonding Phenomena Using the Fragmentation Test in Single Fiber Composites[END_REF]. An extended debonding zone is typical for weak interfacial bonds. In addition, this parameter does not depend on the constraints that are required to be satisfied for a sound single fibre fragmentation test (SFFT). Values included in Table 6 show reduced debonding lengths for the enzymatically treated yarns compared to the untreated ones, thus fostering a better interfacial adhesion of flax yarns with the epoxy and the vinylester matrices. The decrease in debonding length found for the enzymatically treated flax yarn with both epoxy and vinylester matrices can be linked to the increase in hydrophobic behaviour produced by the Peclyve enzymatic solution and better fibre individualization that could promote wettability of the resin. Similar debonding length values were measured for both the 5 wt% -4.5 h and 10 wt% -6 h treatment conditions. A decrease in debonding length of about 18 % was found for both enzymatically treated flax yarns in the epoxy-based composites. This result indicates that the different solution concentrations and treatment durations used affect in the same way the adhesion quality between the flax yarn and the epoxy matrix. Different are the results found for the flax yarn/vinylester system.

In this case, the enzymatic treatment performed with a 10 wt% of Peclyve solution for 6 h produces better adhesion results than the treatment performed using the 5 wt% Peclyve -4.5 h condition. If compared with the as-received flax yarn/vinylester system, a decrease in debonding length of about 36 % was found for the Peclyve 10 wt% -6 h flax yarn/vinylester composite.

The improved interfacial adhesion can be also inferred from micro-CT micrographs. This analysis was carried out only for the best performing treatment, i.e. the Peclyve 10 wt% -6 h (Figure 9). where the failure is mostly inside the flax yarn without evidence of extensive debonding, if compared to the untreated case [START_REF] Seghini | Interfacial adhesion assessment in flax/epoxy and in flax/vinylester composites by single yarn fragmentation test: Correlation with micro-CT analysis[END_REF].

Conclusions

This study demonstrated that commercially available and inexpensive enzyme preparations 

  are compared the time sequences of the water drop tests carried out for fabrics treated using the Feedlyve and Peclyve enzymatic solutions at 5 wt% and for a duration of 6 h. A maximum value of water retention time of 50 s was obtained after the treatment performed using the Peclyve solution. On the contrary, the flax fabric treated by the Feedlyve solution showed a water retention time lower than 1 s. According to George et al.[START_REF] George | Surface and thermal characterization of natural fibres treated with enzymes[END_REF], the increase in hydrophobic behaviour may be explained as a consequence of the removal of pectin and hemicellulose fractions on the fibres' surface produced by both pectinases and xyloglucanases enzymes. The better results obtained by the Peclyve solution can be linked to the synergic action of pectinases and xyloglucanases enzymes. In contrast, the only endo 1,4-β-xylanase enzyme present in the Feedlyve preparation was not able to induce substantial modifications of the flax properties.

Figure 1 .

 1 Figure 1. Representative time sequences of the water drop test performed onto the flax fabrics treated using the Feedlyve and Peclyve enzymatic solutions at 5 wt% and for a duration of 6 hThe authors identified some synergic combinations that resulted in enhanced cellulose content (polygalacturonase + xylanase), while combinations with three enzymes showed significant improvements in fibre fineness compared to the single enzyme treatments. It is hypothesized that when pectinases and hemicellulases are combined, the polymer network surrounding the fibre should be degraded more thoroughly. In the present study, the removal of pectin and hemicellulose components resulted in a decrease in the surface polarity of flax fabrics, reducing the presence of hydroxyl groups distributed on their surface. Based on these results, the Peclyve preparation was chosen as enzymatic solution able to successfully modify the surface properties of flax fibres. The subsequent enzymatic treatments were performed on flax yarns using this preparation and to analyse in detail the action of the Peclyve solution, different solution concentrations (2.5 -5 -7.5 -10 wt%) and treatment times (3, 4.5 and 6 h) were investigated. The water drop test, despite being useful for a qualitative analysis of the wetting behaviour of the different flax fabrics, was characterized by a large data dispersion, hence it proved to be inadequate to identify a precise relationship between process times and enzyme concentrations to be used.The changes in the surface morphology of flax yarns produced by the Peclyve solution were compared with those of the untreated flax yarns. Differences between the lateral surface of the asreceived and treated flax yarns using the Peclyve solution at 5 wt% for 6 h are reported in Figure2.One of the main effects observed after the enzymatic treatment is the removal of a substantial part of the impurities present on the untreated fibres, such as fat and waxes that bind the flax bundles together, ensuring good mechanical properties of the yarn[START_REF] Abdel-Halim | Enhancing hydrophilicity of bioscoured flax fabric by emulsification post-treatment[END_REF].

Figure 2 .

 2 Figure 2. Comparison between the lateral surface of the untreated flax fibres (A) and the flax fibres treated using the 5 wt% Peclyve enzymatic solution for 6h (B)

Figure 3 .

 3 Figure 3. SEM micrographs of the flax yarns as a function of the different enzymatic treatments with Peclyve preparation: (A) 2.5 wt%-4.5 h; (B) 2.5 wt% -6 h; (C) 5 wt% -4.5 h; (D) 5 wt% -6 h; (E) 7.5 wt% -4.5 h; (F) 7.5 wt% -6 h; (G) 10 wt% -4.5 h; (H) 10 wt% -6 h

Figure 4 .

 4 Figure 4. SEM micrograph of the flax yarn treated with the 10 wt% Peclyve solution for a duration of 4.5 h.

Figure 5 .Figure 6 .

 56 Figure 5. Infrared spectra of as-received (a) and enzymatically treated flax yarns using a 2.5 wt% Peclyve solution for 3 h (b), 4.5 h (c) and 6 h (d)

Figure 7

 7 Figure 7 displays the representative thermographs expressed as the mass loss and derivative mass loss for neat and enzymatically treated flax yarns.

Figure 7 .

 7 Figure 7. Derivative thermogravimetry (dTG) curves and TGA thermograms of flax yarns before and after enzymatic treatment Neat flax yarns were characterized by the well-known three stages of degradation that depend on the different thermal stabilities of their constituents, i.e. cellulose, hemicellulose and lignin. While the first mass loss in the range 60-120 °C is due to the absorbed water, the additional two peaks at about 240-280 °C and 340-360 °C are ascribed to degradation of pectin and hemicellulose and to

Figure 8 .

 8 Figure 8. Weibull distribution plots of strength measured for untreated flax yarns and enzymatically treated flax yarns for a duration of 4.5 h and 6 h

Figure 9 .

 9 Figure 9. Representative debonding length observation by micro computed tomography. High resolution micro-CT images for Peclyve EXG 10 wt% -6h treated flax/epoxy (A) and flax/vinylester (B) single yarn samples

  based on pectinases and xyloglucanases have a synergistic effect in removing the hydrophilic pectic and hemicellulosic materials from flax yarns, which was confirmed by FT-IR and TGA analyses. From a microstructural point of view, the biochemical treatment resulted in a cleaning effect of fiber surface with an increase in thermal stability and a reduction in mechanical properties depending on the enzyme concentration and treatment duration. By taking advantage of the reduced hydrophilic behaviour and increased individualization of flax yarns, an improvement in fibre/matrix compatibility with epoxy and vinylester matrices was obtained. After exposure to enzymatic treatments, single yarn fragmentation tests highlighted smaller debonding and critical yarn length values, especially with the fully dispersive vinylester matrix. Enzymes, being relatively inexpensive, recyclable and less energy intensive, represent a green and promising surface modifying agent for natural fibres intended for composite applications.

  

Table 1 .

 1 Concentrations of the enzyme preparations and process parameters used.

Table 2 .

 2 Water absorption time values obtained for the untreated and enzymatically treated flax fabric surface.

	Flax

fabric Absorption time t [s] Absorption time t after 2 h [s] Absorption time t after 3 h [s] Absorption time t after 6 h [s]

  

	Neat	t<1	-	-	-
	Peclyve 0.5 wt%	-	1	1.2	5.5
	Peclyve 2.5 wt%	-	1.4	2.2	1.5
	Peclyve 5 wt%	-	1.5	35	50
	Feedlyve 0.5 wt%	-	t < 2	t < 1	1
	Feedlyve 2.5 wt%	-	t < 2	1	t < 1
	Feedlyve 5 wt%	-	1	t < 1	t < 1

Table 3 .

 3 The crystallinity index of cellulose for the untreated and enzymatically treated flax yarns using different times and concentrations of Peclyve preparation.

	Flax Yarn	Treatment	Cellulose
		Time	Crystallinity
			index (CI)
	Neat	-	1.01
	Peclyve 2.5 wt%	3 h	1
	Peclyve 2.5 wt%	4.5 h	1.15
	Peclyve 2.5 wt%	6 h	1.24
	Peclyve 10 wt%	3 h	1.36
	Peclyve 10 wt%	4.5 h	1.54
	Peclyve 10 wt%	6 h	1.54

Table 4 .

 4 Results of the thermogravimetric analysis for the different types of flax yarns.

		Maximum degradation temperature [°C]	Temperature of 10 % weight loss [°C]
	Flax yarn (neat)	357.2	311.3
	Peclyve 10 wt% -4.5 h	355.7	322.8
	Peclyve 10 wt% -6 h	356.7	325.5

Table 5 .

 5 Tensile properties of untreated and enzymatically treated flax yarns. In the table are also included the parameters of the Weibull distribution for the tensile strength.

	Flax Yarn	Fmax	Diameter	σf	εf	Characteristic	Weibull
		[N]	[μm]	[MPa]	[%]	strength σ0	Modulus m
						[MPa]	
	Neat	19.8 ± 4.8	327 ± 95	236 ± 57	3.4 ± 0.42	257.4	5
	Peclyve 2.5						
	wt% -4.5 h	20.2 ± 3.5	376 ± 69	181 ± 31	3.55 ± 0.49	194	6.8
	Peclyve 5 wt% -4.5 h	16.9 ± 3.6	353 ± 59	172 ± 36	2.99 ± 0.47	186	5.5
	Peclyve 7.5 wt% -4.5 h	16.2 ± 4	348 ± 77	170 ± 41	2.95 ± 0.41	186	4.8
	Peclyve 10 wt% -4.5 h	14.8 ± 3.5	390 ± 78	123 ± 29	3.04 ± 0.47	134	5
	Peclyve 2.5 wt% -6 h	14.1 ± 3.4	382 ± 61	123 ± 29	3.03 ± 0.59	134	4.6
	Peclyve 5 wt% -6 h	13.7 ± 2.1	379 ± 63	121 ± 19	3.19 ± 0.55	129	7.6
	Peclyve 7.5 wt% -6 h	11.7 ± 3.6	370 ± 74	108 ± 33	2.93 ± 0.6	120	3.5
	Peclyve 10	11.1 ± 2.8	362 ± 63	107 ± 27	3.02 ± 0.54	118	4.3
	wt% -6 h						

Table 6 .

 6 Critical fragment length and debonding length values for the different single yarn composites.

	Matrix	Flax yarn	lc [μm]	ldebonding [μm]
		Neat	2687 ± 631	444 ± 49
	Epoxy	Peclyve 5 wt% -4.5 h	2628 ± 531	353 ± 89
		Peclyve 10 wt% -6 h	2511 ± 203	365 ± 46
		Neat	3942 ± 807	830 ± 343
	Vinylester	Peclyve 5 wt% -4.5 h	3962 ± 243	628 ± 128
		Peclyve 10 wt% -6 h	3554 ± 776	529 ± 65

Table 7 .

 7 Strength values at critical fragment length and IFSS values for the untreated and enzymatically treated flax/epoxy and flax/vinylester systems.

	Matrix	Flax Yarn	σ f(lc) [MPa]	IFSS [MPa]
		Neat	406 ± 18	19.3 ± 3.7
	Epoxy	Peclyve 5 wt% -4.5 h	283 ± 10	18.1 ± 2.7
		Peclyve 10 wt% -6 h	203 ± 3	12.2 ± 1.1
		Neat	376 ± 15	13.9 ± 2.8
	Vinylester	Peclyve 5 wt% -4.5 h	262 ± 2	10. 5 ± 1.4
		Peclyve 10 wt% -6 h	188 ± 9	7.8 ± 2
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