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MULTISCALE INTERFACE TAILORING BETWEEN FLAX YARNS AND EPOXY MATRIX BY ZnO NANORODS

The ideal mechanical performance of a composite is controlled by the level of interfacial adhesion and to overcome the incompatibility issues between plant fibres and polymeric matrices, the surface of flax yarns has been modified by zinc oxide (ZnO) nanostructures. The ZnO nanorods were synthesized through a lowtemperature hydrothermal treatment, and several parameters have been analysed in order to obtain a uniform and homogeneous ZnO interphase, such as the number of the seeding cycles, the growth reaction times and the replacement of the growth solution. The results showed that it is possible to obtain highly oriented and well aligned ZnO nanostructures (by FE-SEM), with an hexagonal wurtzite structure (by XRD) and a high degree of coverage along the whole yarn (by TGA), reducing the number of the seed cycles, with rather long growth times (5 hours) and substituting the growth solution at least once during the synthesis. The experimental conditions preserved the breaking force of the yarns, while Single Fibre Fragmentation Tests (SFFT) highlighted a better interfacial adhesion of ZnO-modified flax yarns with epoxy matrix, which displayed a 29 % reduction in average debonding length relative to untreated yarns.

INTRODUCTION

To limit environmental problems as much as possible, the processing of polymer matrix composites that uses natural fibres as reinforcement has increased significantly in recent years. Low density, low cost, recyclability and biodegradability are the key advantages of plant-based fibres, such as flax, hemp, jute and many others that make them suitable as potential substitutes for glass fibres in composite materials [START_REF] Carvalho | Natural Fibre Composites and Their Applications : A Review[END_REF][START_REF] Dong | Review of natural fibre-reinforced hybrid composites[END_REF][START_REF] Mohanty | Surface modifications of natural fibers and performance of the resulting biocomposites : An overview[END_REF][START_REF] Kabir | Effects of Natural Fibre Surface on Composite Properties : a Review[END_REF]. Among all plant-based fibres, flax is considered the strongest one [START_REF] Bos | Tensile and compressive properties of flax fibres for natural fibre reinforced composites[END_REF] and very interesting for numerous applications due to its low density, ease of handling and wide range of accessibility [START_REF] Van Den Oever | Influence of the physical structure of flax fibres on the mechanical properties of flax fibre reinforced polypropylene composites[END_REF][START_REF] Andersons | The effect of mechanical defects on the strength distribution of elementary flax fibres[END_REF]. Flax fibre components include cellulose, hemicellulose, lignin, pectin, waxes and water soluble substances. Cellulose is * Corresponding author: Francesca Sbardella. Tel.: +39 06 44585314. E-mail: francesca.sbardella@uniroma1it the main constituent (between 65 and 75 % of the total weight of flax fibres) and is made up of a semicrystalline polysaccharide with a huge amount of hydroxyl groups, which give the fibre a hydrophilic character. The microstructure of flax fibre is extremely complex due to its heterogeneous nature along the length and the different constituents present in variable proportions [START_REF] Flax | Linum usitatissimum L .) fibre reinforced polymer composite materials : A review on preparation , properties and prospects[END_REF]. For semi-structural applications, the fibres must be aligned and oriented, but the single fibres due to their discontinuity, short length (< 3-30 mm) and random orientation are not useful for the purpose. In order to produce an aligned structure, flax fibres are spun into yarns using conventional textile spinning methods [START_REF] Rask | In situ observations of microscale damage evolution in unidirectional natural fibre composites[END_REF].

The important checkpoints in composites are the constituent characteristics and the relative interface. The excellent mechanical properties of the composite are closely linked to the interfacial adhesion which represents the greatest issue in composite materials because the bond between two materials can be unstable or could be damaged [START_REF] Kim | Observations of Fiber Fracture and Interfacial Debonding Phenomena Using the Fragmentation Test in Single Fiber Composites[END_REF]. Consequently, an efficient transfer of stress from the matrix to the reinforcing fibre requires a good interfacial bonding. Several experimental methods are used to investigate the interfacial adhesion in polymer composites, such as the microbond test [START_REF] Fraser | Evaluation of surface treatments for fibers in composite materials[END_REF], the pull-out test [START_REF] Désarmot | Advances in pull-out testing and data analysis[END_REF], microindentation test [START_REF] Desaeger | On the use of the micro-indentation test technique to measure the interfacial shear strength of fibre-reinforced polymer composites[END_REF] and the fragmentation test [START_REF] Wagner | Toughness of interfaces from initial fiber-matrix debonding in a single fiber composite fragmentation test[END_REF]. Single fibre fragmentation test (SFFT) is one of the most widely used [START_REF] Tripathi | Single fibre fragmentation test for assessing adhesion in fibre reinforced composites[END_REF], but its application to composites with natural fibres, which are highly heterogeneous in nature, has some limitations, such as the difficulties of applying this method to a single natural fibre and the close dependence on the diameter of the tested fibre, which have been already discussed elsewhere [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 serious problem in natural fibre reinforced composite materials is that fibres have a strong polar character that creates incompatibility with most hydrophobic polymer matrices. Therefore, physical and chemical modifications of the fibre surface are often performed [START_REF] Mohanty | Surface modifications of natural fibers and performance of the resulting biocomposites : An overview[END_REF][START_REF] Li | Chemical Treatments of Natural Fiber for Use in Natural Fiber-Reinforced Composites : A Review[END_REF][START_REF] Keener | Maleated coupling agents for natural fibre composites[END_REF][START_REF] Ghaffar | The Influence of Additives on the Interfacial Bonding Mechanisms Between Natural Fibre and Biopolymer Composites[END_REF][START_REF] Arslan | The effects of silane coupling agents on the mechanical properties of basalt fiber reinforced poly(butylene terephthalate) composites[END_REF][START_REF] Moigne | Modification of the Interface/Interphase in Natural Fibre Reinforced Composites: Treatments and Processes[END_REF][START_REF] Enciso | Influence of plasma treatment on the adhesion between a polymeric matrix and natural fibres[END_REF][START_REF] Van De Weyenberg | Improving the properties of UD flax fibre reinforced composites by applying an alkaline fibre treatment[END_REF][START_REF] Kalia | Pretreatments of Natural Fibers and their Application as Reinforcing Material in Polymer Composites -A Review[END_REF][START_REF] Ali | Hydrophobic treatment of natural fibers and their composites -A review[END_REF][START_REF] Kaith | Mercerization of flax fiber improves the mechanical properties of fiber-reinforced composites[END_REF][START_REF] Nair | Thermal and dynamic mechanical analysis of polystyrene composites reinforced with short sisal fibres[END_REF][START_REF] Li | Effects of fibre surface treatment on fracture-mechanical properties of sisalfibre composites[END_REF][START_REF] Mokoena | Composites of linear low density polyethylene and short sisal fibres: The effects of peroxide treatment[END_REF][START_REF] Ahmad | Effects of organic peroxide and polymer chain structure on morphology and thermal properties of sisal fibre reinforced polyethylene composites[END_REF]. All these methods displayed a variable influence on the interfacial adhesion between natural fibres and polymer matrix; however, they also highlighted some side effects such as the decrease in the mechanical properties of the fibres. For this reason, a new approach has been sought that preserves the mechanical properties of the fibre itself but at the same time increases the adhesion at the interface in a fibre-reinforced composite. Indeed, to increase the surface area available for bonding and enhance load transfer between fibre and matrix, one possibility is to grow nanowires, nanotubes or whiskers on the surface of the fibre that could protrude into the matrix [START_REF] Cruz | Surface Modification of Natural Fibers: A Review[END_REF][START_REF] Vigneshwaran | Modification of textile surfaces using nanoparticles[END_REF][START_REF] Yourdkhani | Carbon nanotube-reinforced carbon fibre-epoxy composites manufactured by resin film infusion[END_REF][START_REF] Jäger | Nano-enhanced interface in carbon fibre polymer composite using halloysite nanotubes[END_REF]. The whiskering process involves the nucleation and growth of single high-strength crystals such as silicon carbide (SiC) [START_REF] Abdelal | The effect of silicon carbide whiskers on the Mode I interlaminar fracture of carbon fiber composites[END_REF], titanium dioxide (TiO 2 ) [START_REF] Ma | Interfacial enhancement of carbon fiber composites by growing TiO 2 nanowires onto amine-based functionalized carbon fiber surface in supercritical water[END_REF], silicon nitride (Si 3 N 4 ) [START_REF] Logesh | Mechanical and dielectric properties of carbon fiber reinforced reaction bonded silicon nitride composites[END_REF] and zinc oxide (ZnO) [START_REF] Ehlert | Zinc oxide nanowire interphase for enhanced interfacial strength in lightweight polymer fiber composites[END_REF][START_REF] Zhang | Preparation of zinc oxide whisker on carbon fibers[END_REF]. Zinc oxide, in particular, has proved to be of great interest in the scientific community for its distinctive properties, including a wide bandgap of 3.4 eV and relatively large exciton binding energy of 60 meV, excellent chemical stability, nontoxicity, and good electrical, optical, and piezoelectric properties [START_REF] Klingshirn | ZnO: Material, physics and applications[END_REF][START_REF] Amin | Influence of pH, precursor concentration, growth time, and temperature on the morphology of ZnO nanostructures grown by the hydrothermal method[END_REF]. ZnO has three typical crystal structures: wurtzite, zinc blende, and rock salt. The thermodynamically stable phase of ZnO at ambient temperature and pressure is wurtzite, which shows an hexagonal structure with both Zn and O atoms arranged in a hexagonal close-packed pattern and stacked alternately along the c-axis [START_REF] Guo | Regularly shaped, single-crystalline ZnO nanorods with wurtzite structure[END_REF][START_REF] Sharmila | Assisted Synthesis, Characterization and Optical Properties of Zinc Oxide Nanoparticles[END_REF]. Zinc oxide can occur in one (1D), two (2D) and three-dimensional (3D) structures and the four most common types of 1D ZnO nanostructures are nanowires, nanorods, nanobelts, and nanotubes [START_REF] Ding | One-Dimensional Zinc Oxide Nanomaterials for Application in High-Performance Advanced Optoelectronic Devices[END_REF]. The variety of nanometric zinc oxide structures means that they can be classified among new materials with potential applications in many fields of nanotechnology. It is essential to accurately control their size, shape and surface architecture since the properties of ZnO strongly depend on its morphology and shape [START_REF] Dakhlaoui | Synthesis, characterization and optical properties of ZnO nanoparticles with controlled size and morphology[END_REF][START_REF] Talebian | Controllable synthesis of ZnO nanoparticles and their morphology-dependent antibacterial and optical properties[END_REF].

There are several synthesis methods, such as metal organic chemical vapor deposition (MOCVD) [START_REF] Lee | Effects of the deposition condition on the microstructure and properties of ZnO thin films deposited by metal organic chemical vapor deposition with ultrasonic nebulization[END_REF][START_REF] Nicolay | Growth Model of MOCVD Polycrystalline ZnO[END_REF], electrochemical deposition [START_REF] Zheng | Fabrication and optical properties of large-scale uniform zinc oxide nanowire arrays by one-step electrochemical deposition technique[END_REF][START_REF] Zeng | Electrochemical deposition of ZnO nanowire arrays: Organization, doping, and properties[END_REF], sputter deposition [START_REF] Sato | Sputter deposition of Al-doped ZnO films with various incident angles[END_REF] and pulse laser deposition [START_REF] Mosnier | ZnO films grown by pulsed-laser deposition on soda lime glass substrates for the ultraviolet inactivation of Staphylococcus epidermidis biofilms[END_REF]. ZnO nanowires have been generally synthesized by chemical or physical vapor deposition but require sophisticated equipment, accurate gas concentration with specific flow rate and most of all are performed with high temperatures (≥ 350 °C), which in the case of flax fibres would degrade the fibres and consequently their properties. Therefore, it is important to find a simple and low temperature method for the synthesis of ZnO that allows as much as possible the control of the growth parameters of the nanostructures in order to modulate their final morphology.

Among the low-temperature methods, there is the hydrothermal process that shows some advantages such as the use of a simple system, a relatively low temperature, a low cost and it is environmentally friendly, as the synthesis is performed in an aqueous growth solution, hence potentially preserving the mechanical properties of the flax fibres [START_REF] Sōmiya | Hydrothermal synthesis of fine oxide powders[END_REF][START_REF] Xu | Hydrothermal synthesis of zinc oxide powders with controllable morphology[END_REF].

In recent years, the hydrothermal process used to grow ZnO nanostructures has been successful due to its simplicity and mild growth conditions. The hydrothermal growth method generally follows a two-step process, which involves an initial seeding of the ZnO nanoparticle layer on the surface and a subsequent deposition process of the solution, with consequent development of epitaxial crystals of ZnO nanostructures [START_REF] Baruah | Growth of ZnO nanowires on nonwoven polyethylene fibers[END_REF][START_REF] Galan | Effect of ZnO nanowire morphology on the interfacial strength of nanowire coated carbon fibers[END_REF]. The morphology of ZnO can be tailored by changing the growth solution's properties and consequently this method offers new opportunities to engineer the interface for improved strength [START_REF] Amin | Influence of pH, precursor concentration, growth time, and temperature on the morphology of ZnO nanostructures grown by the hydrothermal method[END_REF].

The growth of these nanostructures on the surface of the fibres has proven to be useful for increasing the interfacial adhesion between fibre and matrix, at least for synthetic fibres [START_REF] Lin | Increased interface strength in carbon fiber composites through a ZnO nanowire interphase[END_REF][START_REF] Swaminathan | Enhancing the interfacial strength of glass/epoxy composites using ZnO nanowires[END_REF]. In literature there are very few studies investigating the effect of ZnO on natural fibres and specifically one is more focused on the antibacterial effect of ZnO on cellulose-based fibres [START_REF] Popescu | Antibacterial efficiency of cellulose-based fibers covered with ZnO and Al2O3 by Atomic Layer Deposition[END_REF] and the other is focused on the role that zinc oxides have in interfacial adhesion using poly (lactic acid) as a matrix [START_REF] Yang | Interfacial reinforcement mechanism in poly(lactic acid)/natural fiber biocomposites featuring ZnO nanowires at the interface[END_REF]. Therefore, the ZnOs are of great interest both for the possibility of increasing the interfacial adhesion in composites but also for the ability to add new functionalities to natural fibres, such as antibacterial activity. In this framework, the present work aims to grow ZnO nanostructures on flax fibres, through a low temperature hydrothermal process, and then investigate their properties as added interface layer between fibres and epoxy matrix. Hydrothermal synthesis is a fairly simple process but as there are several parameters that can influence the morphology of ZnO as reported in literature [START_REF] Chen | The Influence of the ZnO Seed Layer on the ZnO Nanorod/GaN LEDs[END_REF][START_REF] Song | Effect of seed layer on the growth of ZnO nanorods[END_REF][START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF], it was decided to study the influence of some parameters such as the number of seed cycles, the growth times and the replacement of the growth solution, which will be analysed from a chemical and morphological point of view, in order to optimize the hexagonal nanorod-like morphology and to maximize the surface area available to connect with the polymer matrix. In this regard the adhesion quality between flax yarn and epoxy matrix was assessed through the SFFT method adapted to the flax yarn, in terms of interfacial shear strength, critical fragment length and debonding length, comparing the results with the neat flax yarn.

MATERIALS AND METHODS

MATERIALS

Individual flax yarns (Linum usitatissimum) were extracted by hand from Biotex fabric, a 2x2 twill fabric (200 g/m 2 ), commercialized without any specific sizing and supplied by Composites Evolution (UK).

Analytical grade reagents of zinc acetate dihydrate (Zn (CH 3 COO) 2 ⋅2H 2 O, 99%), zinc nitrate hydrate (Zn (NO 3 ) 2 ⋅6H 2 O, 99%), sodium hydroxide (NaOH, 99%) and hexamethylenetetramine (HMTA, 99%) were obtained from Sigma-Aldrich and used without any further purification. The absolute ethanol (CH 3 CH 2 OH, 99.8%) was supplied by VWR Chemicals and the 18 MΩcm Milli-Q water was used through the experimental steps.

The epoxy system including PRIME 27 infusion resin and PRIME 20 slow hardener was delivered by GURIT.

The curing process was carried out with a recommended mixing ratio of 100:28 by weight. A post-curing step of 7 h at 90 °C was optimized to obtain a fully cross-linked epoxy.

ZnO NANORODS SYNTHESIS

ZnO nanoparticles were synthesized following the two-step methodology proposed by Galan et al. [START_REF] Galan | Effect of ZnO nanowire morphology on the interfacial strength of nanowire coated carbon fibers[END_REF]. In the synthesis are involved two processes: the initial formation of the seed layer and the subsequent growth of ZnO nanorods. For the synthesis of ZnO nanoparticle seeds, 1 mmol of zinc acetate dihydrate was dissolved in 80 mL of ethanol at 50 °C and vigorously stirred for 5 min. A separate solution of 2 mM sodium hydroxide was dissolved in 100 mL of ethanol at 50 °C and stirred vigorously for 5 min. Both solutions were then cooled to room temperature. Upon cooling, 40 mL of zinc acetate solution was added to 320 mL of ethanol, and 40 mL of sodium hydroxide solution was added to 100 mL of ethanol. The solutions were heated separately to 65 °C then mixed together under vigorous stirring at 65 °C for 30 min. The flax yarns were rinsed with ethanol and dried at 150 °C for 10 min. The ZnO nanoparticle seeds were coated on the yarns by dipping them into the solution followed by annealing at 150 °C for 10 min. This step was repeated one (1S) and three times (3S).

For the ZnO nanorods growth process, 3.71 g of zinc nitrate hexahydrate and 1.75 g of hexamethylenetetramine were dissolved in 500 mL of 18 MΩcm Milli-Q water and heated to 90 °C under vigorous stirring. Once the solution reached 90 °C, the yarns were immersed in the beaker containing the growth solution. At fixed times, the solution was changed, and the samples were put in another beaker with preheated growth solution. At the end of the growing step, the samples were rinsed with 18 MΩcm Milli-Q water to remove the presence of precipitates. The fibres were withdrawn at different growth times to characterize their morphologies.

CHARACTERIZATIONS

Scanning electron microscopy (SEM)

The morphology of the ZnO nanostructures was analysed by FE-SEM, a field-emission scanning electron microscope (MIRA3 by Tescan). All specimens were sputter coated with chromium prior to each FE-SEM observation

Thermogravimetric analysis (TGA)

The thermal stability of modified flax yarns as well as the degree of surface coverage were investigated in the temperature range up to 800 °C using a SetSys Evolution TGA/DSC (Setaram Instrumentation) thermogravimetric analyser. The yarns were placed in an alumina pan and heated at a rate of 10 °C/min in argon atmosphere.

X-ray diffraction (XRD) analysis

The identification of the crystalline materials was performed by X-ray diffraction (XRD) analysis by means of Philips X'Pert PRO powder diffractometer. XRD spectra were collected in the range of 2θ = 10°-80° with a step size of 0.02° and a time per step of 3 s. The employed radiation was monochromatic Cu kα (40 kV -40 mA).

Tensile testing of flax yarns

A mechanical characterization of the ZnO-modified flax yarns was carried out by tensile tests on single flax yarns. Single yarn tensile tests were performed according to ASTM C-1557 with three different gauge lengths, namely 20, 30, and 40 mm. Single yarns were glued onto card tabs with a central window equal to the selected gauge length. Tensile tests were carried out at room temperature in displacement control with a cross-head speed of 2 mm/min using a Zwick/Roell Z010 equipped with a 1 kN load cell. Prior to testing, yarns were conditioned in oven at 45 °C for 24 h for moisture elimination. Thirty yarns were tested at each gauge length.

Micro-CT analysis

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

3D reconstruction was performed on X-ray images acquired from 1120 rotation views over 360° (approximately 0.32° rotation step) by using the Avizo 9.0 software [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].

Single yarn fragmentation test

The interfacial adhesion between flax yarns and epoxy matrix was evaluated by single yarn fragmentation test.

Details of the experimental steps to manufacture the single yarn composite specimens can be found in [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].

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 with a load cell of 2 kN at a crosshead speed of 0.005 mm/min. The flax yarn diameters (ten measurements along the gauge length), as well as the fragment lengths, were measured by using a ZEISS Axio Imager optical microscope. 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]. For each family of single yarn composites, at least 10 fragmentation tests were performed.

RESULTS AND DISCUSSION

In order to understand the different morphologies that could be obtained with the aforementioned two-stage hydrothermal synthesis methodology, it was initially decided to set the number of seed cycles at 3 (3S) and growth times at 1, 3 and 5 h, while changing the solution every hour. The corresponding morphologies are reported in Fig. 1. -c). A possible explanation of this effect is related to the seed layer. In fact, seeding of the substrate with ZnO nanoparticles was found to lower the thermodynamic barrier by providing nucleation sites and thus it is an important parameter to achieve uniform growth of ZnO nanostructures through hydrothermal process [START_REF] Greene | General Route to Vertical ZnO Nanowire Arrays Using Textured ZnO Seeds[END_REF]. It was found that the morphology of the ZnO nanorods is dependent on the thickness of the seed layer and the corresponding crystal size. A thinner ZnO seed layer leads to a higher surface area of ZnO nanorods due to the smaller crystal size of the seed layer [START_REF] Song | Effect of seed layer on the growth of ZnO nanorods[END_REF]. In addition, a competition between neighbouring nanorods and preferential growth axis of the crystal needs to be considered. With increasing number of dip-coating cycles, there are many nucleation sites available on the flax surface and the large spatial hindrance that is generated can promote highly compact ZnO nanostructures, in which a crystal plane of hexagonal ZnO nanorods might be attached to one another, thus driving the self-assembly in ZnO bundles (Fig. 1b-c).

To obtain a thinner seed layer and consequently a uniform crystal size morphology, it was decided to change the number of the seed cycles from 3 (3S) to 1 (1S) while varying the growth times from 1 to 5 hours with a replacement of the solution every hour. The effects of changing the number of seed cycles and growth times on the ZnO morphology are reported in Fig. 2. From Fig. 2 it is evident that lowering the thickness of the seed layer and reducing the available nuclei to drive the epitaxial growth of ZnO crystals influenced the homogeneity of nanorods morphology, ensuring a uniform layer of hexagonal ZnO nanorods during the whole growth time. Furthermore, the duration of ZnO growth is an important factor for controlling the size of final nanostructures. As shown in Fig. 2b, in early stages of the growth step (1 h), oriented structures were not formed. From 2 hours on, there is the onset of the crystals growth with mostly rounded-shape crystals (Fig. 2c). After 3 hours of growth, hexagonal nanorods with vertical orientation were observed (Fig. 2d-e-f). It is evident that the number of seed cycles played a crucial role in obtaining a homogeneous morphology consisting of hexagonal nanorods densely packed with an orientation perpendicular to the surface of the flax yarns. Focusing only on the samples subjected to 2, 3, 4 and 5 hours of treatment, the diameters and lengths of the hexagonal nanorods were measured to understand how the different growth times influence the sizes of the resulting nanorods (Fig. 3). ZnO nanorods of about 100-300 nm in diameter and up to 3 µm long were identified only after a few hours of growth. The aspect ratio (length/diameter) is improved by increasing the reaction times (Table 1). In the sample treated at 5 hours, the development of longer nanorods with smaller diameters is evident, obtaining a higher aspect ratio value (14.6), leading to a potential and significant increase in the total surface area of the flax yarns. As shown in Fig. 4, the X-ray diffraction patterns of neat flax yarns displayed the presence of well-defined peaks at 2θ = 14.7°, 16.4°, 22.6°, and 34.5° that are related to the presence of cellulose I in flax fibres [START_REF] Zhao | Studying cellulose fiber structure by SEM, XRD, NMR and acid hydrolysis[END_REF];

modified yarns exhibited additional diffraction peaks typical of zinc oxide with hexagonal wurtzite structure (JCPDS 79-0207) [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF][START_REF] Cheng | Hydrothermal synthesis of one-dimesional ZnO nanostructures with different aspect ratios[END_REF][START_REF] Rusu | Structural characteristics and optical properties of thermally oxidized zinc films[END_REF][START_REF] Vayssieres | Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions[END_REF], and no peaks related to other substances were detected. These sharper diffraction peaks with longer growth times are evident, which confirm that the crystallization of hexagonal crystals is favoured at longer reaction times [START_REF] Cheng | Hydrothermal synthesis of one-dimesional ZnO nanostructures with different aspect ratios[END_REF]. Furthermore, the sharp diffraction peaks reveal that the ZnO nanowires possess good crystalline quality. The c-axis of hexagonal cell is normal to substrate, resulting in columnar crystallites that are perpendicular to the substrate surface [START_REF] Rusu | Structural characteristics and optical properties of thermally oxidized zinc films[END_REF], as it is also confirmed by SEM micrographs (Fig. 3).

The number of seed cycles synergistically with longer reaction times seem to play a fundamental role in the final morphology obtained; indeed lowering the number of seed cycles, from three to one, and extending the growth time (5 h) appear to favour the formation of more regular and ordered nanostructures (hexagonal wurtzite nanorods), without the formation of other less common morphologies (bundles of smaller diameter nanorods, Fig. 1) as confirmed by SEM micrographs and XRD results.

In order to obtain a final product with good mechanical properties and a high interfacial adhesion, it is necessary to have not only a regular and homogeneous morphology, but also a high degree of ZnO coverage over the entire yarns. From the SEM micrographs, the samples treated for 3-4-5 hours (Fig. 3d-e-f) showed the highest degree of coverage, probably due to the longer reaction times [START_REF] Amin | Influence of pH, precursor concentration, growth time, and temperature on the morphology of ZnO nanostructures grown by the hydrothermal method[END_REF]. To confirm this hypothesis, TGA analysis was performed on neat flax yarns and on the treated samples at different reaction times (1-2-3-4-5 hours) in order to determine the thermal stability of ZnO-flax samples (Fig. 5).

Figure 5. TGA and dTG thermograms of the different samples coated with ZnO at different growth times

The main weight loss detected by TGA is between 250-450 °C and is related to degradation of the hemicellulose and cellulose present in flax fibres [START_REF] George | Thermal degradation of green and upgraded flax fibres[END_REF]. The maximum degradation temperature is not significantly affected by the presence of ZnO nanostructures, with the exception of the onset of degradation, which was shifted to higher temperatures especially after 5h-growth. This is likely to be ascribed to the heat shielding effect promoted by the presence of ZnO nanorods. The amount of ZnO grown on the surface of the flax yarns was calculated from the difference in residual weight of the nanorod-decorated flax yarns and the neat flax. The TGA analysis shows that the highest residue mass (32 %) is reached for the sample treated for 5 h, confirming that the content of ZnO nanorods attached to the flax surface increased with reaction time. In comparison with the residual mass of the neat sample (12 %), yarns subjected to a 5 h-treatment reached a final amount of 20 % of zinc oxides, value in agreement with results available in literature [START_REF] Arfaoui | Development and characterization of a hydrophobic treatment for jute fibres based on zinc oxide nanoparticles and a fatty acid[END_REF] and indeed even higher, as in the case of the work by Yang et al. [START_REF] Greene | General Route to Vertical ZnO Nanowire Arrays Using Textured ZnO Seeds[END_REF] where it is reached an amount of 16.7 % on sisal fibres with 6 cycles of seeding and 10 hours of growth. Moreover, there is a direct correlation between the reaction times and the residual mass: at shorter times corresponds a lower residual mass, indicating that the flax yarns are not densely covered with ZnO nanorods, as confirmed also by FE-SEM micrographs (Fig. 2). Considering the natural variability of the mechanical properties of natural fibres [START_REF] Flax | Linum usitatissimum L .) fibre reinforced polymer composite materials : A review on preparation , properties and prospects[END_REF], in this case no significant variations in terms of breaking force (N) between neat flax yarns and treated ones were detected, thus suggesting that the low-temperature hydrothermal treatment is able to preserve the mechanical behaviour of natural fibres.

In conclusion, the treated flax yarn that shows the best results in terms of morphology, degree of ZnO coverage with a uniform hexagonal wurtzite structure and that maintains good mechanical properties is the sample treated for 5 h, with the change of the growth solution every hour and one seed cycle (1S).

However, Amin et al. [START_REF] Amin | Influence of pH, precursor concentration, growth time, and temperature on the morphology of ZnO nanostructures grown by the hydrothermal method[END_REF] reported that during the reaction time, the OH -would continuously hydrolyse in the water solution from HMTA up to a certain time when OH -would be consumed, thus it appears useful to investigate if there is an effect produced by the replacement of a new growth solution. Since the sample that has been treated with 1 seed cycle, 5 hours of growth time and with changes every hour (hereafter labelled as Morphology was significantly affected by the replacement of a new growth solution. Fig. 6a shows the formation of indefinite round shaped nanoparticles that demonstrate that the replacement of the solution, with these synthesis conditions, is necessary to grow hexagonal ZnO nanorods on the yarn surface. In Fig. 6b andc, with the refilling of the growth solution every hour and after 2.5 hours, respectively, the formation of the ZnO hexagonal nanorods is evident. In both cases, the ZnO nanorods settle uniformly on the flax surfaces but it is also evident that the coverage density in the Flax-ZnO 5h_2.5 sample is greater, confirmed by the higher value of aspect ratio (15.4 vs. 14.6 for Flax-ZnO 5h_1 sample, Table 1) and moreover, the nanorods are more vertically aligned, thus ensuring a higher interconnection with the matrix in polymer composites. Since the synthesis conditions seem to have been optimized in the latter case (Flax-ZnO 5h_2.5), their mechanical properties were investigated in detail. For this reason, it was decided to perform the single yarn tensile test with three different gauge lengths l 0 (20-30-40 mm). The mechanical properties of the yarns are reported in Fig. 7.

Figure 7. Breaking force as a function of gauge length for the sample Flax-ZnO 5h_2.5

Generally, the tensile strength decreases with an increase in fibre length [START_REF] Stamboulis | Effects of environmental conditions on mechanical and physical properties of flax fibers[END_REF]: the longer the fibre, the higher its probability of containing a defect (e.g. kink bands). As the test length increases, the number of weak links or imperfections also increases, thus resulting in reduction in tensile strength [START_REF] Yan | Flax fibre and its composites -A review[END_REF]. In the present case, gauge length does not seem to adversely affect, in a significant way, the tensile properties of flax yarns. Fig. 8 shows a comparison of peak forces for flax yarns, tested with a gauge length of 20 mm, with the optimized ZnO nanostructures. Comparing the results from single yarn tensile test, it is evident that the steps involved in the hydrothermal treatment for the surface modification with hexagonal ZnO nanorods do not sacrifice the tensile properties of the underlying fibre, thus suggesting the use of ZnO-flax yarns as reinforcement in composite materials.

In order to understand, in terms of interfacial adhesion, the effect that zinc oxides have on the yarn surface when they are in contact with a polymer matrix, the Single Fibre Fragmentation Test (SFFT) was performed on the sample Flax-ZnO 5h_2.5. The test was carried out following the indications provided by Seghini et al. [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 taking into account the limitations that this methodology has when applied to natural fibres. Interfacial testing has been traditionally associated with the extraction of the interfacial shear strength that requires a certain degree of homogeneity in order to be applicable, especially in terms of fibre diameter. In fact, the main problem in the case of natural fibre composites is the high heterogeneity, with very variable diameter not only between different fibres, but also within the same fibre [START_REF] Zafeiropoulos | On the use of single fibre composites testing to characterise the interface in natural fibre composites[END_REF].

In 1965, Kelly and Tyson [START_REF] Kelly | Tensile properties of fibre-reinforced metals: Copper/tungsten and copper/molybdenum[END_REF] estimated the average interfacial shear strength in a model single fibre composite as (Eq. 1):

τ σ ( 1 
)
where τ is the interfacial shear strength, σ f (l c ) is the fibre strength at a length equal to the critical fibre length, l c is the critical fragment length and d is the fibre diameter. This equation is valid only assuming a constant shear stress at the filament/matrix interface; this is true only for a very ductile matrix and a brittle fibre, thus ensuring a full debonding/yielding of the fibre fragments. From Eq. 1 it is necessary to identify the critical fibre length (l c ) and the fibre strength at the critical fibre length (σ f (l c )); assuming that the fibre lengths follow a normal distribution, then the critical fibre length is estimated from the mean fibre fragment length by using Eq. 2: In Fig. 9b is reported an example of a typical optical micrograph obtained for the Flax-ZnO 5h_2.5 fragmented flax yarn. The yarn diameter and fragment lengths were measured in the gauge length region of the specimen (Fig. 9a). The fragment lengths have been determined as the average values between the internal and the central points of the breaking zones, moreover, around each yarn break, the length of the black zone (debonding length) observed on micrographs has also been measured (Fig. 9b) [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]. In Fig. 9 it is clear the heterogeneity of the diameter in flax yarns; in the case of SFFT applied to natural fibres, one great concern is related to the inhomogeneities in the diameter measurements, which are strictly associated with the interfacial shear stress (Eq. 1) and could lead to wrong estimation of the IFSS values.

𝑙 𝑙 ̅ (2) 
The next step is the calculation of the fibre strength at the critical length, σ f (l c ). This step is much more complicated than estimating the critical length, since it is difficult to perform experimental measurements of the resistance of the individual yarns at these short lengths (often around few millimetres) and most analyses extrapolate the average strength from resistance distribution data obtained at greater lengths. According to the procedure proposed by El Asloun et al. [START_REF] El Asloun | On the estimation of the tensile strength of carbon fibres at short lengths[END_REF], taking into account that the mean strength 𝜎 is given by (for a two-parameter Weibull distribution) Eq. 3:

𝜎 𝜎 𝑙 𝛤 1 (3) 
and taking the logarithm of the Eq. 3:

ln 𝜎 ln 𝑙 ln 𝜎 𝛤 1

where m and σ 0 are the shape and the scale parameters of the equivalent Weibull distribution, respectively, l the gauge length, σ f the tensile strength and Γ the Gamma function. Linear extrapolation by using Eq. 4 can provide the tensile strength of a flax yarn at a given gauge length. It is seen that a graph ln(𝜎 plotted against ln(𝑙) should be linear with a slope (-1/m). Thus, in this work tensile tests for the Flax-ZnO 5h_2.5 were performed at three different gauge lengths, specifically at 20-30-40 mm, obtaining a linear graph with the slope 0.1798.

This linear extrapolation method was used to determine the yarn strength at a length equal to the critical yarn length, σ f (l c ), and then the IFSS value was calculated using Eq. 1 for the ZnO-modified flax yarn in epoxy matrix (Table 3). In this table are also included, as a reference, the results obtained from Seghini et al. [START_REF] Seghini | Effects of oxygen and tetravinylsilane plasma treatments on mechanical and interfacial properties of flax yarns in thermoset matrix composites[END_REF] regarding the SFFT for neat flax yarns and epoxy matrix. In Table 3, the IFSS value obtained for the ZnO treated flax yarn is lower than the IFSS value of the untreated flax yarn, therefore suggesting that the treatment with ZnO did not increase the interfacial adhesion between yarn and polymer matrix. Since this value strictly depends on the diameter of the yarn (Eq. 1), when applied to natural fibres, the non-homogeneity in the diameters must be considered, both between the different fibres analysed and within the same fibre. Furthermore, for the ZnO-treated samples, the increase in diameter (336.52 µm vs 248.33 µm for neat flax) is due to the presence of ZnO on the yarn surface and to the possible swelling and untwisting that the yarns experience during the hydrothermal treatment. An increase in the average diameter of yarns results in a reduction in the tensile strength value, thus explaining the decrease in the IFSS values found for the ZnO-flax/epoxy system compared to untreated system [START_REF] Seghini | Environmentally friendly surface modification treatment of flax fibers by supercritical carbon dioxide[END_REF].

These considerations suggest that the use of only the value of interfacial shear strength can be misleading for natural fibres in an attempt to determine whether or not an increase in interfacial adhesion occurs. To avoid the uncertainties deriving from the determination of the numerical value of the interfacial shear strength, it must be considered that also the critical fibre length plays a fundamental role in the measurement of the IFSS (Eq. 1), providing information related to the quality of the adhesion at the interface in a composite. Indeed, shorter fragments indicate that the efficiency of the interfacial stress has been improved, achieving a good stress transfer at the interface. As reported in Table 3, the fact the l c values are slightly lower for modified yarns, confirm that the IFSS value obtained leads to erroneous considerations about the degree of interfacial adhesion.

Furthermore, another very important parameter to consider is the debonding length (Table 3). In composite materials, the bonding at the interface can govern the mechanical properties of the entire composite. As Kim et al. [START_REF] Kim | Observations of Fiber Fracture and Interfacial Debonding Phenomena Using the Fragmentation Test in Single Fiber Composites[END_REF] reported, the debonding zone is usually symmetric on both sides of the fibre break site. It is small for strong interfacial bonding but can be large for the weak interfacial bonds. In the present case, the measurements of l debonding show that the debonding phenomena for the ZnO modified flax yarn are of lower importance than for the neat flax yarn (314 µm vs. 444 µm). This result is consistent with the critical yarn length values previously reported (Table 3) and it highlights that the ZnO nanorods can successfully promote the adhesion of flax yarns with the epoxy matrix. To better understand this effect, a morphological investigation of the fracture surface after the single yarn fragmentation test was performed using FE-SEM (Fig. 10 and Fig. 11). This also confirms the values obtained from the debonding and critical length measurements (Table 3), which are lower than the untreated yarn. Hence, it is clearly demonstrated that zinc oxide nanostructures on the fibre surface have the ability to protrude into the matrix, creating a bridge between the yarn and the epoxy matrix.

The increased interfacial adhesion is to be ascribed to an interlocking effect created by the ZnO nanorods, favoured by the larger specific surface of modified flax yarns. The morphological investigation pointed out also that what prevented a further enhancement is the failure at the yarn/ZnO interphase, which is a critical parameter that governs the fibre/matrix interfacial adhesion. Ehlert et al. [START_REF] Ehlert | Role of Surface Chemistry in Adhesion between ZnO Nanowires and Carbon Fibers in Hybrid Composites[END_REF], when investigating the adhesion of ZnO nanorods and carbon fibres, found that manipulating the surface chemistry of the fibres can significantly increase the link between the ZnO interphase and the carbon fibres. In this regard, the presence of oxygen functional groups including hydroxyl, carbonyl, and carboxylic acid groups, can be particularly beneficial. All these observations suggest the possibility of pre-treating the flax yarns to increase the bond with the ZnO nanorods.

The high resolution microtomography analysis of fragmented samples highlighted that the ZnO modification is able to effectively produce a uniform surface coating on flax yarns (Fig. 12a, bright areas). From Fig. 12, it is noted that the flax yarn is characterized by a homogeneous coating of zinc oxides over its entire surface and that the deposition of the ZnO coating occurs only on the outermost surface of the yarn, without being able to penetrate inside the yarn. Using the AVIZO 9.0 software, it was possible to perform a 3D reconstruction of the fracture zone distribution along the flax yarn. In order to simplify the identification, the dark grey has been used for yarn representation, and the blue and red colours have been chosen for the fracture zone and the ZnO coating, respectively. The 3D reconstruction for the ZnO modified flax/epoxy resin specimen shows that there is very limited debonding between the yarn and the polymer matrix that, along with the presence of matrix cracks, support the increase in compatibility and the enhancement of the interfacial adhesion between flax yarns and matrix, making them suitable as reinforcement in fibre reinforced polymer matrix composites.

CONCLUSIONS

In this study, we investigated the properties of ZnO nanorods that were successfully grown on the surface of flax yarns using a low-temperature hydrothermal method to improve their interfacial compatibility with polymer matrices. The seeding layer and the reaction times play a crucial role in the final morphology obtained.

Lowering the number of the seeding cycles, from three to one, was found to be necessary to obtain homogeneous morphologies. XRD analysis showed the characteristic peaks of crystalline ZnO and the intensity of the peaks increased with increasing growth time, without altering the cellulosic structure of flax yarns and their thermal stability. The degree of coverage increased as a function of the growth time, as confirmed by the residual weight obtained by TGA, compared to untreated flax yarns. Hydrothermal treatment preserved the tensile properties of the ZnO coated yarns, while the replacement of the growth solution at welldefined intervals was found to significantly affect the resulting ZnO morphology. In this regard, the best condition can be achieved by changing the solution every 2.5 hours for a total growth time of 5 hours. The characterization of the adhesion properties between flax yarns and epoxy resin was performed by SFFT test adapted to the yarn scale. Fragmentation tests allowed the determination of the adhesion quality between ZnOflax yarn and epoxy matrix, highlighting reductions in the debonding and critical fragment length values after the modification with ZnO nanorods. The FE-SEM micrographs of the fracture surface and the 3D reconstruction of the yarn provided clear evidence of the uniform coating present on the outermost surface of the flax yarns, which promoted an effective interlocking mechanism with the epoxy matrix. Surface modification with the addition of a layer of ZnO nanorods proved to be an excellent and facile approach to improve the quality of the interfacial adhesion in natural fibre composites, even if the adhesive failure of the nanorods array suggests the need to modify the flax surface chemistry for further improvements.

Figure 1 .

 1 Figure 1. FE-SEM micrographs of ZnO-modified flax yarns with 3 seed cycles and different growth times: (a) 1 hour, (b) 3 hours and (c) 5 hours

Figure 2 .

 2 Figure 2. FE-SEM micrographs at different magnifications of flax yarns untreated (a) and treated with ZnO nanostructures with 1 cycle of seed process: (b) 1 hour of growth time (20 µm and inset 2 µm); (c) 2 hours of growth time (20 µm and inset 1 µm); (d) 3 hours of growth time (20 µm and inset 1 µm); (e) 4 hours of growth time (20 µm and inset 1 µm); (f) 5 hours of growth time (20 µm and inset 2 µm)

Figure 3 .

 3 Figure 3. SEM micrographs of the top-down view and of the cross-sectional view of the ZnO layer for the samples after growth time equal to 2 hours (a-b); 3 hours (c-d); 4 hours (e-f) and 5 hours (g-h)
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 4 Figure 4. X-ray diffraction spectra for flax yarns as a function of ZnO growth time
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 66 Figure 6. SEM micrographs of flax yarns as a function of growth solution replacement: (a) Flax-ZnO 5h_0, (b) Flax-ZnO 5h_1 and (c) Flax-ZnO 5h_2.5

Figure 8 .

 8 Figure 8. Breaking force for neat flax yarns, Flax-ZnO 5h_1 and Flax-ZnO 5h_2.5

Figure 9 .

 9 Figure 9. Typical optical micrographs obtained for the sample Flax-ZnO 5h_2.5, before (a) and after (b) the fragmentation test. In (a) there are the measurements of the yarn diameter and in (b) are reported the measurements of the fragment lengths and debonding lengths

Figure 10 .

 10 Figure 10. FE-SEM-micrographs showing the fracture surface for neat flax/epoxy single yarn composites

Figure 11 .

 11 Figure 11. FE-SEM-micrographs showing the fracture surface for ZnO-flax/epoxy single yarn composites

Figure 12 .

 12 Figure 12. Micro computed tomography observation for the ZnO-modified flax yarn/epoxy matrix. (A) High resolution micro-CT image of the flax yarn embedded in the epoxy resin; (B) Volumetric reconstruction of the flax yarn and the fracture zone: the flax yarn is represented in dark grey, the fracture zone in blue and the ZnO coating in red

Table 1 .

 1 Average diameter, length and aspect ratio of ZnO nanorods at various reaction times

	Growth time	Diameter (nm)	Length (nm)	Aspect Ratio
	2 h	127.83 ± 17	516 ± 33	4
	3 h	317.15 ± 38	1463 ± 51	4.6
	4 h	150.38 ± 21	909 ± 48	6
	5 h	202.53 ± 25	2958 ± 92	14.6

Table 2 .

 2 Single yarn tensile tests were performed on the commercial flax yarns (20 mm of gauge length) and on the treated yarns at different reaction times. The results are reported in Table2. Breaking force as a function of growth time for flax yarns as obtained from single yarn tensile tests
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Tensile properties of flax yarns are essential when considering their use as reinforcement in polymer composites. The mechanical properties of natural fibres are influenced by many factors, including the plant origin and growth conditions, fibre extraction method, fibre diameter, fibre surface treatments, humidity (RH),

Table 3 .

 3 Diameters, critical length, debonding length and interfacial shear strength values for ZnO flax/epoxy single composite and for neat flax/epoxy single composite

		Diameter [µm]	l c [µm]	l debonding [µm]	IFSS [MPa]
	NEAT FLAX YARN/EPOXY	248.33 ± 33.91	2687 ± 631	444 ± 49	19.3 ± 3.7
	ZnO-FLAX YARN/EPOXY	336.52 ± 46.59	2657 ± 426	314 ± 49	12.7 ± 2.4