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Three dimensional reconstruction of aerogels from TEM images

The knowledge of the internal structure of porous materials is of main importance to compute their physical properties. We focus here on base catalyzed and colloidal silica aerogels, which are fractal materials and we use an original method for the reconstruction of these aerogels from TEM images. The method used is iterative and leads to the same fractal dimension as the real material, computed from the internal two point correlation function.

INTRODUCTION

Aerogels are light porous and often fractal materials. Presently, they are used for the building insulation, and in the past years they were synthesized in high purity or doped silica glasses, Cerenkov counters... Therefore, the modeling of the structure of such materials has been of main importance in order to understand their physical properties [1].

In the end of the 90's , the works of Torquato et al [2][3][4] and Levitz et al. [5,6] resulted in the statistical modeling of porous materials from TEM (Transmission Electronic Microscopy). Yet, their studies are mainly focused on the modeling of the porosity of the material and not of the distribution of matter. In fact, their modeling is statistical or half statistical (from 2D images: cuts) but conserves the physical properties of the whole material.

More recently several authors also modeled porous materials such as sandstones, ultrafiltration cakes,etc. [7][8][9] . These reconstructions remain statistical and no research has addressed fractal materials.

Here, our method allows us to model the structures of three kinds of silica aerogels (two base catalyzed silica aerogels of different densities and one colloidal aerogel) directly from their TEM (Transmisson Electron Microscopy). This is an alternative method to model base catalyzed aerogels [10,11]. We prove, after the reconstruction (first stage), by calculating the two point correlation function of the matter distribution inside the sample that the fractal dimension D of the sample and of the numerical reconstructed model are the same. The question whether the reconstruction is almost quantitative or remains statistical is discussed at the end of this paper taking account the pore distribution (second stage).

EXPERIMENTAL PROCESS

The synthesis of base catalyzed aerogels is well known by now [START_REF] Brinker | Sol gel science: The Physics and Chemistry of Sol-Gel processing[END_REF]. We will recall here the main chemical characteristics for the preparation of our aerogels samples (TEOS issued and Ludox issued and base catalyzed). Three aerogels were synthesized using two different methods. Samples B35 and B100 were obtained from standard hydrolysis and polycondensation reactions of tetramethylorthosilicate (T M OS) diluted in ethanol. They are labelled B for basic hydrolysis conditions is performed by adding hydrochloric acid aqueous solution. After the alcohol supercritical drying treatment the density of aerogels is respectively 0.35g/cm 3 , 0.1g/cm 3 and 0.475g/cm 3 with an accuracy of ±0.05g/cm 3 .

For the TEM imaging, aerogels were crushed in ethanol and suspension put down on carbon film supported by a 300 mesh copper grid. In the TEM images, the darkness corresponds to the quantity of matter at the corresponding location on the image. Only the samples with the lowest thickness lead to an image which could be exploited. Indeed, for large thicknesses, the electronic flux lead to dark images with no contrast regarding different thickness within the sample itself.

We have to add that we used only base catalyzed (B35 and B100) and colloidal (LS) aerogels because we observed no structural evolution during the samples expositions to the electronic flux of the TEM: the TEM images were focused and did not evolve neither in position nor in contrast. In contrast, we tried to analyze by TEM images the structure of acid catalyzed and neutral catalyzed silica aerogels, but the TEM images were out of focus and the samples were moving under the electronic flux, meaning that there was a rearrangement of matter within the sample. The fact that colloidal and base catalyzed silica aerogels have a minimal characteristic thickness of their branches (particles) larger than the other cited types of silica aerogels explains that the samples studied here are stable even during exposure to an electronic flux.

NUMERICAL PROCESS

Image processing

We analyzed the TEM image of the base catalyzed aerogel. The first step is to mesh the photography for which we use the scale of the image and the mean size of the particles composing the aerogel on the TEM photography.

We choose a section of the image where the particles do not overlap too much (i.e. the depth of the sample is not too large) and we slide the boundaries of the image section so that at least one particle per boundary touches it. Once we have cut this section of the photography, we mesh it, each square of the mesh having an edge lower or equal to the size of one particle. Now we have a square meshed image of part of the aerogel. As the original image is in the TIFF format, we transform it in another format (ASCII PNM) where each mesh is associated to an integer: this number gives the greyscale of the mesh (from 0 to 255). Knowing that each mesh corresponds approximately to one particle or more particles having the same x and y coordinates, we are able to deduce from the greyscale the number of particles which are on the same vertical line on the same mesh. In our model, we made the hypothesis that two particles at most are on the same vertical line in the z direction (depth). Therefore , we set a threshold in the greyscale: if a mesh has a greyscale below the threshold it corresponds to only one voxel (pixel in 3d) with a z coordinate corresponding to the greyscale but if it is above the threshold, it corresponds to two voxels on the same vertical line where the depth of each voxel corresponds to respectively 1/3 and 2/3 of its greyscale (the darker the deeper).

Analysis of the three-dimensional structure via fractal laws

To obtain a structure which has the same fractal characteristics as the real aerogels, we used an iterative process. The point here is to adjust the threshold in the greyscale in order, first, to remove the background of the TEM image and second, to obtain a fractal dimension enclosed between 1.8 and 2 (fractal dimension of the experimental samples [START_REF] Brinker | Sol gel science: The Physics and Chemistry of Sol-Gel processing[END_REF].

We start by considering the two points correlation function for the voxels

g(r) =< n(r 0 )n(r 0 + r) > 0 (1) 
This function defines how many voxels can be found at a distance r from a voxel at r 0 .

For random fractals, one may also average the two point correlation functions over different realizations of the whole pattern. We made this last and we averaged the results over three sections coming from three different TEM images of the same original sample. By integrating equation (1), we obtain a relation between average volume (i.e. the aera of the TEM image multiplied by the computed depth in voxels) and length scale. For a homogeneous fractal of fractal dimension D this is :

N (R) = R 0 dr < n(r 0 )n(r 0 + r) > 0 ∝ R D (2) 
So by computing the two points correlation function and by integrating it, we can obtain the fractal dimension D of the three dimensional reconstructed structure. If the fractal dimension D is not in the correct range, we lower or increase the threshold (which modifies the depth and also the average volume). This allows us to verify that our reconstruction is statistically exact.

RESULTS AND DISCUSSION

Figure 1 is the Small Angle XRay Scattering (SAXS) graph for our B35 and B100 samples. The slope of the fractal domain (between the arrows) gives the fractal dimension D = 1.8. For the LS475 sample, we redirect the reader to ref. [START_REF] Brinker | Sol gel science: The Physics and Chemistry of Sol-Gel processing[END_REF]. We present the TEM images for three different types of aerogels: B35, B100 and LS475. These TEM images are presented in figures 2,3 and 4.

Figure 5 (left) is an example of the section (see the black square in fig. 3) of the preceding images that we chose to analyze (in this case it is the base catalyzed aerogel of density 0.100g.cm -3 : B100). The corresponding meshed image is presented in figure 5 (right). One may see that each mesh corresponds to roughly one particle in size and location except that, as meshes are placed on-lattice, it may occur that one real particle may be shared by two meshes.

It is clear from figure 5 that there is a greyscale. After analyzing this greyscale, as presented in section II, we obtain a reconstructed image of a small piece of aerogel in figure 6. The reconstructed image has a low depth as explained in section II.

As it is difficult to obtain the same fractal character as the real aerogel from a reconstructed image, we computed the two points correlation functions (as shown in previous section) on the coordinates of each reconstructed particles (i.e. the coordinates corresponding to the voxels which represent the particles). Figure 7 shows an example the two point correlation functions for the three types of aerogels that we used.

The fractal dimensions obtained from these correlation functions and after averaging over three different results from three different TEM images are:

• Base catalyzed aerogels of 0.035g.cm -3 ± 0.005g.cm -3 density (B35): the computed fractal dimension D = 1.9 ± 0.5

• Base catalyzed aerogels of 0.100g.cm -3 ± 0.005g.cm -3 density (B100): the computed fractal dimension D = 1.8 ± 0.5

• Ludox base catalyzed aerogels of 0.450g.cm -3 ± 0.005g.cm -3 (LS45): the computed fractal dimension D = 1.85 ± 0.5

It is worth noticing that, as we use the coordinates of the voxels to compute the two point correlation function, we may directly compare it with the pore chord distribution function.

As a hypothesis, this implies that the surface of the pores is smooth and that their are no necks between the particles (which is obviously not the case here, but this is a hypothesis)

. Following Levitz [START_REF] Levitz | [END_REF]14], the pore chord distribution may be defined as the number of segments linking two particles composing the aerogel as a function of the segment length r.

If the material has a fractal distribution of mass (which is the case for our materials), the pore chord distribution scales as [START_REF] Levitz | [END_REF][14][15][16][17]:

f (R) ∝ 1 R D-1 (3) 
As we used the fractal dimensions D of our samples as a parameter, it is easy to obtain the pore chord distribution. This may simply lead to the permeability of our samples [START_REF] Levitz | [END_REF][14][15][16][17].

We have to say that the permeability of such materials cannot be found in literature, so we cannot compare our numerical results to experimental data.

As a conclusion to the discussion, we may say that no one made an exact reconstruction of a fractal material. Our reconstruction method is half statistical . We may say that:

• the greyscale gives the number of particles on the same vertical line and their statistical depths

• we used no dilation of the depths

• the previous point shows that there is only an indeterminacy on the z direction of the voxel coordinates

CONCLUSION

We used a new method to reconstruct base catalyzed and colloidal types of silica aerogels which may be used for other fractal materials. Here, we did not focus on the pore network although it is possible (as we wrote it) to compare with the pore distribution. Our method allows us to obtain directly the distribution of matter from a TEM image.

We made TEM images of base catalyzed and colloidal silica. Using an iterative numerical technique on these images taking account of the fractal dimension of the experimental samples (well known in the literature) we obtained three dimensional reconstructed samples of our silica aerogels. This opens new possibilities to compute the internal structure of fractal porous materials and therefore to model their physical properties. 1)) and integrated (corresponding to eq.( 2)) two points correlation functions where the distances are in pixels (edge of a voxel). Upper graph: B35, Middle graph: B100, Bottom graph: LS475

FIG. 1 .

 1 FIG. 1. Small Angle XRay Scattering graph for B35 and B100 aerogels corresponding to our samples. The slope of the fractal domain gives the fractal dimension D = 1.8. For the LS475(Ludox) sample see ref.[START_REF] Brinker | Sol gel science: The Physics and Chemistry of Sol-Gel processing[END_REF] 
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 7 FIG.7. Example of rough (corresponding to eq. (1)) and integrated (corresponding to eq.(2)) two

  

  

  

FIG. 2. TEM image of a B35 aerogel

FIG. 3. TEM image of a B100 aerogel