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Résumé :

Le bois présente un atout en termes de structures innovantes et d'enjeux environnementaux, mais ce matériau est hygroscopique et ses propriétés peuvent être modifiées, voire altérées en condition d'usage, phénomène induisant éventuellement des désordres dans les structures. Cette sensibilité à l'humidité peut constituer un frein à l'utilisation du bois dans la construction. La compréhension des mécanismes de transfert d'humidité dans le bois constitue donc un enjeu important pour une meilleure évaluation de ses propriétés hygromécaniques, et pour le développement de méthodes de préservation ou de finition qui permettent de pallier une durabilité naturelle insuffisante. Nous avons récemment démontré que l'eau mise au contact du bois se comporte de manière inattendue [START_REF] Nguyen | Mechanisms of softwood imbibition inferred from Magnetic Resonance Imaging[END_REF][START_REF] Zhou | Liquid uptake governed by water adsorption in hygroscopic plant-like materials[END_REF] : son imbibition capillaire se déroule à une vitesse plusieurs ordres de grandeur inférieure à celle attendue (modèle de Washburn) compte tenu de la structure du milieu. Cette observation est cohérente avec les ménisques plats observés [START_REF] Zhou | Liquid uptake governed by water adsorption in hygroscopic plant-like materials[END_REF] dans les capillaires en dépit de la très bonne mouillabilité du bois par l'eau. Le même phénomène a été observé avec un matériau modèle du bois, reproduisant sa structure capillaire et son hygroscopicité, des hydrogels. Nous nous focalisons ici sur les propriétés de mouillage du bois, ou plus généralement des matériaux hygroscopiques. Nous montrons d'abord une propriété générale : l'angle de contact d'une goutte d'eau placée sur la surface du bois est initialement très grand (>90°), puis la goutte s'étale lentement à une vitesse inférieure de plusieurs ordres de grandeur à celle attendue par l'équilibre entre la gravité et/ou la tension superficielle et les effets visqueux. À partir d'une analyse du phénomène et d'autres tests avec un matériau hygroscopique modèle (un hydrogel), nous démontrons que cet effet est associé à la diffusion de l'eau dans le solide, au gonflement et à la déformation qui en résultent autour de la ligne de contact. Ceci conduit notamment à un processus local de détachements successifs qui se traduit par une avance lente de l'ensemble de la ligne de contact.
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Abstract:

Water transfers in wood play a major role in its life but the physics of the different various processes involved, such as wetting and imbibition, is not fully understood. Here we show that the angle of contact of a water drop placed in contact with a partially dry wood surface is initially larger than 90°, but then the drop significantly spreads at a rate several orders of magnitude lower than expected from the balance between gravity and/or surface tension and viscous effects. In parallel the apparent (macroscopic) contact angle decreases down to a few tens of degrees. In contrast an oil drop rapidly spreads over the surface. Similar results are obtained with a model material, i.e., hydrogel. Both material types are hygroscopic, i.e., they absorb water as a function of the relative humidity in the ambient air, and in particular absorb water when placed in contact with liquid water. We show that the initial large contact angle results from the absorption of water in the solid structure of the material which forms a soft swollen region, deformed so as to have a limited local contact angle but a large apparent contact angle of the drop. The line of contact is then pinned but will unpin when the local conditions have changed as a result of water diffusion at further distance, and a short displacement is allowed up to the next pinning point.

Introduction

Various materials such as cotton, paper, sugar, some salts are hygroscopic, i.e., they can attract (absorb) water molecules in their structure. In the field of construction, the hygroscopicity of wood (ability to absorb water in cell-walls from vapor), is useful as it allows to regulate ambient humidity, but the swelling or shrinkage associated with water can cause damages to the structure. Wood can also absorb liquid water but the behavior of the liquid at the cell-wall is unclear and seems to depend on the cellwall water concentration. Many works attempted to determine the contact angle of water on wood, but some original effects were observed, such as progressive decrease of the contact angle in time, and large difference between advancing and receding contact angles. It was suggested that the roughness of wood surface or the ability to absorb water in the porous structure can play a role, but no clear explanation was provided. Thus, there is a need to understand the particular wetting properties of wood and distinguish the main effects among the various factors possibly playing a role (porosity, bound water absorption (hygroscopicity), roughness, species in solution). Here we intend to understand the origin of these different results, by focusing on the behavior of a droplet put in contact with the wood surface. We show that as soon as the wood is not saturated with bound water the initial contact angle is large, but then the drop slowly spreads over the surface while the contact angle decreases. From further tests with a model hygroscopic material (a hydrogel) leading to similar observations, we demonstrate that the line of contact of the drop is rapidly pinned, due to the surface deformation induced by water diffusion in the gel. The line of contact can nevertheless be unpinned, allowing the drop to slowly spread, if some effect tends to destabilize the line.

Material and methods

Samples of various wood species (softwoods: fir, and hardwoods: poplar, oak, and ash) were collected in Seine et Marne region (France). They are sawn along the general anisotropic directions of wood (longitudinal L, radial R, and tangential T) and come from the inner part of the trunk (heartwood). In the tests discussed in this paper the droplets are put on the LR plane, which is essentially parallel to tracheids or vessels/fibers, which a priori precludes fast capillary imbibition. The surface for the test was then shaved to minimize the roughness. Hydrogels were formed from a solution of poly(ethylene glycol) methacrylate average Mn 500 (PEG methacrylate) (23.4%wt), and poly(ethylene glycol) diacrylate average Mn 700 (PEG diacrylate) (2%wt) in demineralized water (72.3%wt) with a radical initiator, Ammonium persulfate at 5%wt in water (1.15%wt) and a catalyst, N,N,N',N'-Tetramethylethylenediamine at 10%wt in water (1.15%wt). All chemicals were purchased from Sigma-Aldrich, USA. The solution is poured in a cylindrical mold with a plan bottom to obtain a smooth surface (roughness about 20 nm). The polymerization is finished after 30 min. After its preparation each sample is placed in a desiccator in which the air is maintained at a fixed temperature (22°C) and a constant RH imposed by a saturated salt solution, and the sample is weighted when equilibrium is reached. Various saturated salt solutions were used leading to different RH.

For a classic approach of the wettability, we use a simple set-up of the sessile drop method. A drop of liquid, usually 10ul of water is deposited on top of the wood or gel sample with a syringe and is filmed sideways with a 7.4 x 7.4 µm/pixel spatial resolution camera. Water evaporation from the droplet was limited by placing the whole system in a box in presence of a water bath inducing a high RH. Over the duration of the experiments (typically less than 30 min) the water uptake from vapor (or release) by the gel was negligible.

Results and discussion 3.1 Drops on wood RL and hydrogel surfaces

The first observation of a drop put in contact with a horizontal surface of a fir wood (RL plan) shows remarkable dependency on the sample water concentration. For damp wood, we obtain a small contact angle. However, for dry wood, we obtain an angle larger than 90°. This angle is unexpected because this material is considered hydrophilic.

Looking closer at this case, the wetting characteristics have remarkable specificities (see Fig 1a) : a large initial contact angle and then a spontaneous spreading of the drop (mainly along the longitudinal direction) within a decrease of the contact angle is observed. In order to confirm this analysis and further study the origin of this phenomenon, we repeat these experiments of drop deposit with a hydrogel. When placing a water drop on the gel surface, similar results as for wood are obtained (see Fig. 1-b): (i) large initial contact angle then (ii) slow spreading over the surface, and finally (iii) penetration of the water in the gel.

Characterization of the contact angle

We then challenge our observation by varying the water concentration of our samples. For both materials, we observe a large contact angle (between 105° and 140°) at water concentration different from its maximal value and a small contact angle (less then 50°) for the saturated case. Using a different fluid, here a drop of rapeseed oil, we observe for different concentration of the hydrogel no significant impact on the initial contact angle. This confirm that the remarkable specificities are only observed with water and are therefore related to the hygroscopicity of the material.

These observations suggest that in our case some effect would tend to pin the line of contact, which would be at the origin of the large contact angle value. We have a confirmation of such an effect by looking at the advancing and receding contact angles. We measure the advancing contact angle by progressively injecting water in a drop just placed on the gel surface. The advancing contact angle then remains approximately constant and equal to the initial angle of contact observed after pouring the drop. Thus, the initial contact angle observed when depositing the drop in our initial experiment may be considered as an advancing contact angle. If we now withdraw the liquid from the drop just placed on the horizontal solid surface, the line of contact does not recede, it remains pinned, so that the apparent angle of contact decreases to zero as the drop volume decreases to zero.

Origin of the initial contact angle

Looking closer at the contact line at the early stage, we suggest that this interaction between the gel surface and the drop starts from the very first contact between them and is at the origin of the large apparent initial contact angle. In Figure 2, we see that the deformation of the gel actually appears from the very beginning. The observation is more obvious in the case of the small spreading of the drop over time (second case). Some observation from a top view of the drop were also conducted and we notice the presence of small droplets along the surface made of residual solution. The presence of these droplets makes it possible to confirm that the gel is strongly deformed at the approach of the line of contact, to maintain a real contact angle of the water drop around zero. Indeed, it appears that depending on their size the droplets, when they reach the line of contact, they behave differently (see Figure 3). Large droplets are immediately included in the water drop when they reach the line of contact, which means that they enter in contact with the water-air interface. In contrast, small droplets are just deformed and remain along the line of contact, and they are then displaced as the line of contact goes on advancing. The initial large contact angle results from the absorption of water in the solid structure of the material which forms a soft swollen region, deformed so as to have a limited local contact angle but a large apparent contact angle of the drop; the line of contact is then pinned, but will unpin when the local conditions have changed.

Conclusion

Although the physical process at a macroscopic scale can seem rather simple, the complete modelling of the process seems rather complex as it requires to take into account the 3D characteristics of the diffusion and the resulting deformability of the solid up to large deformation, along with the liquid volume in the drop.

As a particular consequence of this phenomenon, the wetting of such soft hygroscopic materials with water is strongly damped under usual conditions and can develop spontaneously only when they are saturated with water. Another consequence is that the angle of contact is not an intrinsic property of the system, but a result of the liquid volume and the history of contact between the liquid and the solid surface. Thus, if we spread a drop of water with a tool over a wood or gel surface and then try to displace the liquid with the same tool, wherever it has been in contact with the gel the liquid remains in contact with it, i.e., no dewetting at all occurs. Extrapolating these results to painting we conclude that oil-based paint will rapidly spread spontaneously over wood surface and may dewet, whereas water-based paints will generally be able to spread only if they are forced to coat the surface but cannot dewet the surface.
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 1 Figure 1: Water drop spreading (a) along the direction L over a horizontal wood (fir) RL surface (prepared at 25% RH) and (b) over a horizontal hydrogel surface. Evolution of liquid drop characteristics in time: spreading length and relative volume. Insets show the aspect of the drop at different times.

Figure 2 :

 2 Figure 2: (a) Local aspect of the foot of a droplet at different times after placing it on a gel surface (prepared at 50% RH): (top) not rinsed gel, (bottom) rinsed gel. The red circle shows a typical region of deformation of the gel. (b) Scheme of the principle of gel swelling around the contact line, allowing for a large apparent contact angle ( ), whereas the effective contact angle (at a local scale), is close to zero.

Figure 3 :

 3 Figure3: Successive views of a line of contact of a water drop (black) advancing on the surface of not rinsed gel (RH=50%) (white). We can see the behavior of two droplets (grey) of residual liquid in front of the line of contact: the large one is immediately included in the water drop when it touches it; the small one is just deformed, remains in contact with the line of contact and is pushed by the drop.
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