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EXPLORING AVENUES TO DESIGN NEGATIVE POISSON'S RATIO COMPOSITE MATERIALS

Introduction

Auxetic materials are characterized by a negative Poisson's ratio: they get fatter when stretched, and thinner when compressed. The Poisson's ratio effect is so fundamentally important to the properties of a material that a large change in its value leads to significant effects on the material's mechanical performance. In 1987, Lakes [START_REF] Lakes | Foam structures with a negative Poisson's ratio[END_REF] first discovered the negative Poisson's ratio effect in polyurethane foam with re-entrant structures, which was named anti-rubber, auxetic, and dilatational by later researchers. A good review on the latest advances on the auxetic materials; their structure and deformation mechanisms, applications and specific performance can be found in [START_REF] Yang | Review on auxetic materials[END_REF]. Moreover Lakes, [START_REF] Lakes | Advances in negative Poisson's ratio materials[END_REF] presented a review dealing with the research advances related and the fabrication methods of the auxetic materials. A large number of new materials were found to have the counter-intuitive effect of negative Poisson's ratio due to different structures and deformation mechanisms. This effect results in many specific properties of these materials, which may lead to some interesting applications. There are many kinds of auxetic materials: auxetic cellular solids, auxetic micro-porous polymers, molecular auxetic materials and auxetic composites (see Ref. [START_REF] Yang | Review on auxetic materials[END_REF] for more details). The present work deals with auxetic materials such as composites composed of a matrix material and embedding voids or inhomogeneities of different shape on the one hand and laminated fiber reinforced composites on the other hand. To this end, the recent multi-coating micromechanics models [START_REF] Lipinski | Micromechanical modeling of an arbitrary ellipsoidal multi-coated inclusion[END_REF][START_REF] Koutsawa | Multi-coating Inhomogeneities Problem For Effective Viscoelastic Properties of Particulate Composite Materials[END_REF] will be used to explore the design space of potential microstructures that would lead to the auxetic behavior.

Micromechanics model and preliminary results

A composite material containing a volume fraction of multi-coated inclusions is considered. The topology of the present multi-coated inhomogeneity problem (see Fig. 1 (a)) consists of a volume V1 of an inhomogeneity phase whose behavior is described by the elastic moduli tensor C 1 . Surrounding this ) layers of coatings of other materials whose behaviors are described by their respective elastic moduli tensor C i , and that occupie volumes Vi, i ∈ {2, 3,.., N}. The coating N is a shell of the matrix material. This multi-coated inhomogeneity is then embedded in a reference material characterized by its elastic moduli tensor C 0 . According to the particular case of the generalized self-consistent scheme, the reference medium is assumed to have the elastic behavior (C eff ) of the unknown effective medium. The present framework is limited to the case of small perturbation theory and the interfaces matrix-coating, coating-coating and coating-inhomogeneity are assumed to be perfect. Micromechanical schemes are based on two distinct steps: (i) localization, which determines the relationship between the microscopic (local) fields and the macroscopic (global) loading, and (ii) homogenization, which employs averaging techniques to approximate the macroscopic behavior. In general, the effective moduli tensor C eff of the equivalent composite can be rewritten as [START_REF] Lipinski | Micromechanical modeling of an arbitrary ellipsoidal multi-coated inclusion[END_REF][START_REF] Koutsawa | Multi-coating Inhomogeneities Problem For Effective Viscoelastic Properties of Particulate Composite Materials[END_REF] (
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where A k is the global strain localization tensor for the k th phase (see Ref. [START_REF] Lipinski | Micromechanical modeling of an arbitrary ellipsoidal multi-coated inclusion[END_REF] for details). This global strain localization tensor, A k is directly related to the interaction tensors, T II (see Refs. [START_REF] Lipinski | Micromechanical modeling of an arbitrary ellipsoidal multi-coated inclusion[END_REF][START_REF] Vieville | Modelling effective properties of composite materials using the inclusion concept. General considerations[END_REF]). The Figure 1(b) presents the variation of the computed effective Poisson's ratio, ν12 eff as a function of the porosity for a hollow-cored multi-layered (3 coatings) circular cylinder phases. It can be noticed that expected auxetic behavior can be achieved with a suitable combination of the considered material properties of the composite's constituents.

Conclusion

The hollow-cored multi-layered inhomogeneity seems to be an interesting way to design composites displaying auxetic behavior. Others ways such as non-homothetics and oriented inhomogeneities are also being explored. For numerical stability, the incremental scheme presented in [START_REF] Vieville | Modelling effective properties of composite materials using the inclusion concept. General considerations[END_REF] has been introduced in the present model. Further works will deal with the multi-site version [START_REF] Vieville | Modelling effective properties of composite materials using the inclusion concept. General considerations[END_REF] of the micromechanics schemes to properly take into account the topological texture of the microstructure.
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 1 Figure 1. (a) Topology of the multi-coated inhomogeneity, (b) Computed Poisson's ratio evolution with the porosity inhomogeneity phase are (N-1) layers of coatings of other materials whose behaviors are described by their respective elastic moduli tensor C i , and that occupie volumes Vi, i ∈ {2, 3,.., N}. The coating N is a shell of the matrix material. This multi-coated inhomogeneity is then embedded in a reference material characterized by its elastic moduli tensor C 0 . According to the particular case of the generalized self-consistent scheme, the reference medium is assumed to have the elastic behavior (C eff ) of the unknown effective medium. The present framework is limited to the case of small perturbation theory and the interfaces matrix-coating, coating-coating and coating-inhomogeneity are assumed to be perfect. Micromechanical schemes are based on two distinct steps: (i) localization, which determines the relationship between the microscopic (local) fields and the macroscopic (global) loading, and (ii) homogenization, which employs averaging techniques to approximate the macroscopic behavior. In general, the effective moduli tensor C eff of the equivalent composite can be rewritten as[START_REF] Lipinski | Micromechanical modeling of an arbitrary ellipsoidal multi-coated inclusion[END_REF][START_REF] Koutsawa | Multi-coating Inhomogeneities Problem For Effective Viscoelastic Properties of Particulate Composite Materials[END_REF]