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Introduction

In recent decades, industrial applications based on composite materials have expanded widely in various fields such as aeronautics, automotive, architecture, sports and the renewable energy sector. This plebiscite is explained by their weight/performance ratio which often places them without direct competition with other material classes [START_REF] Özdemir | Computational homogenization for heat conduction in heterogeneous solids[END_REF]. Another advantage, mainly (especially for metallic materials), is the absence of corrosion. In addition, good mechanical fatigue performance should generally be emphasized.

The choice of a material for a given system is obviously based on the initial performance, in accordance with the functional expectations of the structure, but also on the maintenance of these performances throughout its service life. In the case of composites, it is well known that the initial properties are generally high but also that they will drop more or less quickly depending on the service environment [START_REF] Karakuzu | Environmental effects on mechanical properties of glass-epoxy composites[END_REF][START_REF] Ellyin | Environmental effects on the mechanical properties of glass-fiber epoxy composite tubular specimens[END_REF]. This loss of properties is often a direct consequence of degradation of the fibre/matrix interface during physical and/or chemical ageing. In order to improve this sustainability, it is essential to fully understand the often complex physical and chemical phenomena involved.

To improve the chemical compatibility between the fibre and the matrix, a physico-chemical treatment called "sizing" can be applied on the top surface of the fibre before composite manufacturing. This typically aqueous solution increases the wettability of the glass fibre surface in order to improve adhesion with the matrix resin [START_REF] Dey | Influence of sizing formulations on glass/epoxy interphase properties[END_REF][START_REF] Mcmican | Sizing stability is a key element for glass fibre manufacturing[END_REF]. The simplest sizing is based on water as solvent, a film forming agent and a coupling agent. For glass fibres organosilanes are the preferred coupling agents used in the industry, due to their small molecular structures and efficiency [START_REF] Al-Moussawi | The silane/sizing composite interphase[END_REF]. In addition, the use of sizing containing silane compounds (or titanates or zirconates) is a relevant solution for glass fibre systems to ensure protection of the fibre surface against corrosive attacks. However, if only organosilanes are used, the sizing will weaken the fibres and break during the formulation process [START_REF] Mcmican | Sizing stability is a key element for glass fibre manufacturing[END_REF]. Therefore, except the solvent, sizing is a mixture of mainly three components chosen for their specific functions, the proportion of which is of the order of [START_REF]Interfaces and interphases[END_REF]: 80%-90% film forming agent which aims to protect the fibres from contacts, to ensure the cohesion of the mono-filaments and to promote the impregnation of the matrix. It will also determine the improved adhesion, the mechanical properties of the composite, the resistance to water and/or chemical attacks and thermal stability; 5%-10% coupling agent that promotes the creation of strong chemical bonds between the fibre and the matrix. These are organosilanes of formula R-Si(X)3 which increase the chemical interaction between the surface of the fibres and the resin by creating covalent bonds; 5%-10% auxiliary agents such as surfactants, lubricants, antistatics and antioxidants, which promote the use of sizing (i.e. more uniform and homogeneous distribution of sizing).

When the reactive resin matrix impregnate the sizing fibres, chemical reactions occur between these two parts, modifying the structure of the matrix network in the vicinity of the fibres which is different than bulk (unmodified) matrix network. A new region of finite dimensions, known as interphase, is created between the unmodified matrix and fibres. It has non-uniform mechanical properties which are different from those of the raw components [START_REF] Jasiuk | The effect of an inhomogeneous interphase on the elastic constants of transversely isotropic composites[END_REF][START_REF] Wang | Numerical modeling of the elastic behavior of fiber-reinforced composites with inhomogeneous interphases[END_REF][START_REF] Shabana | A micromechanical model for composites containing multi-layered interphases[END_REF]. So, the sizing therefore promotes chemical coupling between fibres and matrix, but causes a modification of the properties of the matrix in the vicinity of the fibre. Indeed, a more or less significant change in the behaviour and mechanical and physico-chemical properties of this modified matrix area is demonstrated [START_REF] Thomason | Sizing up the interphase : an insider's guide to the science of sizing[END_REF]. The reactivity of the coupling agents with the filmforming agents must be as high as possible to ensure that the reinforcements are properly sized, that is to say, with good interfacial properties (adhesion, strength, energy dissipation).

In addition, the chemical reactivity and the nature of the film-forming agents can significantly influence the interphase and its failure mode [START_REF] Dey | Influence of sizing formulations on glass/epoxy interphase properties[END_REF].

Interface and interphase concept

The interface is considered as the 2D boundary that is the contact surface between the fibres and the matrix [START_REF]Interfaces and interphases[END_REF]. An optimized interface is necessary for the composite to achieve maximum mechanical properties in static and dynamic modes. Composites for structural applications require a very strong but fragile fibre/matrix interface while those used for their performance under impact or for their damage tolerance, require an interphase with a high energy absorption capacity [START_REF] Gao | Effect of colloidal silica on the strength and energy absorption of glass fiber/epoxy interphases[END_REF][START_REF] Dey | Influence of sizing formulations on glass/epoxy interphase properties[END_REF].

The interphase is a three-dimensional transition zone between the fibres and the matrix which has its own mechanic and chemical characteristics, different from those of the matrix [START_REF] Al-Moussawi | The silane/sizing composite interphase[END_REF]. It is formed by inter-diffusion of the sizing components with the matrix resin [START_REF] Dey | Influence of sizing formulations on glass/epoxy interphase properties[END_REF], as schematically shown in Figure 1. Therefore, its properties are strongly influenced by the nature of fibre treatment (sizing). The compatibility of the sizing constituents must be optimal with the polymer matrix to prevent non-reactive components of the sizing from interphase [START_REF] Kim | Nanoscale characterisation of interphase in silane treated glass fibre composites[END_REF]. If this happens, an under-crosslinked network and a lower interphase durability will be identified [START_REF] Gorowara | Molecular characterization of glass fiber surface coatings for thermosetting polymer matrix/glass fiber composites[END_REF]. valuable challenge for the industry even if the improvement of the interphases is not sufficient to optimize the transfer of stress from the composites [START_REF] Belec | Comparative effects of humid tropical weathering and artificial ageing on a model composite properties from nano-to macro-scale[END_REF]. The adhesion quality is directly linked to the intrinsic matrix and sizing properties.

The thickness of the interphase depends on the type of sizing used for the surface treatment of the fibres and the concentration of the sizing coupling agent used [START_REF] Mallarino | Interphase investigation in glass fibre composites by micro-thermal analysis[END_REF][START_REF] Kim | Nanoscale characterisation of interphase in silane treated glass fibre composites[END_REF][START_REF] Gao | Characterisation of interphase nanoscale property variations in glass fibre reinforced polypropylene and epoxy resin composites[END_REF]. It also depends on the ability of the coupling agent to react (chemically) and promote inter-diffusion with the matrix. Despite interphase small size (of the order of few hundred nanometers), its mechanical properties can significantly affect the overall macroscopic behaviour of the composite [START_REF] Kari | Evaluation of influence of interphase material parameters on effective material properties of three phase composites[END_REF].

The quality of a composite material and especially its mechanical performance are therefore directly linked to the quality of its interphase [START_REF] Wacker | Effect of interphase on the transverse Young's modulus of glass/epoxy composites[END_REF][START_REF] Thomason | The interface region in glass fibre-reinforced epoxy resin composites: 1. Sample preparation, void content and interfacial strength[END_REF][START_REF] Thomason | The interface region in glass fibre-reinforced epoxy resin composites: 2. Water absorption, voids and the interface[END_REF]. The main role of the latter is to ensure the transfer of stresses to reinforcements [START_REF] Mäder | Role of film formers in glass fibre reinforced polypropylene-new insights and relation to mechanical properties[END_REF][START_REF] Gao | Effect of colloidal silica on the strength and energy absorption of glass fiber/epoxy interphases[END_REF]. The formation of an interphase either flexible or rigid is possible, it will depend on the combination between the reinforcement, the matrix and the applied sizing. The development (or absence) of a solid fibre/matrix interphase has a significant effect on the fracture mode and fracture of composite surfaces [START_REF] Larson | Glass fibre sizing/matrix interphase formation in liquid composite moulding : effects on fibre/matrix adhesion and mechanical properties[END_REF].

Similarly, the rupture of a composite (essentially cohesive damage [START_REF] Sih | Particle and continuum aspects of mesomechanics:Mesomechanics 2007[END_REF]) under loading in its cross section, begins at the fibre/interphase interface and therefore its properties greatly affect the transverse resistance of the material [START_REF] Vaughan | Micromechanical modelling of the transverse damage behaviour in fibre reinforced composites[END_REF][START_REF] Frenzel | Influence of different interphases on the mechanical properties of fiber-reinforced polymers[END_REF].

To improve the performance of composite materials, adhesion between the matrix and the reinforcements must be a priority and therefore it is crucial to understand the effect of interphase parameters on the overall behaviour of the composite. However, any change of these parameters requires many experimental measurements to characterize the new macroscopic behaviour of the material. As a result, significant time, material and financial costs are rapidly reached [START_REF] Lagache | Role of interphase on the elastic behaviour of composite materials: Theoretical and experimental analysis[END_REF]. To reduce these costs, the use of digital delegations becomes relevant. For example, models based on a micro-mechanical description have been popular in recent years for their efficiency (precision/time).

Numerical and Multiscale approaches

Several authors analyse composites on a macroscopic scale by considering homogenized properties, but this approach does not make it possible to visualize the interactions between the constituents of the composite [START_REF] Ghayoor | A micromechanical study of stress concentrations in composites[END_REF]. To understand the damage and ruin of composite materials, we must approach the scale of the constituents: fibre, matrix, interface and interphase. Multi-scale approach is a technique commonly used to study the properties and behaviour of heterogeneous materials. It makes possible to involve several scales in the description or the prediction of the mechanical behaviour of the material. The phenomena associated with different scales can therefore be taken into account for the understanding and description of the behaviour of the composite material at the macroscopic scale. This method facilitates the resolution of complex problems by considering only a sub-volume of the set called REV [START_REF] Zhang | Multiscale modeling of macroscopic and microscopic residual stresses in metal matrix composites using 3d realistic digital microstructure models[END_REF][START_REF] Dai | Multi-scale damage modelling of 3d woven composites under uni-axial tension[END_REF] (Figure 2) which faithfully translates the behaviour of the macroscopic model [START_REF] Greco | Adaptive multiscale modeling of fiber reinforced composite materials subjected to transverse microcracking[END_REF][START_REF] Catapano | A multi-scale approach for the optimum design of sandwich plates with honeycomb core. Part I: Homogenisation of core properties[END_REF][START_REF] Xing | A multiscale eigenelement method and its application to periodical composite structures[END_REF][START_REF] Spanos | Mechanical properties of graphene nanocomposites: A multiscale finite element prediction[END_REF]. In a numerical approach, this method reduces the computation time significantly.

Several strategies can solve the problems of continuum mechanics as finite element analysis (FEA), boundary element method (BEM), discrete element method [START_REF] Ismail | Discrete element modelling of unidirectional fibrereinforced polymers under transverse tension[END_REF], finite volume method, finite difference method and the Galerkin methods applicable for specific problems [START_REF] Mishnaevsky | Continuum mesomechanical Finite Element modeling in materials development: A state-of-the-art review[END_REF]. Even if the basis is discretization, each method has its advantages and disadvantages depending on the problem to be solved. For example, the finite difference method is not very efficient in the case of geometrically complex structures. The BEM which is very efficient in terms of computation time, focuses only on the edges of the model. The FEA makes it possible to take into account all the geometric details of the part to be modelled. Indeed, the discretization of geometry by many finite elements will allow a fairly accurate description of the modelled structure. FEA is the most widely used method and therefore the one considered in this work. The aim of this work is to highlight the role of interphases in the sustainability of a glass fibre / epoxy composite subject to natural tropical ageing. It is based on an approach combining experimental measurements, analytical and numerical modelling. The evolution of interphase properties and its impact on the macroscopic properties of composites will be highlighted.

Experimental

UD composite samples

A UD composite has been elaborated from two constituents supplied by Sigma Aldrich: a prepolymer of the liquid DGEBA type (with n = 0.13) and an aliphatic amine hardener (diethylenetriamine -DETA with purity at 99%) at stoichiometric ratio. The reinforcements of the polymer matrix are E-glass fibers supplied by Owens Corning Reinforcements in the form of roving. A simplified size treatment based on coupling agent of type γ-AminoPropyltriethoxySilane (γ-APS) without addition of components such as films, plasticizers or surfactants agents, has been selected for its compatibility with the polymer matrix and especially to obtain a "model" composite, in theory simpler to identify the phenomena involved at the interphase.

Unidirectional plates with 2 mm of thickness, containing about 20% vol. of fibres, have been obtained by moulding after a curing cycle (2 h at 60°C, followed by 2 h at 120°C, then 2 h at 140°C) to obtain a maximum conversion.

SEM observations at the initial state

SEM observations (Figure 3) show the presence of defects in the form of pores at the micrometer scale (identified at 1.2% by gravimetric measurement) and a high heterogeneity of the spatial distribution of the fibres in the matrix. However, 

three-point bending tests at the initial state

Macroscopic scale characterizations, by three-point bending test [START_REF] Afnor | Norme européenne, norme française NF EN 2746[END_REF], have been realized to identify the elasticity properties of the resin alone and the composite. Elastic modulus (E) values are reported in Table 1. The addition of a fibre rate of 20% vol. allows to increase E with a gain of more than 40% compared to the resin alone. A dispersion of the experimental values around 13% for the resin and 7% for the composite is observed. The AFM measurements has been used to characterize the vicinity of the fibres and to identify the mechanical properties of the interphase areas as shown in Figure 4. Two areas with very different elastic properties are highlighted in the composite sample at the initial state. When the measurements are realized in the vicinity of the fibres, over a distance of between 50 nm and 500 nm from the fibre, a lower elastic modulus is obtained. Beyond a distance of 500 nm from the fibre, a higher module value is observed. The latter reflects the rigidity of the network of the well cross-linked epoxy matrix away from the fibres. Elastic modulus mean values equal to 1.9 GPa for the interphase and 3 GPa for the matrix, will be taken for numerical modelling. The set of input data relevant to the numerical models are summarized in Table 2. Elastic modulus value of the matrix measured by AFM corresponds to twice elastic modulus value previously calculated during the 3-point bending tests. A discussion of this difference will be introduced when analysing numerical results. The Poisson's ratio of the matrix is acquired from literature [START_REF] Berthelot | Matériaux composites[END_REF] and the interphase Poisson's ratio is assumed equal due to our incapability of measuring it experimentally. However, in a previous work [START_REF] Riaño | Effect of interphase region on the elastic behavior of unidirectional glass-fiber/epoxy composites[END_REF] a numerical sensitivity analysis of the interphase Poisson's ratio has been realized. These works conclude that the interphase Poisson's ratio has no significant impact on the composite Young's modulus. 

Natural ageing

The materials described in this study have been exposed to a natural ageing of tropical type.

The samples were placed on a rooftop in Danang University in Vietnam. The area is favourable for monsoons with a high rate of sunshine and high rainfall and humidity. The average annual solar energy at Danang is of the order of 6400 MJ/m 2 (for an average value of about 6000 MJ/m 2 for Toulon [START_REF]Ministre des Ressources Naturelles Canada avec la coordination des NASA, UNEP, GEF et REEEP : Logiciel RETScreen Plus[END_REF]). Furthermore, the average relative humidity is 82% ± 4% and the average temperature values are between Tmin = 22.6°C ± 2.3°C and Tmax = 29.8°C ± 3.6°C. To minimize the influence of the UV ageing of the composite and focus on humidity effects, the analysis was performed on samples taken sufficiently far from the exposed faces. According to the literature, the properties decrease over time. A loss of about 60% of the initial stiffness of the matrix is characterized by AFM. In addition, the interphase area tends to increase with an increase of about twice its original size. The values introduced in the numerical models are reported together in Table 3. 

Analytical models

Several analytical models are present in the literature to estimate the effective properties of a two-phase material [START_REF] Raju | A review of micromechanics based models for effective elastic properties of reinforced polymer matrix composites[END_REF] due to the absence of universal model. The simplest analytical models are Voigt one [START_REF] Voigt | Lehrbuch der Kristallphysik[END_REF] for longitudinal loading and Reuss one [START_REF] Reuss | Berechnung der Fliessgrenze von Mischkristallen auf Grund der Plastizitätsbedingung für Einkristalle[END_REF] for transversal loading.

These two models, are based on serial (upper limit) or parallel (lower limit) association of the two phases material. Applied to the case of a UD composite, the analytical models of Voigt and Reuss can be described by the Figure 6. In the Voigt model, it is assumed that when the composite is loaded longitudinally, the strain is equal in the fibre and matrix. In the Reuss model, due to the transversal loading, it is assumed that the stress is equal in the fibre and matrix. The effective Young modulus can be calculated from the equation ( 1) and ( 2) 
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Numerical models

The RVE developed to study this UD composite reinforced at 20% in volume will be made from a plug-in called "RVE for composites" for the commercial software ABAQUS™ [START_REF] Riaño | An Abaqus™ plug-in for the geometry generation of Representative Volume Elements with randomly distributed fibers and interphases[END_REF].

This tools, developed in the MAPIEM Laboratory, is a support to the conception by helping users in the geometry generation. 2D or 3D multi-fibre microstructure geometries for unidirectional composites with random distributions can be obtained. Its originality comes from the possibility of creating an interphase region between each fibre / matrix.

Definition of the RVE

The RVE geometry is composed by E-glass fibres with a diameter of 15 μm surrounded by interphase layers of 500 nm (t0) and 1000 nm (t76) embedded in a 150 μm square. The size of the RVE, is chosen by taking into account the minimal ratio (⩾8) between the fibres diameter and the RVE size to obtain accurate results [START_REF] González | Mechanical behavior of unidirectional fiber-reinforced polymers under transverse compression: Microscopic mechanisms and modelling[END_REF][START_REF] Herráez | Computational micromechanics evaluation of the effect of fibre shape on the transverse strength of unidirectional composites: An approach to virtual materials design[END_REF][START_REF] Riaño | Validation of a Representative Volume Element for unidirectional fiberreinforced composites: case of a monotonic traction in its cross section[END_REF]. The behaviour of the fibres and polymer matrix have been considered homogeneous, isotropic and linear with the assumption of plane strains. A permanent fully contact behaviour (Tied) is applied to describe the interface fibre/matrix.

Kinematic Uniform Boundary Conditions (KUBC) are imposed to the RVE in the framework of small strains. This BCs are applied thanks to an open-source ABAQUS TM plug-in, called

Homtools [START_REF] Bourgeois | HOMTOOLS -Homogeneization toolbox for Abaqus[END_REF]. In this case, the displacement field is applied on the boundary that would occur if the strain were uniform inside the RVE. The macroscopic stress and macroscopic strain are defined as the average stress and average strain in the RVE (Eq. 1).

N O = 1 - Q N&- R̅ = 1 - Q R&- (1) 
Average loading is applied on the micromodel from a reference point (RF). In this case, the macroscopic strain which components are considered as additional DOFs (degrees of freedom) for the boundary nodes. Equations are automatically generated and due to duality properties, the macro-stress is found to be the ratio between the reaction forces at this reference point and the volume of the RVE.

Modelling of a tensile test from the RVE has been chosen to determine the elastic modulus for each models.

Definition of the mesh

In order to define the mesh, 4 configurations were tested using quadrangular or triangular shape elements associated with either linear or quadratic interpolation (CPE3, CPE6M, CPE4, CPE8). To determine the appropriate type of elements, the convergence of the macroscopic elastic modulus of the RVE composite as well as the computation time are analysed. The degree of interpolation of the element defines the mathematical model used to link two neighbouring nodes. The geometry of the elements is described by a node at each vertex.

Therefore, to use a quadratic function, an additional node between a pair of nodes is required.

This means that a triangular element with a linear approximation for example, will have three nodes unlike a triangular element with quadratic interpolation which will have six [START_REF][END_REF].

Figure 7 shows the influence of the size and the element type about the calculated elastic modulus values. In the next of this study, the geometry will be discretized by elements of type CPE4 with global size of 1.5 μm.

Figure 7 :

Influence of the element size about the numerical result.

Effect of the random distribution on the mechanical behaviour

A preliminary study has been realized to identify the effect of the random distribution on the numerical result. Ten different models with a random distribution of fibres are generated by considering a constant fibre diameter with a fibre volume fraction of 20%v (Figure 8). The properties of each parameter have been reported in the Table 5. For each micro-model, the elastic (Young) modulus has been calculated and reported in the Figure 9. According to the literature [START_REF] Raju | A review of micromechanics based models for effective elastic properties of reinforced polymer matrix composites[END_REF], all the results are closed to the lower bound of Hashin and Shtrikman. The maximum deviation from the average value of the numerical results is less than 3%. So, the influence of the distribution can be considered as negligible for the elastic properties. For the next of this work, a micro-model near to the average value (i.e. 2.7 GPa) has been chosen for the modelling. 

Modelling of aging effect

Ageing has been taken into account by introducing different properties between the initial (i.e.

not aged) and the aged (i.e. after 76 weeks of exposure) states. The properties of each component (matrix, interphase, fibre) are reported in Table 3. A geometric modification of the interphase size (from 500 nm to 1000 nm) requires the realization of two numerical models, presented in Figure 10.

The mesh was realized from linear quadrangular elements similar to the previous models. The tensile test simulations from the RVE allow determining an elastic modulus for each considered models. The results are reported in Table 6. By introducing into the numerical model the value obtained experimentally by AFM far from the interface (i.e. E matrix = 3 GPa), the module of composite is slightly less than 5 GPa. This value greatly overestimates the values obtained experimentally on the composite by three-point bending test (+ 140%). On the other hand, by introducing into the numerical model the value measured on the samples of bulk resin by three bending test (ie E matrix = 1.4 GPa), a value of modulus for the composite closer to the experimental value is calculated (22% greater). agreement with the literature based on bi-phased materials where the matrix is less rigid than the particle (or the reinforcement). This figure also shows that the models (numerical and analytical) overestimate the experimental results which can be due to a too high value of the Young modulus of the matrix introduced in the models. Indeed, in this case, the matrix value is based on local AFM measurements far from the interphase area which does not reflect its global behaviour. By introducing into the analytical models, the modulus value measured on the bulk resin samples (i.e. 1.420 GPa), the experimental response is included between the limits of the two models (Figure 12). It should be noted that in this analytical part, the interphase module was not considered.

These results highlight the importance of experimental characterizations when they are used in models as input data. The values obtained by AFM measurements are carried out on nanometric scales which do not allow taking into account defects on micro or macroscopic scales (Figure 3). The three-point bending test allows to characterize an average stiffness which takes into account the defects present in the matrix. Moreover, it should be remembered that a rate of porosity around 1.2% had been determined experimentally. This porosity also plays a major role in the value of the elastic modulus of the resin. Figure 13 : Experimental, analytical and numerical results for the aged composite (76 weeks).

Stresses at the initial stage t0 and after ageing stage t76

Furthermore, the stress state present in the REV is described in Figure 14 and 

Conclusion

From this case study, it seems essential to improve the characterization of interphases in order to improve and make reliable the prediction of numerical models. For this, the implementation of model materials is an interesting approach. The idea is to have materials with different controlled cross-linking levels . Characterisation of these "model" systems at different scales should make it possible to improve the understanding of ageing phenomena in the interphases and to provide input data to the numerical models allowing a better description of the interphases and their evolution with time.

The REV approach used in this work has shown that there may be significant deviations from the experimental results. These deviations, can be justified by the presence of more or less significant defects and would deserve a consideration in the numerical models to approach the real composite. In addition, the evolution of the interphase size should also be considered in a more evolutionary way in numerical models to improve the predictive side.

However, the results all highlight the major influence of interphase in the fibre glass/epoxy composite at the initial state and especially during the ageing of the materials where interphase becomes larger and the mechanical properties drop over time. Interphase therefore plays a leading role in the lifetime of the composite. To increase its performance, it is essential to take them into account in the material study.

Figure 1 :

 1 Figure 1 : Illustration of the consequences of sizing on the matrix network in the vicinity of the fibre Knowledge of the influence of silane on the development of the interphase represents a

Figure 2 :

 2 Figure 2 : Illustration of the multiscale approach proposed

  Figure 3(b) shows the absence of decohesion between the fibre and the matrix which shows a good adhesion of matrix on glass fibres. (a) x30 (b) x450

Figure 3 :

 3 Figure 3 : SEM images of the composite (transverse direction) at different scale of magnification [38]

Figure 4 :

 4 Figure 4 : Evolution of the modulus of elasticity measured by AFM at different distances from the fibre/matrix interface -at the initial state-.

Figure 5

 5 Figure 5 describes the influence of ageing of the matrix face after 76 weeks of exposure.

Figure 5 :

 5 Figure 5 : Evolution of elastic modulus measured by AFM at different distances from fibre before and after ageing.

Figure 6 :

 6 Figure 6 : Young modulus of a bi-phased composite calculated from Voigt and Reuss models

Figure 8 :

 8 Figure 8 : Example of three different random distributions for a volume fraction of 20%v.

Figure 9 :

 9 Figure 9 : Influence of the random distribution of fibres for composite with a volume fraction of 20%v.

Figure 10 :

 10 Figure 10 : Numerical models (20%v) -on the left, model in the unaged state, on the right model after a natural ageing of 76 weeks.

  By calculating the effective Young's modulus for the composite considered in this section with a matrix value of 3 GPa (measured by AFM), the analytical values of the lower bounds of each model strongly overestimate the experimental value as shown in Figure11. Generally, without defect, it is common to have experimental values comprised between the upper and lower limits of the Voigt and Reuss models which can be considered as the domain of existence of a bi-phased material. As shown in Figure11, the result of the numerical model is close to the lower bound of the Hashin and Shtrikman models. This result is in good

Figure 11 :

 11 Figure 11 : Experimental, analytical and numerical results (when E matrix introduced in the models is based on AFM measurements).

Figure 12 :

 12 Figure 12 : Experimental, analytical and numerical results (when E matrix introduced in the models is based on bulk resin samples). As, we have not experimental values for bulk resin aged beyond 32 weeks [15], the modulus values introduced in the numerical models are based only on AFM measurements of the aged composite (i.e. 1.2 GPa) obtained far from the interface. This modulus value of the aged matrix was introduced into the different analytical models and the modulus values are reported in the Figure 13. The experimental values are between the bounds of Voigt and Reuss bounds and near the lower bound of the Hashin and Shtrikman models. After 76 weeks of exposure to natural ageing, the elastic modulus of the composite obtains from the numerical model, the lower bound of Hashin and Shtrikman model are very close to the values measured experimentally. The good agreement between these two models can be justified by the advanced state of degradation of the matrix phase which becomes preponderant in the face of pre-existing defects in the non-aged state.

Figure 15 .Figure 14 :Figure 15 :

 151415 Figure 14 : Local stress field (Criterion Mises) in the composite at the initial state (a) and (b) and at the aged state (c)

Table 1 :

 1 Mechanical properties in the initial state of the resin and the composite

	Samples at t0	Elasticity modulus from Three-point bending test (MPa)
	Bulk resin	1420 ± 190
	UD Composite	2060 ± 140

Table 2 :

 2 Properties of composite constituents used in numerical models

		Matrix		fibre	Interphase area	
		Em (GPa)	νm	Ef (GPa)	νf	Ei (GPa)	νi	ei (nm)
	t0	3 *	0.4 **	72 **	0.25 **	1.9 *	0.4 **	500 *

* Experimental values. ** Values from literature.

Table 3 :

 3 Properties of the constituents of the aged composite used in numerical models

		Matrix		fibre	Interphase area	
		Em (GPa)	νm	Ef (GPa)	νf	Ei (GPa)	νi	ei (nm)
	t0	3 *	0.4 **	72 **	0.25 **	1.9 *	0.4 **	500 *
	t76	1.2	0.4 **	72 **	0.25 **	1.1 *	0.4 **	1000 *

* Experimental values. ** Values from literature.

Table 4 :

 4 Effective Young modulus calculated from Hashin and Shtrikman models
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Table 5 :

 5 Properties of composite constituents used in numerical models

		Matrix	fibre
		Em (GPa)	νm	Ef (GPa)	νf
	t0	1.430 *	0.4 **	72 **	0.25 **

* Experimental values from three-point bending tests at t0. ** Values from literature.

Table 6 :

 6 Elastic modulus of the composite at the initial and aged state, obtained experimentally and numerically (taking into account, in the numerical model, the value of the module of the matrix by AFM or three bending test)

	Composite	E (GPa) -from	E (GPa) -from	Gap (%)
		experimental values	numerical models	
			4.980 *	141
	t0	2.060		
			2.520 **	22
	t76	2.030	2.080 *	2

* E

Matrix values from AFM tests. ** E Matrix values from three-point bending tests.
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