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Wood-plastic composites (WPCs) are water-sensitive materials. Standards describe water absorption protocols on composites to obtain results after a long period of aging. From an industrial point of view, it is necessary to obtain the same information (i.e. equilibrium water content and absorption kinetics) over a short time. In this paper, we propose a new immersion aging protocol based on cubes taken from a reference WPC. This new methodology was validated by varying several test parameters (temperature, sample size, etc.) and applying it to other WPCs. Cubic samples were found to diverge from a Fickian behavior after a certain time of aging because of swelling and cracking that creates another characteristic pore scale and an increase of diffusion coefficient. Compared to the same formulation of cubic samples, the plate samples usually used for water absorption didn't crack. Fick's law approximation was used to determine the diffusion coefficient on plate materials. The coefficients measured in the three directions of WPC decks and a 3D model enabled us to recalculate the apparent coefficient of cubic samples for short-term absorption. Comparison of diffusion coefficients for short and long-term absorption showed the water concentration dependence of composites. Long-term diffusion coefficients and swelling stress coefficients were used in the pseudo-Fickian model to predict the water absorption behavior for composites undergoing water concentration dependence.

Introduction

Wood-plastic composites (WPCs) involve the association of wood flours with thermoplastic polymers such as polypropylene (PP) or high density polyethylene (HDPE). These composites are increasingly used in the building trade for decking or cladding owing mainly to their stability and durability. Wood flours increase such polymer mechanical properties as toughness and rigidity. They also give a better visual aspect to the decking products. From a life-cycle assessment point of view, these bio-based materials can also contribute to carbon storage. Polymer matrix decreases the water absorption of wood and prevents the development of mold. The most suitable wood materials for decay resistance are those with low water absorption [START_REF] Fabiyi | Effects of wood species on durability and chemical changes of fungal decayed wood plastic composites[END_REF]. Many studies have shown that thermoplastic polymers such as HDPE or PP are hydrophobic and decrease absorption of natural fibers [START_REF] Adhikary | Long-term moisture absorption and thickness swelling behaviour of recycled thermoplastics reinforced with Pinus radiata sawdust[END_REF][START_REF] Najafi | Long-term water uptake behavior of lignocellulosichigh density polyethylene composites[END_REF][START_REF] Yang | Water absorption behavior and mechanical properties of lignocellulosic filler-polyolefin bio-composites[END_REF]. Adhikary et al. [START_REF] Adhikary | Long-term moisture absorption and thickness swelling behaviour of recycled thermoplastics reinforced with Pinus radiata sawdust[END_REF] examined WPC composites made from HDPE/wood flour and showed that polyolefin exhibited negligible water absorption in contrast to the filler. Water absorption increased with the wood flour content in composites because of the free hydroxyl (OH) groups of cellulose [START_REF] Adhikary | Long-term moisture absorption and thickness swelling behaviour of recycled thermoplastics reinforced with Pinus radiata sawdust[END_REF][START_REF] Adhikary | Dimensional stability and mechanical behaviour of woodplastic composites based on recycled and virgin high-density polyethylene (HDPE)[END_REF][START_REF] Espert | Comparison of water absorption in natural cellulosic fibres from wood and one-year crops in polypropylene composites and its influence on their mechanical properties[END_REF][START_REF] Khavkine | Durability of Wood Flour-Thermoplastic Composites under Extreme Environmental Conditions and Fungal Exposure[END_REF][START_REF] Lin | Effect of hydrothermal environment on moisture absorption and mechanical properties of wood flour-filled polypropylene composites[END_REF][START_REF] Stark | Influence of moisture absorption on mechanical properties of wood flourpolypropylene composites[END_REF]. Water comes into contact with these groups and forms hydrogen bonding. Under the effect of water, a differential swelling in composites occurs, as wood flours swell in contrast to the thermoplastic matrix, which is likely to induce failures and cracks [START_REF] Stark | Changes in wood flour/HDPE composites after accelerated weathering with and without water spray[END_REF][START_REF] Joseph | Effect of ageing on the physical and mechanical properties of sisal-fiber-reinforced polyethylene composites[END_REF][START_REF] Panthapulakkal | Injection-molded short hemp fiber/glass fiber-reinforced polypropylene hybrid composites-Mechanical, water absorption and thermal properties[END_REF][START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF]. These cracks allow water to penetrate faster [START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF]. Interface weakening is also observed after many cycles of water absorption and desorption because of particle swelling and polymer stability [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF]. Water absorption involves irreversible changes in the mechanical properties of composites, which can be prohibitive. Stark [START_REF] Stark | Influence of moisture absorption on mechanical properties of wood flourpolypropylene composites[END_REF] highlighted the influence of water uptake on mechanical properties such as flexural and tensile properties. Absorption of 9% of water by WPCs leads to a loss of 39% and 29% of flexural and tensile modulus. After aging, mechanical properties reach a plateau that matches equilibrium moisture absorption. The quality of the interfaces in composites is essential because it allows the transfer of stress from matrix to filler. Differential swelling between wood particles and high density polyethylene damages bonding in the interfacial region [START_REF] Dhakal | Effect of water absorption on the mechanical properties of hemp fibre reinforced unsaturated polyester composites[END_REF][START_REF] Gautier | Interface damage study of hydrothermally aged glassfibre-reinforced polyester composites[END_REF][START_REF] Le Duigou | Seawater ageing of flax/poly(lactic acid) biocomposites[END_REF][START_REF] Bessadok | Effect of chemical treatments of Alfa (Stipa tenacissima) fibres on water-sorption properties[END_REF].

Standards require to immerse composite profiles in boiling water for 5 hours or in water at 23°C for 24 hours [START_REF] Afnor | Composites made from cellulose-based materials and thermoplastics (usually called wood-polymer composites (WPC) or natural fibre composites[END_REF][START_REF] Afnor | Plastics -determination of water absorption[END_REF]. Aging in boiling water raises several questions, especially the question of representativeness. These conditions are extremely severe and likely to cause damages to the composites; these damages are not noticeable in normal conditions of use. The aging temperature is an important factor, as shown by Tamrakar et al. [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF] on WPCs. At 45°C and 21°C, composites reached 16.5% of maximum water content in contrast to 18% at 70°C. This result can be explained by the appearance of extra damages consequent to high temperatures. In addition, if maximum water absorption is needed, the absorption tests must be conducted according to other standards, over the long term. These standards do not lead to significant results in a short time [START_REF] Machado | Impact of high moisture conditions on the serviceability performance of wood plastic composite decks[END_REF]. Tamrakar et al. [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF] used specimens taken on the WPC and showed that water absorption equilibrium could be achieved after 50 days of immersion at 70°C. At room temperature, specimens reached saturation after approximately 150 days of aging. WPC composites prepared by Najafi et al. [START_REF] Najafi | Long-term water uptake behavior of lignocellulosichigh density polyethylene composites[END_REF] reached 10% of water absorption after five weeks of immersion in water at room temperature. Equilibrium moisture was not obtained. Therefore, the usual protocol of the water absorption test is not suitable for the timescale of industrial production.

It is possible to accelerate water absorption in composites by adjusting some test parameters such as the ambient atmosphere around samples [START_REF] Stark | Influence of moisture absorption on mechanical properties of wood flourpolypropylene composites[END_REF] or the size of the composite specimens [START_REF] Grammatikos | Moisture uptake characteristics of a pultruded fibre reinforced polymer flat sheet subjected to hot/wet aging[END_REF]. Shi et al. [START_REF] Shi | Hygroscopic thickness swelling rate of compression molded wood fiberboard and wood fiber/polymer composites[END_REF] examined the effect of temperature and relative humidity on the equilibrium moisture content. They worked on wood fibers with a mix of polymers using the compression molding method. Two experimental methods were used: variation of temperature between 17°C and 80°C for 100% of relative humidity and variation between 66% and 100% of relative humidity with a constant temperature of 17°C. The equilibrium moisture content was not the same for all degrees of temperature and humidity.

The maximum moisture content is dependent on the relative humidity of the air. The temperature has a significant effect on water absorption at saturation and also on the diffusion coefficient [START_REF] Lin | Effect of hydrothermal environment on moisture absorption and mechanical properties of wood flour-filled polypropylene composites[END_REF][START_REF] Rangaraj | Effects of Moisture on the Durability of a Wood/Thermoplastic Composite[END_REF]. At 40°C, 60°C, and 80°C, the equilibrium moisture content was around 20% whereas it was 16.5% at 17°C. Espert et al. [START_REF] Espert | Comparison of water absorption in natural cellulosic fibres from wood and one-year crops in polypropylene composites and its influence on their mechanical properties[END_REF] immersed WPC films (0,5 mm thick) in water at three different temperatures. They concluded that temperature is very effective to accelerate water uptake. When the temperature is increased from 23°C to 70°C, the time required to reach the maximum water content is shortened by 62 hours. This result can be explained by the activation of molecule mobility. In general, water sorption kinetic is greater with higher relative humidity and even greater when soaked at 23°C [START_REF] Steckel | Effects of material parameters on the diffusion and sorption properties of wood-flour/polypropylene composites[END_REF]. Grammatikos et al. [START_REF] Grammatikos | Moisture uptake characteristics of a pultruded fibre reinforced polymer flat sheet subjected to hot/wet aging[END_REF] investigated the influence of size samples and temperature on immersed glass/polyester composites after 224 hours and found that the temperature accelerated water absorption kinetics. They observed a difference of maximum water absorption between a low water temperature and a high water temperature. They suggested that a low temperature protocol induced a longer time to reach maximum water absorption. A size dependency was observed comparing 40 x 40 mm² and 200 x 200 mm² samples. The smaller size samples reached saturation more rapidly, resulting from a higher free surface/volume ratio.

The challenge is to quantify the water absorption level of materials and to compare composites. Previous papers have shown that it is necessary to wait a long time to obtain data (i.e. equilibrium water content and absorption kinetics [START_REF] Najafi | Long-term water uptake behavior of lignocellulosichigh density polyethylene composites[END_REF][START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF]). Some parameters such as temperature can speed up data acquisition, but in return, they can also yield measurement artefacts. The aim of this study is to propose a new water absorption methodology that can rapidly provide accurate values of water absorption for WPCs and compare results. The methodology is based on the use of cubic samples extracted from deck boards. In the present study, different parameters such as temperature, humidity, immersion, and sample size are investigated to accelerate water absorption in WPCs and to develop a water aging protocol. Secondly, the apparent diffusion coefficient of bulk composites for short-term absorption is evaluated using Fick's law and compared with that of a conventional three dimensional model. Thirdly, mathematical models were compared to highlight the pseudo-Fickian behavior of some sample size.

Physical background of modeling diffusion and water absorption

Various models have been developed to describe water diffusion in materials. The Fickian diffusion model [START_REF] Rangaraj | Effects of Moisture on the Durability of a Wood/Thermoplastic Composite[END_REF] is probably the most well-known (Fig. 1). In the first stage, moisture content increases linearly with time. Then, the rate decreases until moisture content reaches an equilibrium value.

Fig. 1 : Representation of the Fickian diffusion curve

In area 1 of Fig. 1, water diffusion is constant and only depends on material characteristics. In this area, corresponding to short times of exposition, the absorption kinetic is then assumed to be Fickian and Fick's diffusion coefficient can be efficiently approximated by Eq. 1.

√

Eq. 1

where D is the diffusion coefficient, h the thickness of sample, C∞ the maximum moisture concentration and C(t) the average moisture concentration at time t.

This equation is commonly used to determine water diffusivity in composites for one dimensional diffusion flow of water through a given matrix. Such a configuration can be used when using plateshaped samples with a large area of exposition and low thickness [START_REF] Espert | Comparison of water absorption in natural cellulosic fibres from wood and one-year crops in polypropylene composites and its influence on their mechanical properties[END_REF][START_REF] Le Duigou | Seawater ageing of flax/poly(lactic acid) biocomposites[END_REF]. In this case, the water flow through the edges is considered negligible. After a while, when the first layers of WPC samples are saturated, the water absorption uptake is no longer constant (Area 2, Fig 2). Crank [START_REF] Crank | The Mathematics of Diffusion[END_REF] developed a mathematical solution to the Fick partial differential equation. The parameters of Eq. 1 remain in Eq. 2 with D, the diffusion coefficient.
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Furthermore, such an approach is only valid for homogeneous isotropic materials, which is not the case for WPCs. A composite material made of natural flours and polymers may undergo dimensional variations or cracking due to swelling of hydrophilic particles in a hydrophobic matrix. These behaviors can lead to an increase in diffusion kinetics during water absorption. In this case, Joannès et al. [START_REF] Joannès | A concentration-dependent diffusion coefficient model for water sorption in composite[END_REF] define that Eq. 2 can be approximated for long-term absorption (t > h²/15D) by Eq. 3 and permits estimating of diffusion coefficient for long-term absorption.

1 8 exp Eq. 3
Between short and long-term absorption, it has been reported that water absorption can draw non-linear S-shape curve over time. There are many mathematical or numerical models available to model absorption behavior such as pseudo-Fickian or S shape curves [START_REF] Hedenqvist | Parameters affecting the determination of transport kinetics data in highly swelling polymers above Tg[END_REF][START_REF] Berens | Diffusion and relaxation in glassy polymer powders: 2. Separation of diffusion and relaxation parameters[END_REF]. Wang et al. [START_REF] Wang | Diffusion in Glassy Polymers[END_REF] developed the mathematical model (based on Crank model Eq. 2) to describe absorption curves of pseudo-Fickian behavior (Eq. 4). The parameter v in Eq. 4 is interpreted by the authors as a swelling stress coefficient.
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Due to the process and the aspect ratio of the particles, WPCs can present an anisotropic behavior induced by the orientation of the wood particles during the process. Hence, a diffusion model dedicated to anisotropic materials is required. When studying glass fiber-reinforced composites, Shen et al. [START_REF] Shen | Moisture Absorption and Desorption of Composite Materials[END_REF] developed the first part of Eq. 5 to take into account the edge effect in the calculation of the apparent three dimensional diffusion coefficient for anisotropic materials.
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Eq. 5

where Dx, Dy, Dz are diffusion coefficient in the three different directions of composites (Fig. 2), l and n are the length and width of samples. Dx, Dy, Dz can be determined using Eq. 1 on a plate-shaped sample machined in the three directions of the material. Cubic samples are known to not follow the 1D Fick law. However, the Shen et al. model can be used to link the measured apparent diffusion coefficient (determined using Fick theory) to the intrinsic 1D diffusion coefficient. In the case of anisotropic cubic samples with h = n = l, this equation can be simplified (Eq. 6):
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Materials and methods

Materials

Wood flour was produced from a batch of softwood sawdust, composed of a mixture of pinus pinaster and picea sitchensis, from sawmill production residues. Wood chips were micronized by a hammer mill using a 1 mm screen. At the end of this process, an industrial sieve separated the wood particles according to its mesh size. The final particle size distributions of the wood flour range from 0 to 500

m. An exhaustive description of the wood flour is given in Chaudemanche et al. [START_REF] Chaudemanche | Properties of an industrial extruded HDPE-WPC: The effect of the size distribution of wood flour particles[END_REF]. Several polyethylene (PE) samples were used for this study, named PE A, B, C, D, E, and F.

Composite preparation

The composites used in this study are commercial products sold for two decades. Before producing the composites, the moisture content of the wood flour was reduced to less than 5 wt% through oven drying.

The formulation entails 32 wt% PE, 55 wt% WF, 13% of mineral particles, including pigments and lubricant. The components were mixed in a low speed mixer; then, the granules were dried. An industrial twin screw extruder extruded the mixture at the temperature of 200°C into a decking profile with a 138

x 23 mm² cross section. Then, a water spray at 25°C around its section cooled the extruded decking.

Composites were named composite A to composite F, depending on the PE used. Melting temperature range of these composites is between 134°C and 135°C. Crystallinity varies between 57% and 65%.

Water absorption 3.3.1. Sample preparation

Cubic samples were machined in the entire profile decking. Four sample sizes were prepared: size 1/ 5

x 5 x 5 mm3, size 2/ 10 x 10 x 10 mm3, size 3/ 15 x 15 x 15 mm3, and size 4/ 18 x 18 x 18 mm3. The cubic samples were centered with respect to the decking thickness. To ensure the repeatability of tests, we made five replicates spread on the width of extruded decking as seen in Fig. 2(a). ). All specimens were cut using an automatic milling machine. Three replicates were made for each direction.

Water absorption conditions

Samples were dried in an oven at 60°C until mass stabilized. Next, the composites were put in a plastic vessel. Materials were conditioned at 23°C and 50% relative humidity; others were immersed in tap water at 60°C or 23°C. For each immersion time examined, the samples were removed from the water bath and laid on paper for 10 minutes to remove the adsorbed surface water. Therefore, the moisture concentration was obtained using Eq. 7 where M0 is the initial dry mass of the composite and Mt the current mass.

6 7 6 6 8 100 Eq. 7

Results and Discussion

Results following standard protocol

Some manufacturers who make WPC decking use water absorption as the parameter to validate new formulations of composites and to control the quality and homogeneity of the production (Fig. 3).

Composites samples have the same cross section (138 mm x 23 mm with a length of 1000 mm) and composition as described in Material and method section. Samples were immersed in tap water at 60°C during 24h. After 24 hours of aging in water (Fig. 3), composites do not absorb the same amount of water and some composites crack. However, the difference in water absorption between composites is not sufficient to be significant. Furthermore, it is difficult to reach a conclusion regarding the effect of water absorption on the durability properties of composites after only 24 hours of aging due to a lack of information about absorption kinetics and saturation. More time is needed to observe the real differences between WPCs [START_REF] Najafi | Long-term water uptake behavior of lignocellulosichigh density polyethylene composites[END_REF], [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF]. There is a real need for more significant results in terms of water absorption of WPCs.

Effect of test conditions on water absorption

Pressure during water absorption can be a parameter to accelerate water uptake. Samples of composite A were put in containers with two different heights of water. Fig. 4 describes water uptake as a function of the root of the immersion time. As expected, it shows that water uptake goes faster in the first stage of absorption process with the increase of the water height above the sample and therefore of water head pressure [START_REF] Pollard | Influence of hydrostatic pressure on the moisture absorption of glass fibre-reinforced polyester[END_REF][START_REF] Grogan | Influence of microstructural defects and hydrostatic pressure on water absorption in composite materials for tidal energy[END_REF]. While the standards don't define information on the water level above the samples, this characteristic must be controlled in order to be able to compare data. Water absorption tests of WPCs can be conducted either in a constant relative humidity environment or while being immersed. Fig. 5 shows water absorption and sorption of composite A for over 100 days in the two different testing conditions. In immersed water, composites reach a stationary phase at 16.5%.

In 50% of relative humidity conditions, composites seem to absorb water more slowly. In the case of low relative humidity, water molecules are absorbed in the hydrophilic groups. In contrast, at high relative humidity, liquid water diffuses in the capillary space available in the cellulosic components [START_REF] Chen | Influence of moisture absorption on the interfacial strength of bamboo/vinyl ester composites[END_REF].

Diffusivity is therefore water concentration dependent [START_REF] Hedenqvist | Parameters affecting the determination of transport kinetics data in highly swelling polymers above Tg[END_REF]. Aging in water at 23°C seems to be more appropriate to quickly obtain significant results and water diffusion characteristics such as saturation content and kinetics [START_REF] Shi | Hygroscopic thickness swelling rate of compression molded wood fiberboard and wood fiber/polymer composites[END_REF][START_REF] Steckel | Effects of material parameters on the diffusion and sorption properties of wood-flour/polypropylene composites[END_REF]. It is also closer to the real aging solicitation of decking, namely liquid water absorption rather than vapor adsorption. A comparison of composites immersed in water at 23°C and 60°C was carried out (Fig. 6). Standard deviations obtained on the five replicates for each temperature are very low. The specimens were sampled from all the width of the decking composites, which means that the distribution of wood particles is homogeneous in the decking. The water diffusion behavior is different for the two temperatures. The absorption rate at 60°C is more important than at 23°C as described in [START_REF] Shi | Hygroscopic thickness swelling rate of compression molded wood fiberboard and wood fiber/polymer composites[END_REF]. Another important parameter is saturation content. An increase in the aging temperature could lead to additional degradations and failures in composites caused by differential thermal dilatation, leading to interface degradation and fiber debonding [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF]. After weight stabilization, composites attained the same content of water, approximatively 16.5 -17%, regardless of the temperature. Hence between 20°C and 60°C, an increase in the temperature does not change the final water uptake, but only the absorption kinetics.

This observation could provide faster measurement of the equilibrium water content. Therefore, it is recommended in this specific case to age composites in water at 60°C to obtain the absorption properties of WPCs faster. More generally, it is important to check that water absorption temperatures do not influence the water saturation content.

Effect of sample size on water absorption

Aging on a full decking section required a considerable amount of time to show the difference in water absorption between formulations. After 24 hours of immersion, the water content reached only almost 1% as shown in Fig. 3 while the water content at equilibrium was more than 10 times higher (Fig. 6).

Different sizes of samples were cut in the decking and then immersed at 60°C in tap water. Fig. 7 shows water absorption content for size 1 to size 4 for composite A and composite B as a function of the immersion time. Fig. 5 and Fig. 7 show that standard deviations are very low, demonstrating good distribution of wood flour and acceptable test repeatability. The smallest sizes take water more quickly than the largest ones because of the difference in volume of the composites. Equilibrium water contents for composite A or composite B are respectively the same, regardless of sample sizes. Such behavior is worth noting and shows that saturation content is not size dependent. However, the two composites have different equilibrium water contents, which could result from several factors such as porosity or a difference of adhesion between PE and wood particles. To compare the absorption kinetics of two different composites, the moisture concentration C(t) was rendered dimensionless by dividing it by the plateau value as represented in Fig. 8. The water absorption kinetics are compared using the slopes of the curves at the beginning of the experiment (ie. Area (1), Fig. 2) to control the Fickian or non-Fickian behavior of composites. For the samples of small size 1 and 2, the kinetics are similar for both formulations in contrast to the larger samples. A visual analysis of the larger samples showed cracking on the surface of composite B but not that of composite A (Fig. 9). This result seems consistent with the results shown in Fig. 8 and corresponds to a concentration dependent absorption behavior. We could assume that cracks appear and lead to different kinetics after 50 hours of aging in water. The orientations of these cracks are similar to those observed on decking after several months of immersion in water. As observed in Fig. 7, the water equilibrium content differs from composite A to composite B whereas the water absorption kinetics are equivalent for the small sizes of the two composites (Fig. 8). This means that the absorption kinetics and the appearance of cracks do not influence the saturation of the composites under investigation. In fact, because of the protocol, the free water contained in the crack was removed when laid on paper for 10 minutes before weighing.

This water intake parameter derives essentially from the water storage capacity inside the composites, and in this case, it corresponds to the maximum water absorption capacity of the composites. To conclude, a new water absorption protocol could be used to accelerate the data collection and compare the durability of the composites. An aging temperature of 60°C does not change the water saturation content of composites. Small samples such as sizes 1 or 2 could be used to obtain saturation content quickly whereas sizes 3 or 4 could be used to distinguish more accurately the performance differences between formulations (crack resistance).

The industrial data (Fig. 3) showed that the full decking composite E absorbs more water than composites A, C, and D after 24 hours in water at 60°C. The protocol developed shows the same trends but gives more significant differences and provides intrinsic parameters such as equilibrium moisture contents or diffusion kinetics in comparable time periods (Fig. 10). With full decking WPCs, much more time is needed to reach saturation compared to cubic samples. It can be also stressed that size 3 and 4 

Determination of directional and bulk apparent diffusion coefficient

Water aging on cubic samples could be used by manufacturers to quickly validate new formulations regarding water absorption. The issue is how to determine the diffusion coefficient using this sample geometry. A traditional way of calculating the diffusion coefficient is to use the approximation of Fick's law as described in Eq. 1. To apply this formula, some assumptions are required: a large area of exposition to water and a small thickness that enables admitting only one direction of diffusion (Fig. 11), considering that edge effects are negligible [START_REF] Adhikary | Long-term moisture absorption and thickness swelling behaviour of recycled thermoplastics reinforced with Pinus radiata sawdust[END_REF]. We calculated the diffusion coefficient D for plate-shaped composites A and E in the three directions of decking products using Eq. 1. The determination of Dx, Dy, Dz can be achieved for C(t)/C∞ inferior to 0.5 and represented by the slope of the curve C(t)/C∞ = f(t1/2) (Fig. 1) [START_REF] Tamrakar | Water absorption of wood polypropylene composite sheet piles and its influence on mechanical properties[END_REF]. Such way of computation allows to estimate the undamaged sample's diffusion coefficient. The different diffusion coefficients are summarized in Table 1 where Dx, Dy, Dz are diffusion coefficients respectively in the extrusion direction, through thickness and in the width direction of the decks (through the sides) (Fig. 2(b)). 

1Mean calculated on sizes 2, 3, and 4 2Mean calculated on sizes 2 and 4

We observe that the diffusion coefficients calculated in the three directions of the composites are very similar to those determined in other studies (Table 2). There are two preferential orientations of diffusion for all composites that are in the extrusion direction and sides of WPC decks. The diffusion in the extrusion direction is higher than in the other directions. The orientation of wood particles is most likely responsible for this result. The extrusion process seems to position particles along a major axis [START_REF] Chaudemanche | Properties of an industrial extruded HDPE-WPC: The effect of the size distribution of wood flour particles[END_REF].

Moreover, all plate samples did not crack unlike the same samples in cubic shape or in full decking shape. Cubic samples are more relevant to compare both water absorption kinetics and induced degradation behavior between several formulations. taking into account the edge effect unlike Fick's equation. The value of diffusivity in three dimensions is estimated and compared to this mathematical model in the next paragraph.

Water diffusion coefficient of cubic samples

In the case of cubic samples, it is more complicated to determine a diffusion coefficient without numerical model. Water penetrates the composites along all the sides, which means that there are three directions of diffusion with different kinetics (Fig. 12).

Fig. 12 : Schematization of water absorption for cubic samples

Hypotheses that are suitable for plate shaped composites cannot be used in the present case [START_REF] Adhikary | Long-term moisture absorption and thickness swelling behaviour of recycled thermoplastics reinforced with Pinus radiata sawdust[END_REF]. But to approximate an apparent diffusion coefficient for this geometry, we used Eq. 1. Normally, h in this equation is the sample thickness. In our case, we entered the dimension of the cube as h, and results are shown in Table 1 as Dcubes. This method of calculation gives results similar to those in the Shen and

Springer model [START_REF] Shen | Moisture Absorption and Desorption of Composite Materials[END_REF]. Dcubes is very similar to DShen&Springer for composites A (the gap between the model and the approximation of Fick's law is equal to 12%). A greater difference of 17% between the two apparent diffusion coefficients is found for composite E. Cracks appeared on the cubic samples in contrast to the plate-shaped specimens. This is in accordance with the results of diffusion because the water absorption rate is increased by cracks, voids, and particles/matrix debonding. It is worth noting that the apparent diffusion coefficient measured on the cubic samples for short-term absorption can be linked to the directional diffusion coefficient of WPCs using the Shen and Springer theory. The appearance of cracks irremediably leads to an increase of water diffusion. This sudden change in diffusion behavior compared with diffusion models can provide information on material degradations phenomena undergo by composites.

Analyze of non-Fickian behavior of composites

The analytical determination of the diffusion coefficient according to Eq. 1 was implemented in Crank equation (Eq. 2) to model the Fickian behavior of composites. Results are gathered in Fig. 13. For cubic shape samples, Crank solution implemented with Fick diffusion coefficient fits only short-term absorption data very well. A gap is observed for long term absorption between experimental data and modeling based on Fick's diffusion theory. This model seems to fit plate experimental data but a slight divergence appears at the end of the water aging. Fick's law describes the water absorption of a composite that does not undergo cracking or dimensional variations. The previous results show that after a given time of immersion, events appear and lead to a non-Fickian behavior. Monson et al. [START_REF] Monson | Moisture absorption by various polyamides and their associated dimensional changes[END_REF] define this behavior as pseudo-Fickian and found the same trend for various polyamides. They explain that the increase in water diffusion coefficient after some time of absorption is due to an increase in water concentration within the polymers. Fig. 15 shows the water concentration dependence of the tested composites. The difference between the two diffusion coefficients is constant for composite A regardless the sample size while it's not the case for composite B. This difference between diffusion coefficients reflects well the water concentration dependence since composite A did not crack. As shown in Fig. 8, absorption kinetics of composite A and B are equivalent for small sizes (size 1 and 2), this is well observed on Fig. 8 for size 2. We can conclude that the water concentration may be independent of the composite composition in this study if cracks do not appear.

In the case of composite B, the difference between the Fickian diffusion coefficient and DJoannès is not constant regardless of samples size because of the initiation of cracks on size 3 and 4. Two phenomena influence the water absorption kinetics of composite B: water concentration dependence (intrinsic parameter of WPCs) and cracks (related to the material and geometry of the samples). 

Conclusion

This study focuses on the development of a new water aging protocol for wood-plastic composites used as decking profiles. Standards suggest water absorption tests such as immersion in boiling water or at ambient temperature on a full decking profile. These kinds of tests are time consuming in order to collect a maximum of significant information on WPCs. Immersing composites in water is more appropriate to accelerate water absorption due to dependence on water concentration. Increasing the aging temperature to 60°C accelerates the water uptake without damaging the material more than the ambient temperature.

Different cubic sizes cut all over the sections of wood plastic composites were immersed in water at not size dependent. We can estimate that full decks attain the same saturation content with a longer time period. Large samples could be used to compare the diffusion kinetics of composites and the apparition of cracks. To obtain information on the saturation content of WPCs in a short time, it is advised to use small samples. This paper proposes a new method to investigate the water absorption of composites in a short time period while obtaining equilibrium moisture content. This method has been experimentally validated by comparing it with a common methodology used in the industry.

A three dimensional model was used to determine the apparent diffusion coefficient of bulk composites from the diffusion coefficient in all the directions of the composites. The apparent diffusion coefficients were calculated on cubic samples using the approximation of Fick's law for short-term absorption even if experimental method doesn't match Fick's model assumptions. The comparison of the 3D model and 
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 343410 Fig. 10 : Comparison of water absorption with the new validation protocol for size 2 of composite A,
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 11 Fig. 11 : Geometry of plate samples (thickness = 1 mm) for the directional diffusion coefficient
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 1516 Fig. 15 : Comparison between diffusion coefficient calculated in early and long stage absorption for

60°C.

  The water absorption results showed low standard deviations, which means an equal distribution of wood flour particles in all the composites and good test repeatability. All the samples reached the same equilibrium content with more or less time, which indicates that water absorption properties are 0

Fick's approximation

  on cubic geometry for different materials showed good correlation between results. The Fickian behavior of the plate and cubic samples was verified by modelling Fick's law. The plate and cubic samples have Fickian behavior at the beginning of water uptake. Then after some time, there is an increase in water diffusivity due to the water concentration dependence and the initiation of cracks in some composites. Plate samples didn't crack unlike cubic samples or full decking which cracked for the same formulation. This result shows that sample geometry is very important to simulate the water absorption phenomena of full decking. The pseudo-Fickian model used in this study takes into account a diffusion coefficient and a swelling stress coefficient. It allows to highlight the two phenomena (water concentration dependence and cracks) on composites by comparing a stable composite with another one undergoing cracking.

Table 1 :

 1 Computed diffusion coefficients

			Diffusion coefficient (m²/s)	
	DX	DY	DZ	DShen&Springer	Dcubes
					Mean Standard deviation
	Composite				

Table 2 :

 2 Comparison of the diffusion coefficient found in several studies

	Source	Ratio	Filler	Production	Water	Dx * 10-12
		filler/PP		process	temperature	(m²/s)
					(°C)	
			Type	Mesh		
				size		
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