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Simulation of Anisotropic Pyrolytic Carbons Using a Polygranular Image Guided Atomistic Reconstruction Approach

INTRODUCTION

Pyrocarbons (pyC) are dense, anisotropic, turbostratic carbons that form the matrices of high performances carbon/carbon thermostructural composites. We propose here a new method for the generation pyC atomistic models, called polygranular image guided atomistic reconstruction (PG-IGAR), improving on the previously introduced IGAR method [START_REF] Farbos | Nanoscale structure and texture of highly anisotropic pyrocarbons revisited with transmission electron microscopy, image processing, neutrons diffraction and atomistic modeling[END_REF]. It relies on the construction of a textured 3D Voronoï tesselation image based on experimental diffraction data, which then serves as an external potential bringing the atoms to settle preferentially on the black areas during a conventional simulated annealing simulation. The method is applied to produce a large data base of models with independent variations of the structural/textural parameters ( L a , L c , and the orientation angle of selected area electron diffraction (SAED) patterns). Elastic properties are then computed and discussed in relation with the structural/textural parameters.

METHODS

Atomistic pyC models are constructed according to the following steps (Figure 1). First, a 3D Voronoï tessellation is created to accommodate anisotropic grains with prescribed target L a and L c values in a cubic volume of 12.5 nm width. It is then decorated with lattice fringes with prescribed interlayer distance (d 002 ) and a distribution of orientations following the target orientation angle OA (full width at half maximum of the OO2 arc in SAED patterns). Atomistic models are then obtained by slowly cooling a liquid of carbon atoms under the influence of a potential field derived from the grey levels of the decorated image, ranging from 0 eV (black) to 4eV (white). The second generation REBO potential [START_REF] Brenner | A secondgeneration reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF] is used to describe the interatomic interactions between C atoms. After this quench, the external field is removed and the system is relaxed at 300 K with a simulation controlled by the LCBOPII interatomic potential implemented in the MD code STAMP [START_REF] Los | Improved long-range reactive bond-order potential for carbon[END_REF]. Application of this method is presented through two parametric studies: i) the evolution of the crystallite sizes in the 1-8 nm range at fixed OA (30 degrees); and ii) the evolution of OA from 10-100 degrees at fixed crystallite sizes La=Lc. In this two studies, the density is fixed at 2.16 g/cm 3 , close to the experimental values (Farbos, 2015). Relaxed models are characterized using diffraction data (X-Ray, Neutron), by simulating Pair Distribution Function (PDF) and Structure Factor S(Q). A structural analysis is performed in order to quantify the amount and nature of defects composing the models. Finally, high resolution transmission electron microscopy (HRTEM) images are simulated using Dr Probe [START_REF] Barthel | Dr. Probe: A software for high-resolution STEM image simulation[END_REF]. SAED patterns are obtained through fast Fourier transform (FFT) of the HRTEM images and the OA values extracted from the 002 arcs. Finally, elastic tensors of the models are computed using molecular dynamics simulations at small deformations.

RESULTS AND DISCUSSION

Only the case where we imposed crystallytes sizes equal to (L c ,L a )=(2.5, 2.5) nm and a disorientation of 30 degrees is presented in this extended abstract (Figure 2). Compare to the IGAR method [START_REF] Farbos | Nanoscale structure and texture of highly anisotropic pyrocarbons revisited with transmission electron microscopy, image processing, neutrons diffraction and atomistic modeling[END_REF]), it appears that the "out of plane" organization given by the 002 peak is well reproduced. The "in plane" organization given by the 10 asymmetric band is also well reproduced. Coherence length L c is obtained by fitting the 002 peak with a Pseudo-Voigt function and coherence length L a is obtained by fitting the 10 asymmetric band with a Skewed Gaussian function. Computed values are relatively closed with experimental values. HRTEM image and SAED pattern are simulated for 1 nm slice and the full model (Figure 3). For the 1 nm slice, the grains are clearly visible in the simulated HRTEM image. Indeed the slice thickness is smaller than the domain sizes. For the full model, with a thickness of 12.4 nm, grains boundaries are not clearly visible in the simulated HRTEM image and in the model snapshot. A superposition Moiré effect is observed and a smoothing effect seems to increase apparent anisotropy. Extracted OA from the SAED pattern is closed to the imposed value (OA computed = 34° .vs. OA imposed = 30°) and gives the model texture.

CONCLUSION

To conclude, we propose a new approach to reconstruct anisotropic pyrolitic carbons. Unlike the IGAR method, this approach based on experimental diffraciton data combined with MD simulations allows to obtain several realistic models, which are directly comparable to the experimental models. Reconstructed models are validated by comparison between experimental and simulated PDF, S(Q) and HRTEM images. It permit to obtain a large database concerning pyrolitic carbons.
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 1 Figure 1: Principle of the PG-IGAR method.
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 2 Figure 2: Comparison between simulated and experimental S(Q) for the Rough Laminar.
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 3 Figure 3: HRTEM images simulated for 1nm slice and full model. SAED pattern in insert.
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