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We attempt here to clarify the influence of the nature of the solvent on the ice-templating process, based on literature experimental results of porosity and suspension concentration. In particular, we compare the relative influence of surface tension, osmotic pressure and the pore size and radius of curvature on the densification of the green bodies. Variations of the osmotic pressure when changing the solvent can yield significantly different behaviour during the freezing stage and therefore significantly affect the densification behaviour, an effect not apparent when using the Shanti model. In addition, and equally important, a modification of the macropores morphology is induced by the evolution of the solvent crystals morphology, and resulting in smaller and more intricate crystals and macropores which facilitates the densification. The radius of curvature is probably also an essential parameter controlling the densification of ice-templated ceramics.

Introduction

The ice-templating process has attracted an increasing interest over the last few years, in particular in the field of porous ceramics [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF] . The porosity in these materials is templated by the solvent crystals, which are subsequently removed by sublimation to obtain a green body, which in turn can be densified by conventional sintering methods. The process share many similarities with the existing ceramic processing routes -such as slip casting or pressing-from the point of view of particles packing in the green body. Nevertheless, some specificities of the process should be investigated with greater attention. In particular, the choice of the solvent, which can be made for pragmatic reasons such as a higher solidification temperature or the absence of specific equipment -e.g., a freeze-dryer-for solvent removal, can also have a great influence over the characteristics of the porous bodies obtained. The solvent play a key role on the redistribution and packing of particles which occur during the solidification step. Here, we attempt to clarify the influence of the nature of the solvent on the process, based on literature data. In particular, we compare the relative influence of surface tension and the pore size and radius of curvature on the densification of the green bodies.

Results and Discussion

The nature of the solvent is one of the many parameters which can be selected or adjusted in the ice-templating process. Water is the most commonly used, for obvious practical reasons, but also for the unique directional lamellar morphologies it usually provides. Camphene has also attracted a lot interest, since the solidification temperature is much higher and avoids the use of low temperatures, and sublimation of the camphene crystals can occur at room temperature and pressure. Other solvents or solvent mix have been considered, such as glycerol, dioxane or camphor-naphtalene. The relationships between the slurry concentration (in volume) and the total porosity for these solvents and many different materials are plotted in figure 1. Of course, a great dispersion of the values is observed, due variations of the processing conditions, slurries formulation, nature and characteristics of the powders, and densification conditions. We can nevertheless already notice that the porosity seems to be systematically much lower when camphene is used, compared to samples processed with water. Interestingly, the total porosity is even lower with the glycerol or dioxane water mix, although only a few reports can be found and data scattering -as observed for water and campheneis unknown.

A first parameter to take into account is the volume change of the solvent during the solidification: the solidification of water leads to a slight volume increase, while camphene slightly shrinks. This effect alone can nevertheless not account for the magnitude of differences observed experimentally (complete densification in some cases).

The local density in the green body will depend on the particles redistribution and concentration behaviour during the solidification step. Only a few parameters should account for the characteristics of particle packing in the ice-templated porous bodies.

Here we use the model developed by Shanti et al. [START_REF] Shanti | Particle Redistribution During Dendritic Solidification of Particle Suspensions[END_REF] , which have proved to be reliable so far. Particles are rejected by the growing crystals and concentrate in the intercrystals space, until the osmotic pressure exceeds the capillary pressure. At this point, the solidliquid interface invades the interparticles space. The concentration at which this bal-ance is lost is referred to as the breakthrough concentration. The breakthrough concentration therefore defines, after the sublimation step, the relative proportion of macropores, corresponding to pure ice crystals, and micropores, corresponding to the interparticle spaces in the concentrated particles regions between the pure ice crystals. If the breakthrough concentration is lower, the fraction of macropores is lower and the fraction is micropores is greater. This balance can be of great importance for densification, since micropores are easily removed during the sintering step. Let us first assume that the observed differences in densification behaviours originate from variations of the breakthrough concentration.

The breakthrough concentration φb can be expressed as
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φm being the volume fraction of particles at maximum packing, T the temperature, R the particle radius (assuming particles are spherical) and γ the surface tension of the solvent. The only parameter of the solvent playing a role here is therefore the surface tension.

When plotting W vs. surface tension (fig. 2), water and camphene exhibits a very similar behaviour for usual particle sizes (0.2-1 μm). Variations of W become important for low surface tension and low particle size. This is more clearly observed when plotting W vs. particle size, for water and camphene (fig. 3). The critical value of particle size, at which W becomes non-negligible (>1%), is around 300 nm for camphene and only 50 nm for water. Although the typical average particle size in commonly used ceramics powders is around 0.2-1 μm, the presence of a population of small particles (<100 nm) is almost systematic. It is also known that such a population of small particles, even if very limited, can have a tremendous influence over the osmotic pressure of colloidal suspensions [START_REF] Rami | Colloidal Stability for Concentrated Zirconia Aqueous Suspensions[END_REF] . In our case, an increase of the osmotic pressure induces an important shift of the breakthrough concentration. We can therefore assume that in all cases, the breakthrough concentration will be lowered when the surface tension is lowered. The fraction of micropores in the green bodies processed with camphene should be greater than that of those processed with water. If we assume that this has a first order influence over the densification mechanism, since micropores are easily removed, a greater fraction of micropores should make densification easier, so that we should expect lower porosity content with camphene or other low surface tension solvents. The experimental results are in good agreement with this theoretical result:

porosity is systematically lower with camphene than with water. The differences in porosity between water-based and camphene-based materials are nevertheless too large to be accounted for only by the previously exposed reason. A variation of the surface tension, with the consequences previously exposed, should results in variation of the porosity of a few percent (typically 1 to 5%), no more, as shown in figure 2 and3. The experimental data show that the variations in porosity can be as high a 20% with camphene, and even up to 40% with camphor-naphtalene. The balance between micropores and macropores is therefore probably not the most important parameter controlling the densification, according to the model of Shanti et al.

The Shanti paper, in deriving their expression for φb, actually neglects the effect of the solvent on the osmotic pressure P of the colloidal particles. That solvent effects cannot be neglected is illustrated by measurements of the osmotic pressure of silica particles (R=0.25μm) dispersed in water (.01M NH4Cl) and in toluene [START_REF] Guo | Aggregation Effects on the Compressive Flow Properties and Drying Behavior of Colloidal Silica Suspensions[END_REF] . In toluene the osmotic pressure, at a given particle volume fraction, is found to be several orders of magnitude greater than in water. Thus changing the solvent can have a huge effect on the measured osmotic pressure. The analysis given in the Shanti paper cannot account for this effect as they use an expression for the osmotic pressure that is independent of the solvent, and is based on a hard-sphere equation of state. The solid-liquid surface energy of water varies from 0.07 to 0.03 N/m 5 , depending on its purity, while that for toluene is approximately 0.01 N/m [START_REF] Hatase | Discovery of homogeneous-nucleation-based crystallization in simple glass-forming liquid of toluene below its glass-transition temperature[END_REF] . Applying these values to the equation 1 yields (assuming φm = 0.64):

φb (water) = φm -.006 = 0.634 φb (toluene) = φm -.008 = 0.632 Thus, according to the Shanti model, it would seem changing the solvent has little effect on the breakthrough concentration. However, as noted above the Shanti derivation neglects the effect of the solvent on the osmotic pressure. Instead of the Shanti equation one should use the more general equation of the osmotic pressure derived by White [START_REF] White | Capillary rise in powders[END_REF] (assuming spherical particles) to determine φb:
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where P is the measured osmotic pressure. To determine φb from this equation one chooses φb until the left hand and right hand sides match. If we apply this equation to the experimental data of Guo [START_REF] Guo | Aggregation Effects on the Compressive Flow Properties and Drying Behavior of Colloidal Silica Suspensions[END_REF] we obtain: φb (water) = 0.63 φb (toluene) = 0.4

Thus changing the solvent would significantly reduce the breakthrough concentration. This seems much closer to the values required in the camphene case to account for the variations of the experimental observations. One way to test this more general relation would be to determine the osmotic pressure of the colloidal particles when dispersed in both water and camphene, and the other solvents such as dioxane and glycerol. If they differ by several orders of magnitude, it is likely the more general White equation will yield significantly different breakthrough concentrations.

Finally, we propose here that an additional parameter is controlling the densification of the green bodies, that is, the local curvature of the solid interface. It is well established that the diffusion processes, associated to grain growth and densification during solid-state sintering of ceramic powders, are governed by the curvature of the interfaces (solid / vapour for densification, solid / solid for grain growth). The driving force is the pressure difference across the interface, DP, having the well known expression:
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with g the surface energy of interest and R the radius of curvature of the interface. The lower the radius of curvature of the interfaces, the higher the driving force for grain growth and/or densification.

In the case of ice-templated ceramics, very different morphologies are obtained when different solvent are used [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF] . In particular, in the case of camphene, highly dendritic structures are obtained, therefore with a low radius of curvature of the interface. When using water, lamellar morphologies of greater pores dimensions and with a less intricate structure are obtained. In the case of glycerol and dioxane/water suspensions, the structures are even more intricate, with smaller and more dendritic pores. The experimental results summarized in figure 1 are in good agreement with this hypothesis. Green bodies with structures exhibiting a low local radius of curvature will facilitate the densification and yield porous structures with a lower porosity content, which is schematically represented in figure 4. For an equivalent initial slurry concentration, the final total porosity decreases when the low local radius of curvature decreases. For green bodies where the pores are very small and intricate [START_REF] Araki | Room-Temperature Freeze Casting for Ceramics with Nonaqueous Sublimable Vehicles in the Naphthalene-Camphor Eutectic System[END_REF] , the porosity can be completely removed by densification.

Conclusions

Based on a review of the literature data and an analysis of the model developed by Shanti et al., we propose here that the densification of ice templated ceramics is governed both by the influence of the osmotic pressure during the solidification stage and by the morphology of the macropores, and more specifically the radius of curvature of the solid/vapour interface. The choice of a solvent for the process, such as water, camphene, dioxane or glycerol, will have a partial influence through the variation of the surface tension, which affects local particles packing and therefore the balance between macroporosity and microporosity, but this alone cannot explain the magnitude of porosity variations observed experimentally. The Shanti derivation neglects the effect of the solvent on the osmotic pressure. Instead of the Shanti derivation one should, for instance, use the more general equation of the osmotic pressure derived by White.

Variations of the osmotic pressure when changing the solvent can yield significantly different behaviour during the freezing stage and therefore significantly affect the densification behaviour, an effect not apparent when using the Shanti model. In addition, and equally important, a modification of the pores morphology is induced by the evolution of the solvent crystals morphology when changing the solvent. Highly dendritic and small crystals will facilitate the densification of the green body and yield porous materials with a lower total porosity. Determination of the osmotic pressure in the typical ice-templating suspensions are required to validate these propositions. 
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 1 Fig 1: Total porosity vs. slurry concentration, literature data 2,8-31 . The samples made with water, and camphene are respectively in white and dark. Other solvent are also represented, although fewer results can be found. The porosity of samples made with camphene is almost systematically lower than when made with water.

Fig 2 :

 2 Fig 2: W vs. surface tension, for various particle sizes, and for a fixed temperature of 273K. The surface tension of water is very sensitive to the presence of impurities and usually lower than the value for pure water.
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 34 Fig 3: W vs. particle size, for camphene at 319K and water at 263 K

  

Table 1 :

 1 Surface tension of commonly used solvents[START_REF] Bayander | Solid-liquid interfacial energy of camphene[END_REF] 

	Solvent	Surface tension (N/m)
	Water	0.07 to 0.03
	Glycerol	0.065
	Dioxane	0.03
	Camphene	0.0044
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