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Abstract

The purpose of this work is to present various application of statistical scale transition models to the analysis of polymer-matrix composites submitted to thermo-hygro-mechanical loads. In order to achieve such a goal, two approaches, classically used in the field of modelling heterogeneous material are studied: Eshelby-Kröner self-consistent model on the one hand and Mori-Tanaka approximate, on the second hand. Both models manage to handle the question of the homogenization of the microscopic properties of the constituents (matrix and reinforcements) in order to express the effective macroscopic coefficients of moisture expansion, coefficients of thermal expansion and elastic stiffness of a uni-directionally reinforced single ply. Inversion scale transition relations are provided also, in order to identify the effective unknown behaviour of a constituent. The proposed method entails to inverse scale transition models usually employed in order to predict the homogenised macroscopic elastic/hygroscopic/thermal properties of the composite ply from those of the constituents. The identification procedure involves the coupling of the inverse scale transition models to macroscopic input data obtained through either experiments or in the already published literature. Applications of the proposed approach to practical cases are provided: in particular, a very satisfactory agreement between the fitted elastic constants and the corresponding properties expected in practice for the reinforcing fiber of typical composite plies is achieved.

Another part of this work is devoted to the extensive analysis of macroscopic mechanical states concentration within the constituents of the plies of a composite structure submitted to thermo-hygro-elastic loads. Both numerical and a fully explicit version of Eshelby-Kröner model are detailed. The two approaches are applied in the viewpoint of predicting the mechanical states in both the fiber and the matrix of composites structures submitted to a transient hygro-elastic load. For this purpose, rigorous continuum mechanics formalisms are used for the determination of the required time and space dependent macroscopic stresses. The reliability of the new analytical approach is checked through a comparison between the local stress states calculated in both the resin and fiber according to the new closed form solutions and the equivalent numerical model: a very good agreement between the two models was obtained.

The purpose of the final part of this work consists in the determination of microscopic (local) quadratic failure criterion (in stress space) in the matrix of a composite structure submitted to purely mechanical load. The local failure criterion of the pure matrix is deduced from the macroscopic strength of the composite ply (available from experiments), using an appropriate inverse model involving the explicit scale transition relations previously obtained for the macroscopic stress concentration at microscopic level. Convenient analytical forms are provided as often as possible, else procedures required to achieve numerical calculations are extensively explained. Applications of this model are achieved for two typical carbon-fiber reinforced epoxies: the previously unknown microscopic strength coefficients and ultimate strength of the considered epoxies are identified and compared to typical expected values published in the literature.

Keywords: scale transition modelling, homogenization, identification, polymer-matrix composites.
1- Introduction

Carbon-reinforced epoxy based composites offer design, processing, performance and cost advantages compared to metals for manufacturing structural parts. Among the advantages, provided by carbon-reinforced epoxies over metals and ceramics, that have been recognised for years, improved fracture toughness, impact resistance, strength to weight ratio as well as high resistance to corrosion and enhanced fatigue properties have often been put in good use for practical applications (Karakuzu et al., 2001).
Now, the accurate design and sizing of any structure requires the knowledge of the mechanical states experienced by the material for the possibly various loads, expected to occur during service life. Since high performance composites are being increasingly used in aerospace and marine structural applications, where they are exposed to severe environmental conditions, these composites experience hygrothermal loads as well as more classical mechanical loads. Now, unlike metallic or ceramic materials, composites are susceptible to both temperature and moisture when exposed to such working environments. These environmental conditions are known to possibly induce sometimes critical stresses distributions within the plies of the composite structures or even within their very constituents (i.e. the reinforcements on the one hand and the matrix on the second hand). Actually, carbon/epoxy composites can absorb significant amount of water and exhibit heterogeneous Coefficients of Moisture Expansion (CME) and Coefficients of Thermal Expansion (CTE) (i.e. the CME/CTE of the epoxy matrix are strongly different from the CME/CTE of the carbon fibers, as shown in: Tsai, 1987; Agbossou and Pastor, 1997; Soden et al., 1998), moreover, the diffusion of moisture in such materials is a rather slow process, resulting in the occurrence of moisture concentration gradients within their depth, during at least the transient stage (Crank, 1975). As a consequence, local stresses take place from hygro-thermal loading of composite structures which closely depends on the experienced environmental conditions, on the local intrinsic properties of the constituents and on its microstructure (the morphology of the constituents, the lay-up configuration, ... fall in this last category of factors). Now, the knowledge of internal stresses is necessary to predict a possible damage occurrence in the material during its manufacturing process or service life. Thus, the study of the development of internal stresses due to thermo-hygro-elastic loads in composites is very important in regard to any engineering application. Numerous papers, available in the literature, deal with this question, using Finite Element Analysis or Continuum Mechanics-based formalisms. These methods allow the calculation of the macroscopic stresses in each ply constituting the composite (Jacquemin and Vautrin, 2002). But, they do not provide information on the local mechanical states, in the fibers and matrix of a given ply, and, consequently, do not allow to explain the phenomenon of matrix cracking and damage development in composite structures, which originate at the microscopic level. The present work is precisely focused on the study of the internal stresses in the constituents of the ply. In order to reach this goal, scale transition models are required. 

The present work underlines the potential of scale-transition models, as predictive tools, complementary to continuum mechanics in order to address: i) the estimation of the effective hygro-thermo-elastic properties of a composite ply from those of its constituents (section 2), ii) the identification of the hygro-thermo-elastic properties of one constituent of a composite ply (section 3), iii) the estimation of the local mechanical states experienced in each constituent of a composite structure (section 4), iv) the identification of the local strength of the constitutive matrix (section 5).

Section 6 of this paper is mainly dedicated to conclusions about the above listed sections whereas section 7 is devoted to introduce some scientifically appealing perspectives of research in the field of composites materials which are highly considered for further investigation in the forthcoming years.
2- Scale-transition model for predicting the macroscopic thermo-hygro-elastic properties of a composite ply
2-1- Introduction

Scale transition models are based on a multi-scale representation of materials. In the case of composite materials, for instance, a two-scale model is sufficient: 

· The properties and mechanical states of either the resin or its reinforcements are respectively indicated by the superscripts m and r. These constituents define the so-called “pseudo-macroscopic” scale of the material (Sprauel and Castex, 1991).
· Homogenisation operations performed over its aforementioned constituents are assumed to provide the effective behaviour of the composite ply, which defines the macroscopic scale of the model.  It is denoted by the superscript I. This definition also enables to consider an uni-directional reinforcement at macroscopic scale, which is a satisfactorily realistic statement, compared to the present design of composite structures (except for the particular case of woven-composites that will be specifically discussed in section 7.1).

As for the composite structure, it is actually constituted by an assembly of the above described composite plies, each of them possibly having the principal axis of their reinforcements differently oriented from one to another. This approach enables to treat the case of multi-directional laminates, as shown, for example, in (Fréour et al., 2005a).
2.2. The classical practical strategy for the direct application of homogenisation procedures

Within scale transition modeling, the local properties of the isuperscripted constituents are usually considered to be known (i.e. the pseudo-macroscopic stiffnesses, Li, coefficients of thermal expansion Mi and coefficients of moisture expansion i), whereas the corresponding effective macroscopic properties of the composite structure (respectively, LI, MI and I) are a priori unknown and results from (often numerical) computations.

Among the numerous, available in the literature scale transition models, able to handle such a problem, most involve rough-and-ready theoretical frameworks: Voigt (Voigt, 1928), Reuss, (Reuss, 1929), Neerfeld-Hill (Neerfeld, 1942; Hill, 1952), Tsai-Hahn (Tsai and Hahn, 1980) and Mori-Tanaka (Mori and Tanaka, 1973; Tanaka and Mori, 1970) approximates fall in this category. This is not satisfying, since such a model does not properly depict the real physical conditions experienced in practice by the material. In spite of this lack of physical realism, some of the aforementioned models do nevertheless provide a numerically satisfying estimation of the effective properties of a composite ply, by comparison with the experimental values or others, more rigorous models. Both Tsai-Hahn and Mori-Tanaka models fulfil this interesting condition (Jacquemin et al., 2005; Fréour et al., 2006a). Nevertheless, in the field of scale transition modelling, the best candidate remains Kröner-Eshelby self-consistent model, because only this model takes into account a rigorous treatment of the thermo-hygro-elastic interactions between the homogeneous macroscopic medium and its heterogeneous constituents, as well as this model enables handling the microstructure (i.e. the particular morphology of the constituents, especially that of the reinforcements). 

2.3 Estimating the effective properties of a composite ply through Eshelby-Kröner self-consistent model 

Self-consistent models based on the mathematical formalism proposed by Kröner (Kröner, 1958) constitute a reliable method to predict the micromechanical behavior of heterogeneous materials. The method was initially introduced to treat the case of polycrystalline materials, i.e. duplex steels, aluminium alloys, etc., submitted to purely elastic loads.
Estimations of homogenized elastic properties and related problems have been given in several works (François, 1991; Mabelly, 1996; Kocks et al., 1998). The model was thereafter extended to thermoelastic loads and gave satisfactory results on either single-phase (Turner and Tome, 1994; Gloaguen et al., 2002) or two-phases (Fréour et al., 2003a and 2003b) materials. More recently, this classical model was improved in order to take into account stresses and strains due to moisture in carbon fiber-reinforced polymer–matrix composites. Therefore, the formalism was extent so that homogenisation relations were established for estimating the macroscopic CME from those of the constituents (Jacquemin et al., 2005).

Many previously published documents have been dedicated to the determination of (at least some of) the effective thermo-hygro-elastic properties of heterogeneous materials through Kröner-Eshelby self-consistent approach (Kocks et al., 1998; Gloaguen et al., 2002; Fréour et al., 2003a-b; Jacquemin et al., 2005). The main involved equations are:
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(3)
Where Ci is the moisture content of the studied i element of the composite structure. The superscripts r and m are considered as replacement rule for the general superscript i, in the cases that the properties of the reinforcements or those of the matrix have to be considered, respectively. Actually, the pseudo-macroscopic moisture contents Cr and Cm can be expressed as a function of the macroscopic hygroscopic load CI (Loos and Springer, 1981), so that the hygro-mechanical states cancels in relation (2) that can finally be rewritten as a function of the materials properties only, but at the exclusion of the Ci that are unexpected to appear in such an expression (Jacquemin et al., 2005). Relation (2), that is provided in the present work for predicting the macroscopic CME, is given for its enhanced readability, compared to the more rigorous state exclusive relation.

In relations (1-3), the brackets < > stand for volume weighted averages (that in fact replace volume integrals that would require Finite Elements Methods instead). Empirically, as stated by Hill (Hill, 1952), arithmetic or geometric averages suggest themselves as good approximations.  On the one hand, the geometric mean of a set of positive data is defined as the nth root of the product of all the members of the set, where n is the number of members. On the other hand, in mathematics and statistics, the arithmetic mean (or simply the mean) of a list of numbers is the sum of all the members of the list divided by the number of items in the list. For Young’s modulus, as an example, the Geometric Average YGA of the moduli according to the Reuss (YR) and Voigt (YV) models is defined as 
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In statistics, given a set of data, X = { x1, x2, ..., xn} and corresponding weights, W = { w1, w2, ..., wn}, the weighted geometric (respectively, arithmetic) mean 
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Both averages have been extensively used in the field of materials science, in order to achieve various scale transition modelling over a wide range of materials. The interested reader can refer to: (Morawiec, 1989; Matthies and Humbert, 1993; Matthies et al., 1994) that can be considered as typical illustrations of works taking advantage of the geometric average for estimating the properties and mechanical states of polycrystals (nevertheless, Eshelby-Kröner self-consistent model was not involved in any of these articles), whereas the previously cited references (Kocks et al., 1998; Gloaguen et al., 2002; Fréour et al., 2003; Jacquemin et al., 2005) show applications of arithmetic averages for studying of polycrystals or composite structures.  
According to equations (4) and (5), the explicit writing of a volume weighted average directly depend on the averaging method chosen to perform this operation. Since the present work aims to express analytical forms involving such volume averages, it is necessary to select one average type in order to ensure a better understanding for the reader. Usually, in this field of research, the arithmetic and not the geometric volume weighted average is used. Moreover, in a recent work, the alternative geometric averages were also used for estimating the effective properties of carbon-epoxy composites (Fréour et al., to be published). Nevertheless, the obtained results were not found as satisfactory than in the previously studied cases of metallic polycrystals or metal ceramic assemblies. Actually, the very strongly heterogeneous properties presented by the constituents of carbon reinforced polymer matrix composites yields a strong underestimation of the effective properties of the composite ply predicted according to Eshelby-Kröner model involving the geometric average, by comparison to the expected (measured) properties. Thus, the geometric average should not be considered as a reliable alternate solution to the classical arithmetic average for achieving scale transition modelling of composite structures. Consequently, arithmetic averages satisfying to relation (4) only will be used in the following of this manuscript. 

Now, in the present case, where the macroscopic behaviour is described by two separate heterogeneous inclusions only (i.e. one for the matrix and one for the reinforcements), convenient simplifications of equation (5) do occur.

Actually, introducing  vr and vm as the volume fractions of the ply constituents, and taking into account the classical relation on the summation over the volume fractions (i.e. vr + vm=1), equation (5) applied to the volume average of any tensor A writes:
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(6)
In the following of the present work, the superscript AA denoting the selected volume average type will be omitted.
According to equations (1-3), the effective properties expressed within Eshelby-Kröner self-consistent model involve a still undefined tensor, RI. This term is the so-called “reaction tensor” (Kocks et al., 1998). It satisfies:
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(7)
In the very preceding equation, I stands for the fourth order identity tensor. Hill’s tensor EI, also known as Morris tensor (Morris, 1970), expresses the dependence of the reaction tensor on the morphology assumed for the matrix and its reinforcements (Hill, 1965). It can be expressed as a function of Eshelby’s tensor 
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. It has to be underlined that both Hill’s and Eshelby’s tensor components are functions of the macroscopic stiffness LI (some examples are given in Kocks et al., 1998; Mura, 1982).

In the case, when ellipsoidal-shaped inclusions have to be taken into account, the following general form enables the calculation of the components of this tensor (see the works of Asaro and Barnett, 1975 or Kocks et al. 1998):
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(8)
In the case of an orthotropic macroscopic symmetry, the components Kjp() were given in (Kröner, 1953):
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(9)
with
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where 2 a1, 2 a2, 2 a3 are the lengths of the principal axes of the ellipsoid (representing the considered inclusion) assumed to be respectively parallel to the longitudinal, transverse and normal directions of the sample reference frame. 
According to equations (2-3, 7), the determination of both the macroscopic coefficients of thermal and moisture expansion are somewhat straightforward, while the effective stiffness is known, because the involved expressions are explicit. On the contrary, the estimation of the macroscopic stiffness of the composite ply through (1) cannot be as easily handled. Expression (1) is implicit because it involves LI tensor in both its right and left members. Moreover, calculating the right member of equation (1) entails evaluating the reaction tensor (7) which also depends on the researched elastic stiffness, at least because of the occurrence of Hill’s tensor (or Eshelby’s tensor, if that notation is preferred) in relation (1). As a consequence, the effective elastic properties of a composite ply satisfying to Eshelby-Kröner self-consistent model constitutive relations are estimated at the end of an iterative numerical procedure. This is the main drawback of the self-consistent procedure preventing from achieving an analytical determination of the effective macroscopic thermo-hygro-elastic properties of a composite ply, in the case where this scale transition model is employed. Therefore, managing to express explicit solutions for estimating the macroscopic properties (or at least the macroscopic stiffness) requires focusing on a less intricate, less rigorous model but still providing realistic numerical values. Mori-Tanaka approach suggest itself as an appropriate candidate, for reasons that will be comprehensively explained in the next subsection.
2.4 Introducing Mori-Tanaka model as a possible alternate solution to Eshelby-Kröner model
As Eshelby-Kröner self-consistent approach, Mori Tanaka estimate is a scale transition model derived from the pioneering mathematical work of Eshelby (Eshelby, 1957). Mori and Tanaka actually investigated the opportunity of extending Eshelby’s single-inclusion model (which is sometimes presented as an “infinitely dilute solution model”) to the case where the volume fraction of the ellipsoidal heterogeneous inclusion embedded in the matrix is not tending towards zero anymore, but admits a finite numerical value (Mori and Tanaka, 1973; Tanaka and Mori, 1970). Calculations show that, in many cases, the effective homogenised macroscopic properties deduced from Mori-Tanaka approximate are close to their counterparts, estimated from the previously described Eshelby-Kröner self-consistent procedure (Baptiste, 1996, Fréour et al., 2006a). Exceptions to this statement occur nevertheless in the cases where extreme heterogeneities in the constituents properties have to be accounted for. For example, handling a significant porosities volume fraction yields Mori-Tanaka estimations deviating considerably from the self-consistent corresponding calculations, according to (Benveniste, 1987). However, Mori-Tanaka approach is reported to remain reliable for treating cases similar to those aimed by the present work. 

It has previously been demonstrated that the effective macroscopic homogenised thermo-hygro-elastic properties exhibited by a composite ply, according to Mori and Tanaka approximation satisfy the following relations (Baptiste, 1996; Fréour et al., 2006a):
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The superscript T appearing in relations (12-13) denotes transposition operation.

The same remarks as indicated in the preceding subsection holds for the determination of the effective macroscopic CME using relation (12). This equation can be rewritten as a function of the materials properties only, thus excluding the moisture contents.

In equations (11-13), Ti is the elastic strain localisation tensor, expressed for the i-superscripted phase that is considered to interact with the embedding phase (denoted by the superscript e). Actually, Mori-Tanaka model is based on a two-step scale-transition procedure. In this theory, contrary to the case of Eshelby-Kröner self-consistent model, the inclusions are not considered to be directly embedded in the effective material having the behaviour of the composite structure (and thus interacting with it). In Mori and Tanaka approximation, the n constituents of a n-phase composite ply are separated in two subclasses: one of them is designed as the embedding constituent, whereas the n-1 others are considered as inclusions of the first one. The inclusion particles are embedded in the matrix phase, itself being loaded at the infinite by the hygro-mechanical conditions applied on the composite structure. In consequence, the inclusion phase does not experience any interaction with the macroscopic scale, but with the matrix only. In consequence, Mori and Tanaka model corresponds to the direct extension of Eshelby’s single inclusion model (Eshelby, 1957) to the case that the volume fraction of inclusions does not remain infinitesimal anymore. Within Mori and Tanaka approach, this localisation tensor Ti writes as follows:
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Contrary to the case of Eshelby-Kröner scale-transition model (refer to subsection 2.3. above), the localisation involved within Mori-Tanaka approximate does not explicitly involve the macroscopic stiffness. Nevertheless, according to the already cited same subsection, the reaction tensor involved in Eshelby-Kröner model was also implicitely depending on the macroscopic stiffness through the calculation procedure entailed for estimating Hill’s tensor. 

Within Mori-Tanaka procedure (Benveniste, 1987; Baptiste 1996; Fréour et al., 2006a), Hill’s tensor Ei expresses the dependence of the strain localization tensor on the morphology assumed for the embedding phase and the particulates it surrounds (Hill, 1965). It can be expressed as a function of Eshelby’s tensor 
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In practice, the calculation of Hill’s tensor for the embedded inclusions phase only would be necessary, since obvious simplifications of (14), leading to 
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, occur in the case that the embedding constituent localisation tensor is considered. According to relations (14-15), the strain localization tensor Ti does not involve the macroscopic stiffness tensor (or any other macroscopic property). As a consequence, contrary to Eshelby-Kröner self-consistent procedure, Mori-Tanaka approximation provides explicit relations (actually, the homogenization equations (11-13)) for estimating the researched macroscopic effective properties of a composite ply.

2.5 Example of homogenization : the case of T300-N5208 composites
The present subsection is focused on the application of the theoretical frameworks described in the above 2.3 and 2.4 sections to the numerical simulation of the effective properties of a typical, high-strength, fiber-reinforced composite made up of T300 carbon fibers and N5208 epoxy resin. The choice of such a material is justified because of the strong heterogeneities of the hygro-thermo-elastic properties of its constituents (actually, the numerical deviation occurring among the macroscopic properties of composites determined through various scale transition relations rises with this factor, see Jacquemin et al, 2005; Herakovich, 1998). Table 1 accounts for the pseudo-macroscopic properties reported in the literature for these constituents. The comparison between the results obtained through the two, considered in the present work alternate scale transition framework of Mori-Tanaka model  are displayed on figure 1, for: 

· the longitudinal and transverse Young’s moduli 
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· the coefficients of thermal expansion 
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· the coefficients of moisture expansion 
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The calculations were achieved assuming that the reinforcements exhibit fiber-like morphology with an infinite length axis parallel to the longitudinal direction of the ply. For the determination of the CME, a perfect adhesion between the carbon fibers and the resin was assumed. Moreover, it also was assumed that the fibers do not absorb any moisture. Thus, the ratio between the pseudo-macroscopic and the macroscopic moisture contents is deduced from the expression given in (Loos and Springer, 1981):
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where 
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 stands for the densities. The macroscopic density can be deduced form the classical rule of mixture:
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The equations required for achieving Mori-Tanaka estimations involve relations (8-17). For the purpose of the strain localization, the embedding constituent was considered to be the epoxy matrix, whatever the considered volume fraction of reinforcements (thus, the transformation rule 
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 was considered to be valid in any case). Figure 1 also reports the numerical results obtained through Kröner-Eshelby Self-Consistent model (1-3, 6-10, 16-17), in the same conditions (identical inclusion morphology and constituents properties as for Mori-Tanaka computations).

Figure 1 shows the following interesting results:

· 1) In pure elasticity, both the investigated scale transition methods manage to reproduce the expected mechanical behaviour of the composite ply: the material is stiffer in the longitudinal direction than in the transverse direction. Moreover, the bounds are satisfying: the properties of the single constituents are correctly obtained for those of the composite ply in the cases where the epoxy volume fraction is either taken equal to vm=0 (transversely isotropic elastic properties of T300 fibers) or vm=1 (isotropic elastic properties of N5208 resin). 

· 2) The curves drawn for each checked elastic constant are almost superposed, except for Coulomb’s modulus 
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. Thus Mori-Tanaka model constitutes a rather reliable alternate homogenization procedure to Eshelby-Kröner rigorous solution for estimating the macroscopic elastic properties of typical carbon-epoxies.

· 3) Kröner-Eshelby self-consistent model and Mori-Tanaka approach both also do manage to achieve a realistic prediction of the macroscopic coefficients of thermal expansion. Especially, the expected boundary values are attained when the conditions vm=1 (isotropic CTE of N5208 resin) or vm=0 (transversely isotropic thermal properties of T300 fibers)  are taken into account.

· 4) Mori-Tanaka approximate correctly reproduces the expected macroscopic coefficients of moisture expansion in the longitudinal direction. In the transverse direction, however, Mori-Tanaka model properly follows Eshelby Kröner model estimates while the epoxy volume fraction is higher than 0.5. In the range 
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, discrepancies occur between two considered scale transition models. In the case that the considered strain localization assumes the epoxy as the embedding constituent within Mori-Tanaka approximate, the relative error on 
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 induced by this localization procedure, compared to Kröner-Eshelby reference values remains weaker than 9%, and falls below 6% in the range of epoxy volume fraction that is typical for designing composites structures for engineering applications 
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· 5) In the range of the epoxy volume fraction, that is typical for designing composites structures for engineering applications 
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, according to the above discussed results 3) and 4), Mori-Tanaka model can be employed as an alternative to Eshelby-Kröner self-consistent model for estimating the effective macroscopic hygro-thermo-mechanical properties of composite plies. 

The above listed elements 1) to 5) finally indicate that the effective macroscopic thermo-hygro-elastic properties of composite plies can be estimated in a reliable fashion using Mori-Tanaka approximate, assuming the epoxy as the embedding constituent, instead of the more rigorous Kröner-Eshelby model. This statement is true while the epoxy volume fraction remains higher than 40%. Beyond this boundary value, some significant relative error (less than 10%) may be expected to occur in the estimated transverse CME.

The results, obtained in the present section, will be used in the following as input parameters for estimating the mechanical states experienced at macroscopic but at microscopic scale also in composite structures submitted to various loads (the interested reader should refer to section 4 for details).

3- Inverse scale transition modelling for the identification of the hygro-thermo-elastic properties of one constituent of a composite ply

3.1 Introduction

The precise knowledge of the pseudo-macroscopic properties of each constituent of a composite structure is required in order to achieve the prediction of its behavior (and especially its mechanical states) through scale transition models. Nevertheless, the pseudo-macroscopic stiffness, coefficients of thermal expansion and moisture expansion of the matrix and its reinforcements are not always fully available in the already published literature. The practical determination of the hygro-thermo-mechanical properties of composite materials are most of the time achieved on unidirectionnaly reinforced composites and unreinforced matrices (Bowles et al., 1981; Dyer et al., 1992; Ferreira et al., 2006a; Ferreira et al., 2006b; Herakovich, 1998; Sims et al., 1977). In spite of the existence of several articles dedicated to the characterization of the properties of the isolated reinforcements (Tsai and Daniel, 1994; DiCarlo, 1986; Tsai and Chiang, 2000), the practical achieving of this task remains difficult to handle, and the available published data for typical reinforcing particulates employed in composite design are still very limited. As a consequence, the properties of the single reinforcements exhibiting extreme morphologies (such as fibers), are not often known from direct experiment, but more usually they are deduced from the knowledge of the properties of the pure matrices and those of the composite ply (which both are easier to determine), through 

appropriate calculation procedures. The question of determining the properties of some constituents of heterogeneous materials has been extensively addressed in the field of materials science, especially for studying complex polycrystalline metallic alloys (like titanium alloys, cf. Fréour et al., 2002 ; 2005b ; 2006b) or metal matrix composites (typically Aluminum-Silicon Carbide composites cf. Fréour et al., 2003a ; 2003b or iron oxides from the inner core of the Earth, cf. Matthies et al., 2001, for instance). The required calculation methods involved in order to achieve such a goal are either based on Finite Element Analysis (Han et al., 1995) or on the inversion of scale transition homogenization procedures similar to those already presented in section 2 of the present paper. It was shown in previous works that it was actually possible to identify the properties of one constituent of a heterogeneous material from available (measured) macroscopic quantities through inverse scale transition models. Such identification methods were successfully used in the field of metal-matrix composites for the determination of the average elastic (Freour et al., 2002) and thermal (Freour et al., 2006b) properties of the -phase of () titanium alloys. The procedure was recently extended to the study of the anisotropic elastic properties of the single-crystal of the -phase of () titanium alloys on the basis of the interpretation of X-Ray Diffraction strain measurements performed on heterogeneous polycrystalline samples in (Freour et al., 2005b). The question of determining the temperature dependent coefficients of thermal expansion of silicon carbide was handled using a similar approach from measurements performed on aluminum – silicon carbide metal matrix composites in (Freour et al., 2003a; Freour et al., 2003b).Numerical inversion of both Mori-Tanaka and Eshelby-Kröner self-consistent models will be developed and discussed here.

3.2 Estimating constituents properties from Eshelby-Kröner self-consistent or Mori-Tanaka inverse scale transition models

3.2.1 Application of Eshelby-Kröner self-consistent framework to the identification of the pseudo-macroscopic properties of one constituent embedded in a two-constituents composite material

The pseudomacroscopic stiffness tensor of the reinforcements can be deduced from the inversion of the Eshelby-Kröner main homogenization form over the constituents elastic properties (1) as follows :
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(18)
The application of this equation implies that both the macroscopic stiffness and the pseudomacroscopic mechanical behaviour of the matrix is perfectly determined. The elastic stiffness of the matrix constituting the composite ply will be assumed to be identical to the elastic stiffness of the pure single matrix, deduced in practice from measurements performed on bulk samples made up of pure matrix. It was demonstrated in (Fréour et al., 2002) that this assumption was not leading to significant errors in the case that polycrystalline multi-phase samples were considered. The similarities existing between multi-phase polycrystals and polymer based composites suggest that this assumption should be suitable in the present context, at least when scale factors do not occur. Nevertheless, in the case that significant edge effects, due for instance to a reduced thickness of the matrix layer constituting the composite ply, might be expected to occur, the identification of the ply embedded matrix elastic properties to those of the corresponding bulk material would not systematically be appropriate. Consequently, the application of inverse form (18) given above could lead to an erroneous estimation of the reinforcements elastic stiffness. Moreover, identification based on such inverse homogenization methods are sensitive to both the precise knowledge of the constituents volume fractions (i.e. vm and vr) and to the presence of porosities (which lowers the effective stiffness LI of the composite ply).

An expression, analogous to above-relation (18) can be found for the elastic stiffness of the matrix, through the following replacement rules over the superscripts/subscripts: 
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. Nevertheless, the situation, where the properties of the reinforcements are known, when those of the matrix are unknown is highly improbable.

The pseudomacroscopic coefficients of moisture expansion of the matrix can be deduced from the inversion of the homogenization form (2) as follows :
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where Gm writes :
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(20)
An expression, analogous to above-relation (19) can also be found for the coefficients of moisture expansion of a permeable reinforcement type, through the following replacement rules over the superscripts/subscripts: 
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In the particular case, where impermeable reinforcements are present in the composite structure, the coefficients of moisture expansion of the matrix simplifies as follows (an extensive study of this very question was achieved in Jacquemin et al., 2005):


[image: image46.wmf](

)

(

)

I

I

I

I

i

I

I

m

m

m

L

R

L

L

R

L

L

L

b

b

:

:

:

:

:

:

ΔC

 

v

ΔC

m

r,

i

1

1

m

m

I

=

-

-

+

+

=




(21)
The pseudomacroscopic coefficients of thermal expansion of the matrix can be deduced from the inversion of the homogenization form (3) as follows:


[image: image47.wmf](

)

(

)

(

)

ú

ú

û

ù

ê

ê

ë

é

+

-

+

+

=

-

=

-

-

r

r

I

I

r

I

I

I

I

i

I

I

m

m

m

M

L

R

L

L

M

L

R

L

L

R

L

L

L

M

:

:

:

v

:

:

:

:

:

:

1

r

m

r,

i

1

1

(22)
Form (22) can be easily rewritten for expressing the coefficients of thermal expansion of the reinforcements, using the same replacement rules over the superscripts/subscripts: 
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, than for the previous cases.

3.2.2 Application of Mori-Tanaka estimates to the identification of the pseudo-macroscopic properties of one constituent embedded in a two-constituents composite material 

3.2.2.1 Inverse Mori-Tanaka elastic model

In the present work, it is be considered, that the reinforcements are surrounded by the matrix, thus, Tm=I and (11) develops as follows:
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Thus, from (11) two alternate equations are obtained for identifying the pseudo-macroscopic stiffness of the composite ply constituents:

· On the first hand, the elastic properties of the matrix satisfies
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(25)
Equation (25) is an implicit equation since both its left and right hand sides involve the researched stiffness tensor Lm.

· whereas, on the second hand, the elastic stiffness of the reinforcements respects
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(26)
For the same reasons as above (i.e. comments about equation (25)), expression (26) is an implicit relation. As a consequence, the need of an inverse modelling for achieving the identification of the elastic properties exhibited by any one constituent of a composite ply through Mori-Tanaka scale-transition approximate yields the loss of the main advantage of this very model over the more rigorous Eshelby-Kröner self-consistent approach: the opportunity to express analytical explicit relations instead of having to perform successive numerical calculations for solving implicit equations. Moreover, the general remarks about the sensitivity of identification methods to certain factors, expressed in subsection 3.2.1 are valid in the present context also. 

3.2.2.2 Inverse Mori-Tanaka model for identifying coefficients of moisture of thermal expansion

Following the same line of reasoning as above, in the purely elastic case, one can inverse relation (12) in order to express the coefficients of moisture expansion of a constituent embedded in a composite ply according to Mori-Tanaka estimates, or its coefficients of thermal expansion, from the homogenization relation (13). In the case of the pure matrix, one gets:
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This last relation (valid for the general case of a possibly permeable reinforcement type) yields to the following simplified form if impermeable reinforcements are considered:


[image: image54.wmf]I

m

r,

i

1

m

m

ΔC

:

:

:

ΔC

v

1

I

i

i

m

m

T

L

L

b

b

=

-

=







(29)
Due to the localization procedure which does not treat in an equivalent way the embedding matrix and the embedded inclusions (reinforcements) in the point of view of Mori-Tanaka scale-transition approach, the inverse forms satisfied by the coefficients of thermal expansion and coefficients of moisture expansion of the reinforcements are not anymore deduced from the above-relations established for the matrix through simple replacement rules. Actually, unlike the inverse forms obtained according to Eshelby-Kröner self-consistent model, Mori-Tanaka model yields non-equivalent inverse forms for the matrix one the one hand and for the reinforcements, on the second hand. The expressions, required for identifying the thermal or hygroscopic properties of reinforcements within Mori-Tanaka model are:
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3.3 Examples of properties identification in composite structures using inverse scale transition methods

3.3.1 Determination of reinforcing fibers elastic properties

The literature often provides elastic properties of carbon-fiber reinforced epoxies (see for instance Sai Ram and Sinha, 1991), that can be used in order to apply inverse scale transition model and thus identify the properties of the reinforcing fibers, as an example. Table 2 of the present work summarizes the previously published data for an unidirectional composite designed for aeronautic applications, containing a volume fraction vr=0.60 of reinforcing fibers. In order to achieve the calculations, according to relations (18) or (26) depending on whether Eshelby-Kröner model or Mori-Tanaka approximation, input values are required for the pseudo-macroscopic properties of the epoxy matrix constituting the composite ply. The elastic constants considered for this purpose are listed in Table 3 (from Herakovich, 1998). Both the above-cited inverse scale transition methods have been applied. The obtained results are provided in Table 4, where they are compared to typical values, reported in the literature, for high-strength reinforcing fibers (Herakovich, 1998). It is shown that a very good agreement between the two inverse models is obtained. Moreover, the calculated values are similar to those expected for typical reinforcements according to the literature. Nevertheless,  some discrepancies between the identified moduli do exist, especially for 
[image: image57.wmf]r

12

G

 (that corresponds to 
[image: image58.wmf]r

55

L

 stiffness component). Actually, the value deduced for this component through Mori-Tanaka inverse model deviates from both the expected properties and the estimations of Eshelby-Kröner model. This deviation, occurring for this very component, is obviously directly related to the discrepancies previously underlined in subsection  2.5 where the question of comparing the homogenization relations of the two scale transition methods presented in this paper, was investigated.
3.3.2 Determination of AS4/3501-6 matrix Coefficients of Moisture Expansion

Macroscopic values of the Coefficients of Moisture Expansion are sometimes available, contrary to the corresponding pure epoxy resin CME. Simulations were performed in the cas e of an AS4/3501-6 composite, with a reinforcing fiber volume fraction vr=0.60. The calculations were achieved using the elastic properties given in Table 5, and the macroscopic coefficients of moisture expansion listed in Table 6. The same table summarizes the results obtained with both inverse Eshelby-Kröner self-consistent model (21) and Mori-Tanaka estimates (29) assuming a moisture content 
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 (the ratio between composite and resin densities being 1.25 in this material, the moisture content ratio assumed in the present study corresponds to the maximum expected value), in the case that impermeable reinforcements are considered. According to Table 6, a very good agreement is obtained between the two inverse models. This result is compatible with the homogenisation calculation previously achieved in subsection 2.5: for such a volume fraction of reinforcements, Eshelby-Kröner and Mori-Tanaka models provide identical macroscopic coefficients of moisture expansion from the pseudomacroscopic data. As a consequence, the corresponding inverse forms (21) and (29) yields the same estimation for the pseudomacroscopic CME of the matrix constituting the composite ply.

4- From the numerical model to analytical solutions for estimating the pseudo-macroscopic mechanical states

4.1 Introduction

It was extensively discussed in previously published works (the interested reader can, for instance refer to Benveniste, 1987 and Fréour et al., 2006a, where the question is addressed), that Mori and Tanaka constitutive assumptions were not suitable for a reliable estimation of the localization of the macroscopic mechanical states within the constituents of typical composites conceived for engineering applications, which often present a significant volume fraction of reinforcements. As a consequence, only Eshelby-Kröner approach will be considered in the present section.
4.2 Numerical SC model extended to a thermo-hygro-elastic load

Within Kröner and Eshelby self-consistent framework, the hygrothermal dilatation generated by a moisture content increment Ci is treated as a transformation strain exactly like the thermal dilatation occurring after a temperature increment Ti (that last case was extensively discussed in the literature, see for example Kocks et al., 1998). Thus, the pseudo-macroscopic stresses i in the considered constituent (i.e. i=r or i=m) are given by:
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(32)
Where, stands for the strain tensor. In general case, the moisture content differs at macroscopic scale and pseudo-macroscopic scale, contrary to the temperature. Actually, the reinforcements generally do not absorb moisture. In consequence, the mass of water contained by the composite is: either found in the matrix, locally trapped in porosities (Mensitieri et al., 1995) or located where fiber debonding occurs.

Replacing the superscripts i by I in (32) leads to the stress-strain relation that holds at macroscopic scale.
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The so-called “scale-transition relation” enabling to determine the local stresses and strains from the macroscopic mechanical states was demonstrated in a fundamental work, starting from the assumption that the elementary inclusions (here the matrix and the fiber) have ellipsoidal shapes (Eshelby, 1957):
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(34)
Actually, (34) is not very useful, because both the unknown pseudo-macroscopic stresses and strains appear. Nevertheless, combining (32-34) enables to find the following expression for the pseudo-macroscopic strain (the demonstration is available in Jacquemin et al., 2005 and Fréour et al., 2003b):
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(35)
In relation (35), the classical replacement rule TiTT was introduced (i.e. the temperature field is considered to be uniform within the considered ply).

Moreover, it was established in (Hill, 1967), that the self-consistent model was compatible with the following volume averages on both pseudo-macroscopic stresses and strains:
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For a given applied macroscopic thermo-hygro-elastic load {I, CI, T} one can easily determine I through (33), provided that the effective elastic behaviour LI of the ply has been calculated using either the homogenization procedure corresponding to Eshelby-Kröner model or the corresponding Mori-Tanaka alternate solution (see previous developments provided in section 2 above). Then, the pseudo-macroscopic strains are determined through (35).

4.3 Analytical expression for calculating the mechanical states experienced by the constituents of fiber-reinforced composites according to Eshelby-Kröner model
The main impediment requiring to be overcome in order to achieve closed-forms from relation (35) is the determination of Morris’ tensor EI. Actually, according to the integrals appearing in relation (8), this tensor will admit only numerical solutions in most cases. 

However, some analytical forms for Morris’ tensor are actually available in the literature; the interested reader can for instance refer to (of Mura, 1982; Kocks et al., 1998; or Qiu and Weng 1991). Nevertheless, these forms were established considering either spherical, disc-shaped of fiber-shaped inclusions embedded in an ideally isotropic macroscopic medium, that is incompatible with the strong elastic anisotropy exhibited by fiber-reinforced composites at macroscopic scale (Tsai and Hahn, 1987).
In the case of carbon-epoxy composites, a transversely isotropic macroscopic behaviour being coherent with fiber shape is actually expected (and predicted by the numerical computations). Assuming that the longitudinal (subscripted 1) axis is parallel to fiber axis, one obtains the following conditions for the semi-lengths of the microstructure representative ellipsoid: a1((, a2=a3. Moreover, the macroscopic elastic stiffness should satisfy : 
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. Now, it is obvious, that these additional hypotheses lead to drastic simplifications of Morris’ tensor (8), in the case that fiber morphology is considered for the reinforcements. The line of reasoning required to achieve the writing of analytical expressions for Morris’ tensor is extensively presented in (Welzel et al., 2005; Fréour et al., 2005). Actually, one obtains (in contracted notation i.e, 
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In fact, the epoxy matrix is usually isotropic, so that three components only have to be considered for its elastic constants: 
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. One moisture expansion coefficient is sufficient to describe the hygroscopic behaviour of the matrix: 
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In the case of the carbon fibers, a transverse isotropy is generally observed. Thus, the corresponding elasticity constants depend on the following components: 
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. Moreover, since the carbon fiber does not absorb water, its CME 
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 will not be involved in the mechanical states determination. Introducing these additional assumptions in (35), and taking into account the form (37) obtained for Morris’ tensor, one can deduce the following strain tensors for both the matrix and the fibers:
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where, in the case of the matrix,
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 (40)
The pseudo-macroscopic stress tensors are deduced from the strains using (32). Thus, in the matrix, one will have:
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with 
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The local mechanical states in the fiber are provided by Hill’s strains and stresses average laws (36):
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4.4 Examples of multi-scale stresses estimations in composite structures : T300-N5208 composite pipe submitted to environmental conditions

4.4.1 
Macroscopic analysis

4.4.1.1 Moisture concentration

Consider an initially dry, thin uni-directionally reinforced composite pipe, whose inner and outer radii are a and b respectively, and let the laminate be exposed to an ambient fluid with boundary concentration c0. The macroscopic moisture concentration, cI(r,t), is solution of the following system with Fick's equation (45), where DI is the transverse diffusion coefficient of the composite. Boundary and initial conditions are described in (46): 
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Applying the Laplace transform to the latter system and using the residue theory to express the solution in time space (Crank, 1975), we finally obtain the macroscopic moisture concentration:
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where 
[image: image82.wmf]0

0

Y

 

 

J

and

 are Bessel’s functions of order zero, 
[image: image83.wmf]u

D

is the determinant of 2*2 matrix 
[image: image84.wmf][

]

a

. 
[image: image85.wmf]m

A

 and 
[image: image86.wmf]m

B

 are determinants of matrices deduced from 
[image: image87.wmf][

]

 

a

 by substituting respectively column 1 and 2 by the constant vector 
[image: image88.wmf]{

}

g

. 
[image: image89.wmf])

(

m

u

w

D

¢

 is the derivative of 
[image: image90.wmf]u

D

 with respect to 
[image: image91.wmf]w

 calculated for 
[image: image92.wmf]m

w

 the mth positive root of 
[image: image93.wmf]u

D

. 
[image: image94.wmf]r

 and ( are defined by the relations 
[image: image95.wmf]r/b

r

=

 and 
[image: image96.wmf]2

I

t)/b

(D

=

t

.

Furthermore, the elements of 
[image: image97.wmf][

]

a

 and 
[image: image98.wmf]{

}

g

 are: 
[image: image99.wmf])

a

(

J

a

0

11

w

=

, 
[image: image100.wmf])

a

(

Y

a

0

12

w

=

, 
[image: image101.wmf])

(

J

a

0

21

w

=

, 
[image: image102.wmf])

(

Y

a

0

22

w

=

, 
[image: image103.wmf]0

2

0

1

c

g

 

,

 

c

g

=

=

.

4.4.1.2 Macroscopic stresses

At the initial time, let us assume that the pipe is stress free. Therefore, the hygro-elastic orthotropic behaviour writes as follows in (48-49), where (I and LI are respectively the in-plane tensors of hygroscopic expansion coefficients and moduli. Those tensors are assumed to be material constants.
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with, 
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. cI and (I are respectively the macroscopic moisture concentration and the mass density of the dry material.

To solve the hygromechanical problem, it is necessary to express the strains versus the displacements along with the compatibility and equilibrium equations.

Introducing a characteristic modulus
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Displacements with respect to longitudinal and circumferencial directions, respectively 
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It is worth noticing that the displacements 
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 do not depend on the moisture concentration field. Finally, to obtain the through-thickness or radial component of the displacement 
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, we shall consider in the following the analytical transient concentration (47).

The radial component of the displacement field 
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It is shown that the general solution of equation (51) writes as the sum of a solution of the homogeneous equation and of a particular solution (Jacquemin et Vautrin, 2002). 
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Finally, the displacement field depends on four constants to be determined : Ri for i=1..4. These four constants result from the following conditions :

· global force balance of the cylinder;

· nullity of the normal stress on the two lateral surfaces.

4.4.2 Numerical simulations of internal stresses in T300/5208 composite laminated pipes

4.4.2.1 Introduction
Thin laminated composite pipes, with thickness 4 mm, initially dry then exposed to an ambient fluid, made up of T300/5208 carbon-epoxy plies, with a fiber volume fraction vr=0.6, were considered for the determination of both macroscopic stresses and moisture content as a function of time and space. The closed-form formalism used in order to determine the mechanical stresses and strains in each ply of the structure is described in subsection 4.4.1. This model ensures the calculation of the macroscopic moisture content, too.

When the equilibrium state is reached, the maximum moisture content of the neat resin may be estimated from the maximum moisture content of the composite. By assuming that the fibers do not absorb any moisture, CI and Cm are related by expression (16) given by (Loos and Springer, 1981). In the case of T300/5208, since the ratio between composite and resin densities is 1.33 (due to the constituents properties listed in table 1), the maximum moisture content ratio given by (16) is about 3.33.

Figure 2 shows the time-dependent concentration profiles, resulting from the application of a boundary concentration c0, as a function of the normalized radial distance from the inner radius rdim. At the beginning of the diffusion process important concentration gradients occur near the external surfaces. The permanent concentration (noticed perm in the caption) holds with a constant value because of the symmetrical hygroscopic loading. The macroscopic mechanical states were calculated for two types of composites structures: a) a uni-directionnaly reinforced cylinder, and b) a [55°/-55°]S laminated cylinder. 

Starting with the macroscopic stresses deduced from continuum mechanics, the local stresses in both the fiber and matrix were calculated either with the new analytical forms or the fully numerical model. The comparison between the two approaches is plotted on figures 3 and 4. These figures show the very good agreement between the numerical approach and the corresponding closed-forms solutions. The slight differences appearing are due to the small deviations on the components of Morris’ tensor calculated using the two approaches. Actually, it is not possible to assume the quasi-infinite length of the fiber along the longitudinal axis in the case of the numerical approach, because the numerical computation of Morris’ tensor is highly time-consuming. Thus, the numerical version of Eshelby-Kröner self-consistent model constitutes only an approximation of the real microstructure of the composite. In consequence, it seems that the new analytical forms, that are able to take into account the proper microstructure for the fibers, are not only more convenient, but also more reliable than the initially proposed numerical approach.

4.4.2.2  Interpretation of the simulations
The highest level of macroscopic tensile stress is reached for the uni-directional composite, in the transverse direction and in the central ply of the structure (figure 3). The transverse stresses exceed probably the macroscopic tensile strength in this direction. The choice of a [+55°/-55°]S laminated allows to reduce the macroscopic stress in the transverse direction. Nevertheless, a high shear stress rises along the time in the fibers of the central ply of such a structure (figure 3).

Moreover, the figure 4 shows that the micro-mechanical model always predict a very high compressive stress in the matrix of the inner ply whatever the laminate studied (the macroscopic stress is negligible in the radial direction because thin structures are considered). These local stresses could help to explain damage occurrence in the surface of composite structures in fatigue.

This work demonstrates the complementarities of continuum mechanics and micro-mechanical models for the prediction of a possible damage in composite structures submitted to hygro-elastic loads.

In the following section, the analytical expressions presented here for the localization of the macroscopic mechanical states within the plies constituents, will be inversed in order to achieve the identification of the strength of the constitutive matrix of a composite ply.

5- Identification of the local strength of the constitutive matrix of a composite ply

5.1 Introduction

Damage predictions are important for design and for guiding materials improvement for engineering applications. Composite structures encountered in engineering applications are designed to endure combined mechanical, thermal and hygroscopic loads during their service life. Besides, composite structures usually benefit from improved properties granted by a multidirectional arrangement of their plies. The multiplicity of both possible loads and ply arrangements is not compatible with an extensive experimental investigation of composite structures damage. As a result, only uniaxial and pure shear test data of unidirectional composites are usually available in the literature. By consequence, the estimation of damage occurrence in composite structures requires introducing adapted failure criteria extending the available data to the combined loads and composite laminates considered for one particular application. Many published papers have dealt with this problem: see for instance (Tsai, 1987; Cuntze, 2003). Nevertheless, it is established for a long time, that in composite structures the damage initiates at microscopic scale, either (and most of time) in the matrix or (sometimes) in the fibers. The failure of a ply is thus closely related and explained by the failure of its microscopic constituents (Tsai, 1987; Cuntze, 2003; Fleck and Jelf, 1995; Kaddour et al., 2003; Khashaba, 2004). As a consequence, the reliable prediction of a possible damage occurrence of multi-directionnal laminates submitted to complex loading requires the knowledge of the microscopic failure criteria of the epoxy matrix and carbon fibers constituting the plies. Nevertheless, previous published works have emphasised the following remarkable result: the strength of the pure constituents (i.e. pure epoxy resin) strongly depends on the size of the sample, and especially on its thickness (Fiedler et al., 2001). Besides, the thickness of a ply in thin laminates has the magnitude of 150 microns, that is generally strongly weaker than the thickness of the samples tested for the experimental determination of the strength of the pure constituents. As a consequence, the experimental strengths of pure carbon fibers and epoxy matrices, determined on bulk specimen can hardly be directly used to properly estimate microscopic failure criteria in real structures. In particular, as shown for instance in (Garett and Bailey, 1977; Christensen and Rinde, 1979), the effect of the matrix on transverse failure of composite structures is of interest. The strain to failure of the pure matrix in uniaxial tension varied from 1.5 to 70 % whereas transverse strains to failure of corresponding fiber reinforced composites were dramatically smaller and varied only in the range 0.2 to 0.9%. 

In the present study, an innovative method, dedicated to the determination of the microscopic stress/strain failure criteria of the epoxy matrix embedded in a composite structure is described. This method is based on the inversion of the analytical expressions presented in section 4.3. The present work describes developments relating the macroscopic failure envelopes to the microscopic ones. The conditions, indicated in already published literature, when the macroscopic failure can exclusively be attributed to matrix failure modes are taken into account as fundamental hypotheses of the present approach. The model enables the identification of both the strength coefficients and ultimate strength, so that the microscopic stress/strain failure envelopes can also be drawn. Applications to the case of two typical carbon/epoxy composites (T300/5208 and AS4/3501) are achieved: the failure conditions of the N5208 and 3501-6 epoxy resins will be determined and compared.

5.2 Determination of the local failure criterion of the matrix from the macroscopic strength data of the composite ply

5.2.1 Introduction – choice of a failure criterion

In this paper, failure is taken in the general sense previously defined in the literature, including fracture, but also yield, etc. Since this works aims applications to multidirectional structures submitted to triaxial stresses, general failure criteria are necessary to the description of the strength in both stress and strain spaces. Failure criteria serve important functions in the design and sizing of composite laminates. They should provide a convenient framework or model for mathematical operations. The framework should be the same for different definitions of failures, such as the ultimate strength, endurance limit, or a working stress based on design or reliability considerations. However, the criteria are not intended to explain the mechanisms of failure, that can occur concurrently or sequentially. The quadratic criterion will be used in the present study: it includes interactions among the stress or strain components analogous to the Von Mises criterion for isotropic materials, and is compatible with the existence of strength having the properties, often met in the case that composite structures are considered, to be anisotropic and also possibly different in tension or compression. The criterion, expressed in stress space writes as follows :
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where F stands for the strength parameters respectively expressed in stress space. The superscript i represents the scale considered for failure prediction (macroscopic: i or pseudomacroscopic: im or ir).
In order to use the failure criteria (52) presented above, it is necessary to identify the quadratic (
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) strength parameters involved in the equation. 

In the present work, for helping fixing the ideas, the simplified case of three-dimensional stresses and strains (for both macroscopic and microscopic scales), with a single shear component, usually met in multi-directional composite laminates submitted to mechanical loads (see examples given in Tsai, 1987) will be assumed to hold (i.e. 
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, where the subscripts 1, 2 and 3 respectively denotes the directions parallel to the fiber axis, the transverse direction and the normal direction, in the orthogonal frame of reference of the considered ply). Besides, the strength should be unaffected by the direction or sign of the shear stress component 
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) stresses components from tension to compression is expected to have a significant effect on both the macroscopic and microscopic strength of the composite. As a consequence, terms of equation (52) containing first-degree shear stress should be null. Finally, taking into account the definition chosen for the reference frame, and the properties of (at least) transverse isotropy exhibited at any (i.e. macroscopic or microscopic) scale in one ply, the strength parameters have to satisfy the following relations:
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Taking into account the above listed simplifications, equation (52) can be rewritten:
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(54)
5.2.2 Direct identification of the macroscopic strength parameters

Most of the unknown macroscopic strength parameters in stress space, appearing in equation (54) can be identified using information deduced from simple mechanical tests (uniaxial tension, compression or longitudinal shear tests Tsai, 1987):
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Where XI and YI are respectively the longitudinal and transverse tensile stress strength, 
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 the longitudinal and transverse compressive stress strength, whereas SI is the longitudinal shear stress.

The two unknown remaining terms, 
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 are related to the interaction between two orthogonal stress components. The practical determination of these interaction terms requires performing biaxial tests, which are not as easy to achieve than uniaxial tests. As a consequence, the required data are often not available in the literature. There are, however, geometric and physical conditions fixing the mathematical form of the failure criterion (54): for instance, the failure envelope has to be closed so that the material cannot present infinite strength when submitted to any load. Let us introduce a dimensionless interaction term:
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For closed envelopes, the condition 
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 has to be satisfied. But a more detailed theoretical study (see Liu and Tsai, 1998) reduces the admissible range to the domain [-1,0]. The same reference (Liu and Tsai, 1998)  advises the choice of 
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 for the macroscopic interaction term (which corresponds to the generalised Von Mises model), since this value is reasonable for a wide range of laminates. Taking into account this additional assumption in equation (56), the knowledge of 
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 ensures the determination of the last two missing interaction terms 
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, in stress space.

One similar method could be applied in order to determine the macroscopic strength parameters expressed in strain space from the ultimate strains. Nevertheless, this method is not useful in practice since uniaxial strains are difficult to apply to a sample. Thus, the ultimate strains are generally deduced from the ultimate stresses: to reach this goal, one has to introduce the macroscopic properties, i.e. the stiffness tensor LI, in order to relate both failure criteria through Hooke’s law (33) expressed at macroscopic scale assuming a purely elastic load.

5.2.3 Identification of the microscopic strength parameter (of the matrix only) using an inverse method
From the standpoint of the structural designer, it is desirable to have failure criteria which are applicable at the level of the lamina, the laminate, and the structural component. Nevertheless, failure at macroscopic scale is often the consequence of an accumulation of micro-level failure events (Tsai, 1987; Liu and Tsai, 1998). Laminated materials typically exhibit many local failures prior to rupture. Thus, it is important to build up tools enabling to enhance the understanding of micro-level failure mechanisms in order to develop higher-strength materials. The ultimate goal is to have a failure theory that the designer can use with confidence under the most general structural configuration and loading conditions and that the developer of materials can use to design and fabricate new products to meet specific needs. In order to reach this goal, the estimation of microscopic strength criteria would be of a valuable help.

Since the epoxy resins involved in composite structures generally exhibit an isotropic hygro-mechanical behaviour, the microscopic strength criterion expressed in terms of stresses (54) simplifies as follows:
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Thus, only four strength parameters have to be determined in order to enable failure predictions at microscopic scale: 
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 Hypotheses being compatible with the experimental observations are necessary to build an inverse model enabling the determination of these four parameters from the corresponding, available from practical mechanical tests, macroscopic strength stress failure criterion. 

The present work is focused on the development of modelling tools for the prediction of a possible damage occurrence in fiber-reinforced epoxy laminates submitted to mechanical loads. Actually, fibrous composite materials fail in a variety of mechanisms at the fiber/matrix microscopic scale. Besides, according to the literature, i) fiber-dominated failures usually occur when the plies are loaded in planes perpendicular to the fibers axis (longitudinal tension and compression), whereas ii) matrix-dominated failures often occur in the cases that the plies are loaded along the transverse and normal directions in tension and compression or when shear stresses are applied to the considered ply (Tsai, 1987; Liu and Tsai, 1998). Thus, matrix-dominated failure modes often occur in practice. As a consequence, the above listed i) and ii) statements will be used in order to identify microscopic strength parameters in stress and strain spaces for the matrix. 

According to the developments of section 4, it is possible to derive the pioneering numerical self-consistent model of Kröner and Eshelby in order to find the relation between the macroscopic mechanical states and the researched corresponding microscopic stresses and strains existing in the matrix of a composite material. 

In the present work, the strength parameters in either the matrix or the ply will be considered to remain independent from the magnitude of the applied mechanical load. Since the damage envelope has been defined as the strain or stress threshold beyond which non-linearity occurs in the behaviour of the material at the scale concerned by damage, and in the case that a purely mechanical load is taken into account, the material is assumed to behave elastically until failure occurs. Now, in these conditions, both stress and strain ultimate strength are simultaneously reached, and satisfy either macroscopic elastic Hooke’s law (33) or the corresponding microscopic relations that are deduced from (38-42), assuming 
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It will be assumed that macroscopic failure occurring in the transverse and normal directions, for a longitudinal stress 
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, is governed by local failure of the matrix. Various macroscopic stress states, compatible with that last hypothesis, are taken on the macroscopic strength envelope (54), expressed in stress space and, finally implemented in the scale transition relations (38-42). This leads to the determination of microscopic mechanical stresses and strains states in the matrix, that are, according to our hypotheses, responsible for macroscopic damage governed by matrix failure. As a consequence, these local mechanical states should be compatible with the microscopic failure envelopes of the matrix as written in equations (57).

According to this relation, four, non equivalent, macroscopic stress states suffice to find the eight researched coefficients involved in (57): 
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. The whole method required to perform such estimation is described on table 7. Actually, four macroscopic loading states taken on the stress failure envelope (defined on table 7) 
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 are required for the determination of the four coefficients of the failure envelopes since numerical tests shows that equation (56) rewritten at microscopic scale for the epoxy matrix does not provide an additional relation between 
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Moreover, according to (38-42) an uniaxial macroscopic tension or compression along the transverse (or normal) direction induces local mechanical states in the matrix generally exhibiting no zero strain and stress on-diagonal components (see for instance the cases of the macroscopic loads 
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on Table 7). As a consequence, only the strength coefficient 
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, one has to solve numerically the system (60) (cf. Table 7).
Finally, the uniaxial microscopic ultimate stresses of the epoxy matrix embedded in the composite structure can be deduced from the set of equations (55) expressed at microscopic scale (i.e. replacing the subscripts I by the subscript m), provided that the coefficients of the local failure envelope are already known:
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(62)
The method, developed in the present paragraph, enables the determination of a) the coefficients of the microscopic failure envelope of the epoxy matrix in stress and/or strain space from the macroscopic failure envelope of the ply and scale transition relations linking macroscopic loads to the corresponding local microscopic mechanical states experienced by the matrix, only thereafter, b) the local maximum strength of the matrix embedding the carbon fibers which can be evaluated from the classical formalism relating the strength to the coefficients of the failure envelope. This inverse method provides an alternative to the classical direct approach leading to the determination of the failure envelope from the maximum strength measured on pure epoxies, in the cases that the required data is not available or when the behaviour of the matrix embedded in the composite structure is expected to be significantly different from the behaviour of the pure matrix, as shown for example, in references (Garett and Bailey, 1977; Christensen and Rinde, 1979).
5.3 Numerical applications and examples

5.4.1 Identification of the microscopic failure criteria of two typical epoxies from the knowledge of the macroscopic failure envelope of AS4/3501-6 and T300/N5208 composite plies

In the present paper, two types of high strength carbon fiber reinforced epoxies are considered: a) AS4/3501-6 and b) T300/N5208 composites having identical fiber volume fraction: vf=0.6. These two materials constitute good candidates for the present work, since the microscopic strength of their respective matrix is not yet available (at our knowledge) in the already published literature, in spite of they are quite often considered for illustrating scientific works in this field of research (Tsai, 1987).

The macroscopic strength of single plies are given in Table 8. The coefficients of the corresponding quadratic macroscopic stress failure criteria, deduced from the classical direct method, through equation (55) are listed in Table 9.

In order to achieve the identification of the coefficients of the quadratic microscopic failure criteria of the pure epoxies (3501-6 and N5208, respectively), the method previously explained in subsection 5.2.3 was applied. The macroscopic stiffnesses considered for the simulation are provided in Table 10, whereas the elastic constants of the elastically isotropic resins, required for localising the macroscopic stress/strain states at the microscopic scale in the matrices, according to equations (38-42), were previously given in tables 1 and 5. In order to find the microscopic strength coefficients, four independent macroscopic stress states 
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 located on the macroscopic failure envelope according to the conditions described on the first raw of Table 7. Table 11 shows the strength coefficients found for the quadratic microscopic failure criterion in stress space of both epoxies by solving equations (60-61). Besides, the microscopic ultimate uniaxial stresses of the two studied epoxies have been determined by introducing in equation (62) the results of the previous identification of the strength coefficients of their respective quadratic failure criterion in stress space (still Table 11). The corresponding results have been listed in Table 12.

Finally, instances of the microscopic failure envelopes have been drawn and superimposed to the corresponding macroscopic failure envelopes. Pictures of Figure 5 compare the results obtained in stress space for each couple epoxy/composite. 

5.4.2 Observations on predicted results and discussion

According to the identification procedure described in subsection 5.2.3, an infinite number of macroscopic stress states sets {
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} can be considered for the determination of the researched microscopic failure envelope strength coefficients. Actually, 
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 are fixed by the macroscopic ultimate stresses 
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 of the considered composite structure (see the first raw of Table 7). Several tests were performed, introducing various numerical stress states (compatible with the constitutive hypotheses of the present work) for 
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. The tests showed that the microscopic strength coefficients are, as expected, independent from the choice of the initial macroscopic stress state 
[image: image180.wmf]I

c

s

: one set of coefficients only is found as the unique solution of system (60). This demonstrates that the inverse model presented here is reliable from a numerical point of view.

The obtained results for the ultimate uniaxial stresses of 3501-6 and N5208 epoxies are close together (Table 12), whereas the macroscopic strength present significant discrepancies (Table 8). As an example, the relative deviation between the macroscopic longitudinal tensile ultimate stress of the two composites reaches around 25% when the relative deviation between the longitudinal tensile ultimate stress of the two epoxies is limited to 6%. Moreover, the representation of the microscopic failure envelopes are rather similar for the two considered resins, (Figure 5), whereas the macroscopic failure envelopes differ from one composite to the other (Figure 5, also). This could be interpreted as follows: for the considered composites, the observed deviation in the macroscopic failure envelopes comes from the choice of the reinforcing fibers and not from the choice of the resin. This is remarkable, since the considered epoxies exhibit a very different elastic mechanical behaviour (see Tables 1 and 5).

Moreover, the predicted microscopic ultimate uniaxial stresses are coherent with experimental results measured on plain resins. For instance, reference (Fiedler et al., 2001) reports a strength value of 117 MPa in compression, and elastic limits reaching respectively 29 MPa in tension and 31 MPa in torsion for small specimen of plain unreinforced Bisphenol-A type resin (i.e. “small” denotes a significantly reduced sized in normal and transverse directions compared to “bulk” specimen). These measured strength are of the same order of magnitude than the strength, calculated in the present work, for 3501-6 and N5208 epoxies. At the opposite, the strengths determined on bulk specimens of 5208 and 3501-6 plain epoxies are approximately two times higher than the values obtained in the present work, for the strength of the corresponding epoxies embedded in thin composite plies. This last result is also compatible with both the experimental comparison achieved in reference (Fiedler at al., 2001) on various sized pure epoxies and the practical comparisons of the failure mechanisms exhibited by composites structures and their constitutive epoxy resin (see Garett and Bailey, 1977; Christensen and Rinde, 1979). The present work allows to represent the scale effects observed in practice on the composite constituents strengths, because the composite ply strengths involved in the calculations do actually depend on both the constituents properties and microstructure. 
6- Conclusions

The present work dealt with the question of scale transition modelling of polymer matrix composites and its application to several fields of investigation. Therefore, Mori-Tanaka and Eshelby-Kröner self-consistent models, taking advantage of arithmetic averages, were both considered for achieving the determinaiton of the homogenized properties of composite ply as a function of the properties of its constituents (on the one hand, the matrix , and on the second hand, the reinforcements). 

The theoretical models properly take into account the specific microstructure of such materials. Especially the extreme morphology of the reinforcements can be considered, while the morphology and orientation of the reinforcing inclusions are kept constant in a single ply. As a consequence, the models manage to reproduce realistically the strong macroscopic anisotropy observed in practice on uni-directionally fiber-reinforced epoxies. The obtained results have shown that the two approaches, presented here, yield close together estimations of the macroscopic coefficients of thermal expansion, coefficients of moisture expansion and elastic moduli, in the range of the epoxy volume fraction, that is typical for designing composites structures for engineering applications 
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, that is strongly underestimated in the case that the calculations are performed according to Mori-Tanaka approximation, in the same range of epoxy volume fractions. 

Moreover, realistic inverse scale transition procedures based on Kröner-Eshelby self-consistent model and Mori-Tanaka estimates were also provided for achieving the numerical determination of the mechanical, hygroscopic or thermal properties of one constituent of an uni-directionally reinforced composite ply. Both models were used in order to estimate the elastic stiffness of reinforcing fibers embedded in a composite ply, from the knowledge of the macroscopic properties and those of the matrix. The obtained numerical results were successfully compared with expected practical results. A similar study was achieved in the standpoint of estimating the coefficients of moisture expansion of the matrix constituting a composite ply. In both cases the proposed theoretical approaches led to similar results, which is satisfying. Thus, the two inverse models described in the present work can be equally used in order to achieve such an identification.

Another section of this article was devoted to the analysis of the macroscopic mechanical states localization within the constituents of a composite ply. Since it was previously demonstrated in the literature, that Mori-Tanaka approximation was not reliable for handling such a task, only Eshelby-Kröner model was considered. A numerical model, valid for any morphology of the reinforcing inclusions, was provided. Moreover a rigorous fully analytical treatment of the classical Kröner and Eshelby Self-Consistent model including morphology effects was achieved also. Especially, the determination of Morris’ tensor was performed in a satisfactory agreement with the transverse macroscopic elastic anisotropy expected for the fiber shape that should be taken into account in order to satisfactory represent the specific microstructure of carbon-fiber reinforced composites. The new closed-form solutions obtained for the components of Morris’ tensor were introduced in the classical hygro-thermo-elastic scale transition relation in order to express analytically the internal strains and stresses in both the fiber and the resin of a ply submitted to a hygro-thermo-elastic load. The closed-form solution demonstrated in the present work was compared to the fully numerical self-consistent model for various geometrical arrangements of the fibers: uni-directional or laminated composites. A very good agreement was obtained between the two models for any component of the local stress tensors. It was also demonstrated that continuum mechanics and micro-mechanical models give complementary information about the occurrence of a possible damage during the loading of the structure.
In a last part, the present study explained a procedure enabling to achieve the identification of one single set of strength parameters defining completely the microscopic failure envelope of the matrix entering in the composition of a composite structure, in the cases that a pure mechanical load is applied. The identification method was built around an inverse scale transition method which requires the knowledge of the macroscopic strengths, and both the macroscopic and microscopic elastic stiffnesses. Besides, it was necessary to consider some hypotheses in order to proceed to the identification of the coefficients of the microscopic quadratic failure criteria. In the present work, it was assumed that the macroscopic failure of a uni-directionally reinforced ply is dominated by the local failure of the matrix when the external load is applied in planes perpendicular to the fiber axis. 
Numerical applications of the proposed inverse method were made considering the cases of two high-strength composites structures: AS4/3501-6 and T300/N5208. The determination of the microscopic quadratic failure criterion of the pure epoxies (3501-6 and N5208, respectively) was achieved. The obtained results are close together and present a good agreement with ultimate strengths measured on reduced sized plain resins (available from already published literature). This demonstrates the reliability of the present predictive method for estimating the local failure behaviour of epoxies whose experimental failure criterion has not yet been determined.
In further works, the proposed approach will be extended to the more general case of hygro-thermo-mechanical loads. This will imply to take into account the stress free strains in order to keep consistency between the failure envelopes expressed in stress and strain spaces. Besides, the rigorous treatment of the hygro-thermo-mechanical load requires to consider the dependence on the temperature and moisture content of a) the elastic stiffness, coefficients of thermal expansion and coefficients of moisture expansion and b) the ultimate strength (and in general, the coefficients of the considered failure criterion), at both macroscopic and microscopic scales. Others perspectives of research are proposed in the following section below.

7- Perspectives

Scale transition modelling based theoretical analysis of composite structures constitutes an overexpanding field of research, due to multiple factors. Among them, the emergence of new materials exhibiting a specific, more advanced microstructure, the ambition to account for additional, sometimes only recently discovered, physical phenomena and the relentless research for building faster, more convenient but still reliable models stand for the three essential motivations for achieving further developments in the incoming years.

7.1 Emergence of new materials

The present development stage of Eshelby’s single inclusion theory involved in the mechanical modeling of composites is not intended for a rigorous treatment of the morphology presented by the reinforcements used for manufacturing woven-composites. As a consequence, answering to the question of a theoretical study, through scale transition models, of mechanical parts made of such composites will require a specific and still missing solution.

Since the recent discovery of carbon nanotubes in the 90’s, researchers worldwide have engaged in fundamental studies of this novel material (Treacy et al., 1996). The pioneering works have underlined the characteristics of carbon nanotubes such as an extraordinarily high stiffness (Salvetat et al., 1999) coupled to a high tensile strength (Demczyk et al., 2002)., high aspect ratio and an especially low density. Actually, for instance, the experimental direct mechanical measurement of the elastic properties of carbon nanotubes provided Young’s moduli in the range of 1 TPa, which considerably exceeds the corresponding modulus of any currently available fiber material (Salvetat et al., 1999; Demczyk et al., 2002). 

In consequence, the technological applications of carbon nanotubes as reinforcements for elastomers (Frogley et al., 2003) or polymer-based composites (Liu and Wagner, 2005; Breton et al., 2004; Xiao et al., 2006) was very recently investigated. Furthermore, multi-materials made up of polymer matrix, carbon fibers and carbon nanotubes are considered also for achieving a new generation of engineering composites. 

7.2 Accounting for additional physical factors

The present work is focused on the theoretical prediction of the mechanical behaviour of composite structures submitted also to environmental conditions. However, every aspect of the consequences of environmental loading on the constituents of composite materials have not always been considered in this paper, for the sake of simplicity. Nevertheless, accounting for some additional physical factors would improve the realism and the reliability of the predictions obtained through the scale-transition models.

For instance, the moisture diffusion process was assumed, in the present work, to follow the linear, classical, established for a long time, Fickian model. Nevertheless, some valuable experimental results, already reported in (Gillat and Broutman, 1978), have shown that certain anomalies in the moisture sorption process, (i.e. discrepancies from the expected Fickian behaviour) could be explained from basic principles of irreversible thermodynamics, by a strong coupling between the moisture transport in polymers and the local stress state (Weitsman, 1990a, Weitsman, 1990b).
The present work yields several perspectives of research concerning the application of scale transition model to the identification of composite materials properties. Moisture and temperature are not the only parameters leading to an evolution of the mechanical properties of epoxies. According to the literature, thermo-oxidation is reported to enhance the stiffness of the epoxies (Decelle et al., 2003 ; Ho and al., 2006). The inverse methods presented here could for instance be directly applied to the estimation of the epoxy stiffening from the knowledge of the macroscopic elastic properties evolution as a function of the mass loss during the thermo-oxidation process. Furthermore, extensions of the inverse models could be achieved in order to account for the variation of the coefficients of thermal and/or moisture expansion of the constituents of a composite ply, enabling to identify them and their evolutions as a function of the environmental conditions. Finally, a similar approach could be developed in order to identify the damage induced evolution of the mechanical behaviour of the constituents of  composite plies from the inelastic part of macroscopic stress/strain curves. The experimental data required for achieving such analysis is already available in the literature (Soden et al., 1998). Nevertheless, local and macroscopic damage have still to be implemented in the theoretical laws. The above-listed perspectives of research will be successively considered in further works.

7.3 Improving the calculation time while ensuring the most reliable predictions

The present work underlines the sometime existing opportunity to replace purely numerical mathematical solutions by analytical forms enabling to significantly reduce both the time required for designing the software and the time necessary for achieving one simulation. It was demonstrated in this paper that Eshelby-Kröner could be, at least partially, presented as an analytical model, while it was used for predicting mechanical states. Nevertheless, the estimation of the macroscopic properties (elastic stiffness, coefficients of thermal expansion and coefficients of moisture expansion) through the homogenization relations deduced from this very model do still involve an implicit iterative procedure. It was already shown in the literature by Welzel and his co-authors, that under specific conditions, it was possible to build a model, numerically equivalent to Eshelby-Kröner model, from the combination of two (separately less successful) other models (Welzel, 2002 ; Welzel et al. 2003). The concept is similar to the idea based on empirical comparisons, historically proposed by Neerfeld (Neerfeld, 1942) and Hill (Hill, 1952) to average Reuss and Voigt rough hypotheses in order to get a numerically acceptable theoretical solution. In the field of micro-mechanical modelling of composite materials, a combination of the two possible localization procedures considered for Mori-Tanaka model in the present work would enable to numerically  reproduce the homogenized properties obtained from Eshelby-Kröner model. Building an effective model from the two main ways of writing Mori-Tanaka model would mainly enable to obtain closed-form solutions for the elastic stiffness tensor, instead of having to numerically solve the iterative procedure involved in Eshelby-Kröner self-consistent model. Thus, a coupling of this numerically effective solution for predicting realistic hygrothermo-mechanical macroscopic properties to the already proposed in this very article analytical forms for the local mechanical states would yield to a faster but still extremely reliable innovative scale-transition approach for studying composite materials. The analytical forms required for achieving the effective Mori-Tanaka model should be derived and published in the near future.
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Figure captions

Figure 1: Macroscopic effective hygro-thermo-mechanical properties of T300/N5208 plies, estimated as a function of the epoxy volume fraction, through scale transition homogenization procedures. Comparison between Mori-Tanaka approximate and Kröner-Eshelby self-consistent model.

Figure 2: Time dependent concentration profiles in T300/5208 as a function of the normalised radial distance from the inner radius rdim.

Figure 3: Local stresses in T300/5208 composite for the central ply, in the case of a) the uni-directionaly reinforced composite and b) the [+55°/-55°]S symmetric laminate. CMF stands for Continuum Mechanics Formalisms.

Figure 4: Local stresses in T300/5208 composite for the inner ply, in the case of a) the uni-directionaly reinforced composite and b) the [+55°/-55°]S symmetric laminate. CMF stands for Continuum Mechanics Formalisms.

Figure 5: Examples of macroscopic and local (matrix only) stress failure envelopes of  T300/5208 and AS4/3501-6 plies.

Table captions

Table 1: Hygro-thermo-mechanical properties of T300/5208 constituents.

Table 2: Macroscopic elastic moduli (from the literature) and stiffness tensor components (calculated) considered for the composite ply at 
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% and TI = 300 K, according to (Sai Ram and Sinha, 1991).
Table 3: Pseudomacroscopic elastic moduli and stiffness tensor components assumed for the epoxy matrix of the composite plies at 
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Table 4: Pseudomacroscopic elastic moduli and stiffness tensor components identified for the carbon fiber reinforcing the composite plies at 
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% and TI = 300 K, according to either Mori-Tanaka estimates, or Eshelby-Kröner self-consistent model. Comparison with the corresponding properties exhibited in practice by typical high-strength carbon fibers, according to (Herakovich, 1998).
Table 5. Macroscopic and pseudo-macroscopic mechanical elastic properties of AS4/3501-6 constituents.

Table 6. Macroscopic and pseudomacroscopic (3501-6 matrix only) coefficients of moisture expansion of AS4/3501-6 composite. The pseudomacroscopic values results from the two inverse scale transition models described in the present work.
Table 7: one possible set of trials enabling the determination of the microscopic strength coefficients of the matrix expressed in stress space.

Table 8: macroscopic strength data.
Table 9: quadratic macroscopic stress failure criteria deduced from the strength data. Quadratic ijkl subscripted coefficients [MPa-2] and linear ij subscripted coefficients [MPa-1].
Table 10: macroscopic stiffness components [GPa] of 60% volume uni-directionally fiber reinforced plies. Fiber axis is parallel to longitudinal direction.
Table 11: quadratic local stress failure criteria in N5208 and 3501-6 epoxy matrices respectively deduced from the macroscopic failure envelopes of T300/5208 and AS4/3501-6 plies, taking into account the microscopic elastic properties given on tables 1 and 5. Quadratic ijkl subscripted coefficients [MPa-2] and linear ij subscripted coefficients [MPa-1].
Table 12: local (matrix embedded in a composite ply) strength data deduced from the local quadratic stress failure criteria of a N5208 and 3501-6 epoxy matrices respectively.
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Figure 1: Macroscopic effective hygro-thermo-mechanical properties of T300/N5208 plies, estimated as a function of the epoxy volume fraction, through scale transition homogenisation procedures. Comparison between Mori-Tanaka approximate and Kröner-Eshelby self-consistent model.
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Figure 2: Time dependent concentration profiles in T300/5208 as a function of the normalised radial distance from the inner radius rdim.
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Figure 3: Local stresses in T300/5208 composite for the central ply, in the case of a) the uni-directionaly reinforced composite and b) the [+55°/-55°]S symmetric laminate. CMF stands for Continuum Mechanics Formalisms.
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Figure 4: Local stresses in T300/5208 composite for the inner ply, in the case of a) the uni-directionaly reinforced composite and b) the [+55°/-55°]S symmetric laminate. CMF stands for Continuum Mechanics Formalisms.



Figure 5: Examples of macroscopic and local (matrix only) stress failure envelopes of  T300/5208 and AS4/3501-6 plies.
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Table 1: Hygro-thermo-mechanical properties of T300/5208 constituents.
	Elastic moduli
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Table 2: Macroscopic elastic moduli (from the literature) and stiffness tensor components (calculated) considered for the composite ply at 
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Table 3: Pseudomacroscopic elastic moduli and stiffness tensor components assumed for the epoxy matrix of the composite plies at 
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Table 4: Pseudomacroscopic elastic moduli and stiffness tensor components identified for the carbon fiber reinforcing the composite plies at 
[image: image229.wmf]0

ΔC

I

=

% and TI = 300 K, according to either Mori-Tanaka estimates, or Eshelby-Kröner self-consistent model. Comparison with the corresponding properties exhibited in practice by typical high-strength carbon fibers, according to (Herakovich, 1998).
	
	
[image: image230.wmf]1

E

[GPa]
	
[image: image231.wmf]3

2

E

 

,

E

[GPa]
	
[image: image232.wmf]13

12

,

n

n


	23
	
[image: image233.wmf]12

G

 [GPa]
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(Soden et al., 1998)
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	0.40
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	3501-6 epoxy matrix (Soden et al., 1998)
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	4.2
	0.34
	0.34
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	AS4/3501-6
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Table 5. Macroscopic and pseudo-macroscopic mechanical elastic properties of AS4/3501-6 constituents.

	Moisture expansion coefficient
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	AS4/3501-6

(Daniel and Ishai, 1994)

	0.01
	0.2

	3501-6 epoxy from Eshelby-Kröner self-consistent inverse model


	0.148
	0.148

	3501-6 epoxy from Mori-Tanaka inverse model
	0.148
	0.148


Table 6. Macroscopic and pseudomacroscopic (3501-6 matrix only) coefficients of moisture expansion of AS4/3501-6 composite. The pseudomacroscopic values results from the two inverse scale transition models described in the present work.
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	Corresponding macroscopic  strain 
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	Corresponding microscopic stress according to (15-17)
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[image: image248.wmf]ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

0

0

0

0

0

S

0

S

0

m

m

m

d

s



	Corresponding conditions for finding the microscopic strength coefficients in stress space from (10, 19)
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Table 7: one possible set of trials enabling the determination of the microscopic strength coefficients of the matrix expressed in stress space.

	Strengths [MPa]
	XI
	XI´
	YI, ZI
	YI´, ZI´
	SI

	T300/5208 (Tsai, 1987)
	1500
	1500
	40
	246
	68

	AS4/3501-6 (Liu and Tsai, 1998)
	1950
	1480
	48
	200
	79


Table 8: macroscopic strength data.

	Strength parameters
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	T300/5208
	4.44 10-7
	1.02 10-4
	1.08 10-4
	-3.36 10-6
	-5.08 10-5
	0
	0.0209

	AS4/3501-6
	3.46 10-7
	1.04 10-4
	8.01 10-5
	-3.00 10-6
	-5.02 10-5
	-0.0002
	0.0158


Table 9: quadratic macroscopic stress failure criteria deduced from the strength data. Quadratic ijkl subscripted coefficients [MPa-2] and linear ij subscripted coefficients [MPa-1].

	Stiffness components
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	T300/5208
	142.72
	13.92
	5.79
	7.19
	3.34
	7.00

	AS4/3501-6
	137.27
	11.60
	4.20
	5.22
	3.68
	6.45


Table 10: macroscopic stiffness components [GPa] of 60% volume uni-directionally fiber reinforced plies. Fiber axis is parallel to longitudinal direction.

	Strength parameters
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	N5208
	2.18 10-4
	7.82 10-4
	-8.77 10-5
	0.0162

	3501-6
	2.15 10-4
	5.04 10-4
	-8.07 10-5
	0.0143


Table 11: quadratic local stress failure criteria in N5208 and 3501-6 epoxy matrices respectively deduced from the macroscopic failure envelopes of T300/5208 and AS4/3501-6 plies, taking into account the microscopic elastic properties given on tables 1 and 5. Quadratic ijkl subscripted coefficients [MPa-2] and linear ij subscripted coefficients [MPa-1].

	Strengths [MPa]
	Xm, Ym, Zm
	Xm´, Ym´, Zm´
	Sm

	N5208
	40.1
	114.7
	25.3

	3501-6
	42.6
	108.9
	30.9


Table 12: local (matrix embedded in a composite ply) strength data deduced from the local quadratic stress failure criteria of a N5208 and 3501-6 epoxy matrices respectively.
� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





a)





a)





b)





b)





a)





a)





b)





b)


















































PAGE  
59

_1184138787.unknown

_1220697943.unknown

_1241243807.unknown

_1243689187.unknown

_1243775382.unknown

_1243775600.unknown

_1243775988.unknown

_1243777698.unknown

_1243775987.unknown

_1243775986.unknown

_1243775476.unknown

_1243775599.unknown

_1243775465.unknown

_1243689657.unknown

_1243689670.unknown

_1243690184.unknown

_1243775322.unknown

_1243689684.unknown

_1243689663.unknown

_1243689643.unknown

_1243689651.unknown

_1243689634.unknown

_1243688265.unknown

_1243688966.unknown

_1243689000.unknown

_1243688328.unknown

_1241508040.unknown

_1241527515.unknown

_1241846174.unknown

_1243688257.unknown

_1241527532.unknown

_1241508068.unknown

_1241272696.unknown

_1241272709.unknown

_1241442574.unknown

_1241272714.unknown

_1241272703.unknown

_1241272688.unknown

_1237187948.unknown

_1240750867.unknown

_1240986861.unknown

_1240988864.unknown

_1240993252.unknown

_1241241424.unknown

_1241241562.unknown

_1240993257.unknown

_1240990206.unknown

_1240993233.unknown

_1240988619.unknown

_1240751086.unknown

_1240813924.unknown

_1240982046.unknown

_1240813901.unknown

_1240751074.unknown

_1240729994.unknown

_1240733937.unknown

_1240750812.unknown

_1240750856.unknown

_1240750801.unknown

_1240730045.unknown

_1240733834.unknown

_1240730013.unknown

_1240301836.unknown

_1240729910.unknown

_1240729927.unknown

_1240729842.unknown

_1240729890.unknown

_1240729813.unknown

_1237267965.unknown

_1240058630.unknown

_1240058761.unknown

_1240058077.unknown

_1237192010.unknown

_1237192948.unknown

_1237187966.unknown

_1220770073.unknown

_1224921252.unknown

_1225547339.unknown

_1225547611.unknown

_1225547798.unknown

_1237179524.unknown

_1224921274.unknown

_1224921357.unknown

_1224921358.unknown

_1224921355.unknown

_1224921356.unknown

_1224921354.unknown

_1224921263.unknown

_1224921268.unknown

_1224921258.unknown

_1224919792.unknown

_1224919817.unknown

_1224919855.unknown

_1224919890.unknown

_1224919898.unknown

_1224920213.unknown

_1224919867.unknown

_1224919846.unknown

_1224919807.unknown

_1224919813.unknown

_1224919802.unknown

_1224918944.unknown

_1224918957.unknown

_1224918962.unknown

_1224918951.unknown

_1220770830.unknown

_1224918938.unknown

_1220770252.unknown

_1220764196.unknown

_1220765822.unknown

_1220764574.unknown

_1220697957.unknown

_1220762771.unknown

_1219215303.unknown

_1220339024.unknown

_1220697837.unknown

_1220697895.unknown

_1220697906.unknown

_1220697844.unknown

_1220697779.unknown

_1220697801.unknown

_1220422936.unknown

_1220423967.unknown

_1220423981.unknown

_1220422963.unknown

_1220339033.unknown

_1220179959.unknown

_1220179973.unknown

_1220250700.unknown

_1220179966.unknown

_1219507193.unknown

_1220179947.unknown

_1219240419.unknown

_1219507160.unknown

_1219215309.unknown

_1184154968.unknown

_1188366210.unknown

_1188388869.unknown

_1188388905.unknown

_1213683454.unknown

_1219208646.unknown

_1188388891.unknown

_1188366195.unknown

_1188366202.unknown

_1188366190.unknown

_1184149601.unknown

_1184149611.unknown

_1184150621.unknown

_1184149606.unknown

_1184149410.unknown

_1184149597.unknown

_1184149560.unknown

_1184149385.unknown

_1184149182.unknown

_1179040805.unknown

_1184065292.unknown

_1184070619.unknown

_1184077569.unknown

_1184135867.unknown

_1184137248.unknown

_1184138679.unknown

_1184077588.unknown

_1184070975.unknown

_1184070992.unknown

_1184070637.unknown

_1184070652.unknown

_1184070658.unknown

_1184070644.unknown

_1184070627.unknown

_1184065631.unknown

_1184070599.unknown

_1184070611.unknown

_1184070571.unknown

_1184065318.unknown

_1184065397.unknown

_1184065298.unknown

_1179040833.unknown

_1179040865.unknown

_1184064989.unknown

_1184065219.unknown

_1184065253.unknown

_1184065002.unknown

_1179040869.unknown

_1184064856.unknown

_1184064946.unknown

_1179040871.unknown

_1179040873.unknown

_1184057067.unknown

_1179040872.unknown

_1179040870.unknown

_1179040867.unknown

_1179040868.unknown

_1179040866.unknown

_1179040837.unknown

_1179040839.unknown

_1179040864.unknown

_1179040838.unknown

_1179040835.unknown

_1179040836.unknown

_1179040834.unknown

_1179040819.unknown

_1179040831.unknown

_1179040832.unknown

_1179040830.unknown

_1179040807.unknown

_1179040815.unknown

_1179040806.unknown

_1129531807.unknown

_1130476174.unknown

_1179040798.unknown

_1179040800.unknown

_1179040804.unknown

_1179040799.unknown

_1148725521.unknown

_1179040797.unknown

_1131347183.unknown

_1132397294.unknown

_1131347152.unknown

_1130143217.unknown

_1130143225.unknown

_1130143229.unknown

_1130143263.unknown

_1130143221.unknown

_1130143165.unknown

_1130143183.unknown

_1130143136.unknown

_1122445827.unknown

_1123313454.unknown

_1123313509.unknown

_1124520915.unknown

_1124526024.unknown

_1124521296.unknown

_1123658883.xls
Graph1

		0		0		0		0		0		0		0		0

		0.0083333333		0.0083333333		0.0083333333		0.0083333333		0.0083333333		0.0083333333		0.0083333333		0.0083333333

		0.0166666667		0.0166666667		0.0166666667		0.0166666667		0.0166666667		0.0166666667		0.0166666667		0.0166666667

		0.025		0.025		0.025		0.025		0.025		0.025		0.025		0.025

		0.0333333333		0.0333333333		0.0333333333		0.0333333333		0.0333333333		0.0333333333		0.0333333333		0.0333333333

		0.0416666667		0.0416666667		0.0416666667		0.0416666667		0.0416666667		0.0416666667		0.0416666667		0.0416666667

		0.05		0.05		0.05		0.05		0.05		0.05		0.05		0.05

		0.0583333333		0.0583333333		0.0583333333		0.0583333333		0.0583333333		0.0583333333		0.0583333333		0.0583333333

		0.0666666667		0.0666666667		0.0666666667		0.0666666667		0.0666666667		0.0666666667		0.0666666667		0.0666666667

		0.075		0.075		0.075		0.075		0.075		0.075		0.075		0.075

		0.0833333333		0.0833333333		0.0833333333		0.0833333333		0.0833333333		0.0833333333		0.0833333333		0.0833333333

		0.0916666667		0.0916666667		0.0916666667		0.0916666667		0.0916666667		0.0916666667		0.0916666667		0.0916666667

		0.1		0.1		0.1		0.1		0.1		0.1		0.1		0.1

		0.1083333333		0.1083333333		0.1083333333		0.1083333333		0.1083333333		0.1083333333		0.1083333333		0.1083333333

		0.1166666667		0.1166666667		0.1166666667		0.1166666667		0.1166666667		0.1166666667		0.1166666667		0.1166666667

		0.125		0.125		0.125		0.125		0.125		0.125		0.125		0.125

		0.1333333333		0.1333333333		0.1333333333		0.1333333333		0.1333333333		0.1333333333		0.1333333333		0.1333333333

		0.1416666667		0.1416666667		0.1416666667		0.1416666667		0.1416666667		0.1416666667		0.1416666667		0.1416666667

		0.15		0.15		0.15		0.15		0.15		0.15		0.15		0.15

		0.1583333333		0.1583333333		0.1583333333		0.1583333333		0.1583333333		0.1583333333		0.1583333333		0.1583333333

		0.1666666667		0.1666666667		0.1666666667		0.1666666667		0.1666666667		0.1666666667		0.1666666667		0.1666666667

		0.175		0.175		0.175		0.175		0.175		0.175		0.175		0.175

		0.1833333333		0.1833333333		0.1833333333		0.1833333333		0.1833333333		0.1833333333		0.1833333333		0.1833333333

		0.1916666667		0.1916666667		0.1916666667		0.1916666667		0.1916666667		0.1916666667		0.1916666667		0.1916666667

		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2

		0.2083333333		0.2083333333		0.2083333333		0.2083333333		0.2083333333		0.2083333333		0.2083333333		0.2083333333

		0.2166666667		0.2166666667		0.2166666667		0.2166666667		0.2166666667		0.2166666667		0.2166666667		0.2166666667

		0.225		0.225		0.225		0.225		0.225		0.225		0.225		0.225

		0.2333333333		0.2333333333		0.2333333333		0.2333333333		0.2333333333		0.2333333333		0.2333333333		0.2333333333

		0.2416666667		0.2416666667		0.2416666667		0.2416666667		0.2416666667		0.2416666667		0.2416666667		0.2416666667

		0.25		0.25		0.25		0.25		0.25		0.25		0.25		0.25

		0.2583333333		0.2583333333		0.2583333333		0.2583333333		0.2583333333		0.2583333333		0.2583333333		0.2583333333

		0.2666666667		0.2666666667		0.2666666667		0.2666666667		0.2666666667		0.2666666667		0.2666666667		0.2666666667

		0.275		0.275		0.275		0.275		0.275		0.275		0.275		0.275

		0.2833333333		0.2833333333		0.2833333333		0.2833333333		0.2833333333		0.2833333333		0.2833333333		0.2833333333

		0.2916666667		0.2916666667		0.2916666667		0.2916666667		0.2916666667		0.2916666667		0.2916666667		0.2916666667

		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3

		0.3083333333		0.3083333333		0.3083333333		0.3083333333		0.3083333333		0.3083333333		0.3083333333		0.3083333333

		0.3166666667		0.3166666667		0.3166666667		0.3166666667		0.3166666667		0.3166666667		0.3166666667		0.3166666667

		0.325		0.325		0.325		0.325		0.325		0.325		0.325		0.325

		0.3333333333		0.3333333333		0.3333333333		0.3333333333		0.3333333333		0.3333333333		0.3333333333		0.3333333333

		0.3416666667		0.3416666667		0.3416666667		0.3416666667		0.3416666667		0.3416666667		0.3416666667		0.3416666667

		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35

		0.3583333333		0.3583333333		0.3583333333		0.3583333333		0.3583333333		0.3583333333		0.3583333333		0.3583333333

		0.3666666667		0.3666666667		0.3666666667		0.3666666667		0.3666666667		0.3666666667		0.3666666667		0.3666666667

		0.375		0.375		0.375		0.375		0.375		0.375		0.375		0.375

		0.3833333333		0.3833333333		0.3833333333		0.3833333333		0.3833333333		0.3833333333		0.3833333333		0.3833333333

		0.3916666667		0.3916666667		0.3916666667		0.3916666667		0.3916666667		0.3916666667		0.3916666667		0.3916666667

		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4

		0.4083333333		0.4083333333		0.4083333333		0.4083333333		0.4083333333		0.4083333333		0.4083333333		0.4083333333

		0.4166666667		0.4166666667		0.4166666667		0.4166666667		0.4166666667		0.4166666667		0.4166666667		0.4166666667

		0.425		0.425		0.425		0.425		0.425		0.425		0.425		0.425

		0.4333333333		0.4333333333		0.4333333333		0.4333333333		0.4333333333		0.4333333333		0.4333333333		0.4333333333

		0.4416666667		0.4416666667		0.4416666667		0.4416666667		0.4416666667		0.4416666667		0.4416666667		0.4416666667

		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45

		0.4583333333		0.4583333333		0.4583333333		0.4583333333		0.4583333333		0.4583333333		0.4583333333		0.4583333333

		0.4666666667		0.4666666667		0.4666666667		0.4666666667		0.4666666667		0.4666666667		0.4666666667		0.4666666667

		0.475		0.475		0.475		0.475		0.475		0.475		0.475		0.475

		0.4833333333		0.4833333333		0.4833333333		0.4833333333		0.4833333333		0.4833333333		0.4833333333		0.4833333333

		0.4916666667		0.4916666667		0.4916666667		0.4916666667		0.4916666667		0.4916666667		0.4916666667		0.4916666667

		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5

		0.5083333333		0.5083333333		0.5083333333		0.5083333333		0.5083333333		0.5083333333		0.5083333333		0.5083333333

		0.5166666667		0.5166666667		0.5166666667		0.5166666667		0.5166666667		0.5166666667		0.5166666667		0.5166666667

		0.525		0.525		0.525		0.525		0.525		0.525		0.525		0.525

		0.5333333333		0.5333333333		0.5333333333		0.5333333333		0.5333333333		0.5333333333		0.5333333333		0.5333333333

		0.5416666667		0.5416666667		0.5416666667		0.5416666667		0.5416666667		0.5416666667		0.5416666667		0.5416666667

		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55

		0.5583333333		0.5583333333		0.5583333333		0.5583333333		0.5583333333		0.5583333333		0.5583333333		0.5583333333

		0.5666666667		0.5666666667		0.5666666667		0.5666666667		0.5666666667		0.5666666667		0.5666666667		0.5666666667

		0.575		0.575		0.575		0.575		0.575		0.575		0.575		0.575

		0.5833333333		0.5833333333		0.5833333333		0.5833333333		0.5833333333		0.5833333333		0.5833333333		0.5833333333

		0.5916666667		0.5916666667		0.5916666667		0.5916666667		0.5916666667		0.5916666667		0.5916666667		0.5916666667

		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6

		0.6083333333		0.6083333333		0.6083333333		0.6083333333		0.6083333333		0.6083333333		0.6083333333		0.6083333333

		0.6166666667		0.6166666667		0.6166666667		0.6166666667		0.6166666667		0.6166666667		0.6166666667		0.6166666667

		0.625		0.625		0.625		0.625		0.625		0.625		0.625		0.625

		0.6333333333		0.6333333333		0.6333333333		0.6333333333		0.6333333333		0.6333333333		0.6333333333		0.6333333333

		0.6416666667		0.6416666667		0.6416666667		0.6416666667		0.6416666667		0.6416666667		0.6416666667		0.6416666667

		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65

		0.6583333333		0.6583333333		0.6583333333		0.6583333333		0.6583333333		0.6583333333		0.6583333333		0.6583333333

		0.6666666667		0.6666666667		0.6666666667		0.6666666667		0.6666666667		0.6666666667		0.6666666667		0.6666666667

		0.675		0.675		0.675		0.675		0.675		0.675		0.675		0.675

		0.6833333333		0.6833333333		0.6833333333		0.6833333333		0.6833333333		0.6833333333		0.6833333333		0.6833333333

		0.6916666667		0.6916666667		0.6916666667		0.6916666667		0.6916666667		0.6916666667		0.6916666667		0.6916666667

		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7

		0.7083333333		0.7083333333		0.7083333333		0.7083333333		0.7083333333		0.7083333333		0.7083333333		0.7083333333

		0.7166666667		0.7166666667		0.7166666667		0.7166666667		0.7166666667		0.7166666667		0.7166666667		0.7166666667

		0.725		0.725		0.725		0.725		0.725		0.725		0.725		0.725

		0.7333333333		0.7333333333		0.7333333333		0.7333333333		0.7333333333		0.7333333333		0.7333333333		0.7333333333

		0.7416666667		0.7416666667		0.7416666667		0.7416666667		0.7416666667		0.7416666667		0.7416666667		0.7416666667

		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75

		0.7583333333		0.7583333333		0.7583333333		0.7583333333		0.7583333333		0.7583333333		0.7583333333		0.7583333333

		0.7666666667		0.7666666667		0.7666666667		0.7666666667		0.7666666667		0.7666666667		0.7666666667		0.7666666667

		0.775		0.775		0.775		0.775		0.775		0.775		0.775		0.775

		0.7833333333		0.7833333333		0.7833333333		0.7833333333		0.7833333333		0.7833333333		0.7833333333		0.7833333333

		0.7916666667		0.7916666667		0.7916666667		0.7916666667		0.7916666667		0.7916666667		0.7916666667		0.7916666667

		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8

		0.8083333333		0.8083333333		0.8083333333		0.8083333333		0.8083333333		0.8083333333		0.8083333333		0.8083333333

		0.8166666667		0.8166666667		0.8166666667		0.8166666667		0.8166666667		0.8166666667		0.8166666667		0.8166666667

		0.825		0.825		0.825		0.825		0.825		0.825		0.825		0.825

		0.8333333333		0.8333333333		0.8333333333		0.8333333333		0.8333333333		0.8333333333		0.8333333333		0.8333333333

		0.8416666667		0.8416666667		0.8416666667		0.8416666667		0.8416666667		0.8416666667		0.8416666667		0.8416666667

		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85

		0.8583333333		0.8583333333		0.8583333333		0.8583333333		0.8583333333		0.8583333333		0.8583333333		0.8583333333

		0.8666666667		0.8666666667		0.8666666667		0.8666666667		0.8666666667		0.8666666667		0.8666666667		0.8666666667

		0.875		0.875		0.875		0.875		0.875		0.875		0.875		0.875

		0.8833333333		0.8833333333		0.8833333333		0.8833333333		0.8833333333		0.8833333333		0.8833333333		0.8833333333

		0.8916666667		0.8916666667		0.8916666667		0.8916666667		0.8916666667		0.8916666667		0.8916666667		0.8916666667

		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9

		0.9083333333		0.9083333333		0.9083333333		0.9083333333		0.9083333333		0.9083333333		0.9083333333		0.9083333333

		0.9166666667		0.9166666667		0.9166666667		0.9166666667		0.9166666667		0.9166666667		0.9166666667		0.9166666667

		0.925		0.925		0.925		0.925		0.925		0.925		0.925		0.925

		0.9333333333		0.9333333333		0.9333333333		0.9333333333		0.9333333333		0.9333333333		0.9333333333		0.9333333333

		0.9416666667		0.9416666667		0.9416666667		0.9416666667		0.9416666667		0.9416666667		0.9416666667		0.9416666667

		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95

		0.9583333333		0.9583333333		0.9583333333		0.9583333333		0.9583333333		0.9583333333		0.9583333333		0.9583333333

		0.9666666667		0.9666666667		0.9666666667		0.9666666667		0.9666666667		0.9666666667		0.9666666667		0.9666666667

		0.975		0.975		0.975		0.975		0.975		0.975		0.975		0.975

		0.9833333333		0.9833333333		0.9833333333		0.9833333333		0.9833333333		0.9833333333		0.9833333333		0.9833333333

		0.9916666667		0.9916666667		0.9916666667		0.9916666667		0.9916666667		0.9916666667		0.9916666667		0.9916666667

		1		1		1		1		1		1		1		1
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1.0692381779

1.5

1.5

1.5

0.0251709126

0.1411074966

0.2789183899

0.4116039631

0.5327711578

0.6414273151

1.081567598

1.5

1.5

1.5

0.0381558025

0.174110325

0.3170490079

0.4485339354

0.5665963921

0.6717973583

1.0964754435

1.5

1.5

1.5

0.0567181763

0.2146174531

0.3622728011

0.4918781524

0.606151386

0.707263349

1.1138695734

1.5

1.5

1.5

0.0825700999

0.2631988016

0.4145999073

0.5414682498

0.651225773

0.7476177996

1.1336425278

1.5

1.5

1.5

0.1176771213

0.3203791854

0.473992269

0.5970955311

0.7015745186

0.7926228731

1.1556721905

1.5

1.5

1.5

0.1641744811

0.3865906689

0.540348174

0.6585068702

0.7569175923

0.8420112142

1.179822542

1.5

1.5

1.5

0.2242343775

0.4621255246

0.6134881865

0.7254012803

0.8169399918

0.8954870458

1.2059444989

1.5

1.5

1.5

0.2998858187

0.547092672

0.6931433753

0.7974274473

0.8812922148

0.9527274375

1.233876833

1.5

1.5

1.5

0.3927977133

0.6413806227

0.778946648

0.8741824824

0.9495912551

1.013383968

1.2634471664

1.5

1.5

1.5

0.5040458344

0.7446298615

0.8704278526

0.9552120932

1.0214221836

1.077084274

1.2944730345

1.5

1.5

1.5

0.6338926169

0.8562172375

0.9670131148

1.0400123013

1.0963403454

1.143435077

1.3267630121

1.5

1.5

1.5

0.7816137808

0.9752542976

1.068028656

1.1280327586

1.1738741815

1.212024046

1.3601178943

1.5

1.5

1.5

0.9454046734

1.1006006119

1.1727090895

1.2186816327

1.2535286517

1.282421848

1.3943319261

1.5

1.5

1.5

1.122391844

1.2308920793

1.2802099393

1.3113319495

1.3347892114

1.354186436

1.4291940719

1.5

1.5

1.5

1.30876168

1.3645830523

1.3896238832

1.4053292062

1.4171262652

1.426865538

1.464489318

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5



Feuil1

						3 mois		2 mois		1 mois		0.5 mois		1.5 mois		2.5 mois		6 mois

		0.9960159363		0		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5

		0.9960491368		0.0083333333																1.5

		0.9960823373		0.0166666667																1.5

		0.9961155378		0.025		1.426743519		1.4051935669		1.3644469347		1.308631073		1.3894862099		1.4169961962		1.4644228767		1.5

		0.9961487384		0.0333333333																1.5

		0.9961819389		0.0416666667																1.5

		0.9962151394		0.05		1.353957363		1.3110797131		1.230646549		1.122167823		1.2799565468		1.3345459354		1.4290686536		1.5

		0.99624834		0.0583333333																1.5

		0.9962815405		0.0666666667																1.5

		0.996314741		0.075		1.282101045		1.218331713		1.1002713643		0.9451217092		1.1723614682		1.2531891287		1.3941552763		1.5

		0.9963479416		0.0833333333																1.5

		0.9963811421		0.0916666667																1.5

		0.9964143426		0.1		1.211627092		1.1276036974		0.9748654066		0.7813018805		1.0676074853		1.1734552707		1.3598979493		1.5

		0.9964475432		0.1083333333																1.5

		0.9964807437		0.1166666667																1.5

		0.9965139442		0.125		1.142977119		1.0395220465		0.8557906366		0.6335764462		0.9665379558		1.0958586196		1.3265078089		1.5

		0.9965471448		0.1333333333																1.5

		0.9965803453		0.1416666667																1.5

		0.9966135458		0.15		1.076579953		0.9546778036		0.7441849444		0.5037441654		0.8699168905		1.0208937587		1.2941906212		1.5

		0.9966467463		0.1583333333																1.5

		0.9966799469		0.1666666667																1.5

		0.9967131474		0.175		1.012848027		0.8736203623		0.6409339805		0.3925234682		0.7784164921		0.9490316376		1.2631455141		1.5

		0.9967463479		0.1833333333																1.5

		0.9967795485		0.1916666667																1.5

		0.996812749		0.2		0.9521740085		0.7968526131		0.546657973		0.2996465437		0.6926089208		0.8807161669		1.2335637502		1.5

		0.9968459495		0.2083333333																1.5

		0.9968791501		0.2166666667																1.5

		0.9969123506		0.225		0.8949294154		0.7248276603		0.4617135326		0.2240331147		0.6129625409		0.8163614158		1.2056275481		1.5

		0.9969455511		0.2333333333																1.5

		0.9969787517		0.2416666667																1.5

		0.9970119522		0.25		0.8414619198		0.6579471361		0.3862093891		0.1640107736		0.5398426451		0.7563494336		1.1795089606		1.5

		0.9970451527		0.2583333333																1.5

		0.9970783533		0.2666666667																1.5

		0.9971115538		0.275		0.7920935907		0.5965610605		0.3200341162		0.1175480728		0.4735164108		0.7010286875		1.1553688156		1.5

		0.9971447543		0.2833333333																1.5

		0.9971779548		0.2916666667																1.5

		0.9972111554		0.3		0.747119274		0.5409691159		0.2628932691		0.0824713619		0.4141616159		0.650713083		1.133355726		1.5

		0.9972443559		0.3083333333																1.5

		0.9972775564		0.3166666667																1.5

		0.997310757		0.325		0.7068052891		0.4914231373		0.2143529999		0.0566447823		0.3618784506		0.6056815074		1.1136051755		1.5

		0.9973439575		0.3333333333																1.5

		0.997377158		0.3416666667																1.5

		0.9974103586		0.35		0.6713883803		0.4481305615		0.1738871272		0.0381027868		0.3167036154		0.5661778194		1.0962386861		1.5

		0.9974435591		0.3583333333																1.5

		0.9974767596		0.3666666667																1.5

		0.9975099602		0.375		0.6410748823		0.411258538		0.1409247812		0.0251337374		0.2786257963		0.5324111881		1.0813630703		1.5

		0.9975431607		0.3833333333																1.5

		0.9975763612		0.3916666667																1.5

		0.9976095618		0.4		0.6160401413		0.3809383777		0.1148960719		0.016320228		0.247601564		0.5045566794		1.069069776		1.5

		0.9976427623		0.4083333333																1.5

		0.9976759628		0.4166666667																1.5

		0.9977091633		0.425		0.5964279117		0.3572700121		0.0952736554		0.0105461959		0.2235707472		0.4827559826		1.0594343242		1.5

		0.9977423639		0.4333333333																1.5

		0.9977755644		0.4416666667																1.5

		0.9978087649		0.45		0.5823501878		0.3403261449		0.0816085447		0.0069826444		0.2064703891		0.4671181713		1.0525158464		1.5

		0.9978419655		0.4583333333																1.5

		0.997875166		0.4666666667																1.5

		0.9979083665		0.475		0.57388693		0.33015581		0.0735589622		0.0050634316		0.1962464921		0.457720406		1.0483567218		1.5

		0.9979415671		0.4833333333																1.5

		0.9979747676		0.4916666667																1.5

		0.9980079681		0.5		0.5710858595		0.3267870944		0.0709114194		0.0044608123		0.1928628952		0.4546084971		1.0469823183		1.5

		0.9980411687		0.5083333333																1.5

		0.9980743692		0.5166666667																1.5

		0.9981075697		0.525		0.5739625116		0.3302288448		0.0735935237		0.0050678865		0.1963067925		0.4577972679		1.0484008377		1.5

		0.9981407703		0.5333333333																1.5

		0.9981739708		0.5416666667																1.5

		0.9982071713		0.55		0.5825000757		0.3404712431		0.0816782474		0.0069922779		0.2065905914		0.4672706788		1.0526032673		1.5

		0.9982403718		0.5583333333																1.5

		0.9982735724		0.5666666667																1.5

		0.9983067729		0.575		0.5966495451		0.357485215		0.0953795774		0.0105624806		0.2237500086		0.4829817022		1.0595634361		1.5

		0.9983399734		0.5833333333																1.5

		0.998373174		0.5916666667																1.5

		0.9984063745		0.6		0.6163297122		0.3812207093		0.11503963		0.0163454227		0.2478385088		0.5048519593		1.0692381779		1.5

		0.998439575		0.6083333333																1.5

		0.9984727756		0.6166666667																1.5

		0.9985059761		0.625		0.6414273151		0.4116039631		0.1411074966		0.0251709126		0.2789183899		0.5327711578		1.081567598		1.5

		0.9985391766		0.6333333333																1.5

		0.9985723772		0.6416666667																1.5

		0.9986055777		0.65		0.6717973583		0.4485339354		0.174110325		0.0381558025		0.3170490079		0.5665963921		1.0964754435		1.5

		0.9986387782		0.6583333333																1.5

		0.9986719788		0.6666666667																1.5

		0.9987051793		0.675		0.707263349		0.4918781524		0.2146174531		0.0567181763		0.3622728011		0.606151386		1.1138695734		1.5

		0.9987383798		0.6833333333																1.5

		0.9987715803		0.6916666667																1.5

		0.9988047809		0.7		0.7476177996		0.5414682498		0.2631988016		0.0825700999		0.4145999073		0.651225773		1.1336425278		1.5

		0.9988379814		0.7083333333																1.5

		0.9988711819		0.7166666667																1.5

		0.9989043825		0.725		0.7926228731		0.5970955311		0.3203791854		0.1176771213		0.473992269		0.7015745186		1.1556721905		1.5

		0.998937583		0.7333333333																1.5

		0.9989707835		0.7416666667																1.5

		0.9990039841		0.75		0.8420112142		0.6585068702		0.3865906689		0.1641744811		0.540348174		0.7569175923		1.179822542		1.5

		0.9990371846		0.7583333333																1.5

		0.9990703851		0.7666666667																1.5

		0.9991035857		0.775		0.8954870458		0.7254012803		0.4621255246		0.2242343775		0.6134881865		0.8169399918		1.2059444989		1.5

		0.9991367862		0.7833333333																1.5

		0.9991699867		0.7916666667																1.5

		0.9992031873		0.8		0.9527274375		0.7974274473		0.547092672		0.2998858187		0.6931433753		0.8812922148		1.233876833		1.5

		0.9992363878		0.8083333333																1.5

		0.9992695883		0.8166666667																1.5

		0.9993027888		0.825		1.013383968		0.8741824824		0.6413806227		0.3927977133		0.778946648		0.9495912551		1.2634471664		1.5

		0.9993359894		0.8333333333																1.5

		0.9993691899		0.8416666667																1.5

		0.9994023904		0.85		1.077084274		0.9552120932		0.7446298615		0.5040458344		0.8704278526		1.0214221836		1.2944730345		1.5

		0.999435591		0.8583333333																1.5

		0.9994687915		0.8666666667																1.5

		0.999501992		0.875		1.143435077		1.0400123013		0.8562172375		0.6338926169		0.9670131148		1.0963403454		1.3267630121		1.5

		0.9995351926		0.8833333333																1.5

		0.9995683931		0.8916666667																1.5

		0.9996015936		0.9		1.212024046		1.1280327586		0.9752542976		0.7816137808		1.068028656		1.1738741815		1.3601178943		1.5

		0.9996347942		0.9083333333																1.5

		0.9996679947		0.9166666667																1.5

		0.9997011952		0.925		1.282421848		1.2186816327		1.1006006119		0.9454046734		1.1727090895		1.2535286517		1.3943319261		1.5

		0.9997343958		0.9333333333																1.5

		0.9997675963		0.9416666667																1.5

		0.9998007968		0.95		1.354186436		1.3113319495		1.2308920793		1.122391844		1.2802099393		1.3347892114		1.4291940719		1.5

		0.9998339973		0.9583333333																1.5

		0.9998671979		0.9666666667																1.5

		0.9999003984		0.975		1.426865538		1.4053292062		1.3645830523		1.30876168		1.3896238832		1.4171262652		1.464489318		1.5

		0.9999335989		0.9833333333																1.5

		0.9999667995		0.9916666667																1.5

		1		1		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5





Graph2

		0		0		0		0		0		0		0		0

		0.025		0.025		0.025		0.025		0.025		0.025		0.025		0.025

		0.05		0.05		0.05		0.05		0.05		0.05		0.05		0.05

		0.075		0.075		0.075		0.075		0.075		0.075		0.075		0.075

		0.1		0.1		0.1		0.1		0.1		0.1		0.1		0.1

		0.125		0.125		0.125		0.125		0.125		0.125		0.125		0.125

		0.15		0.15		0.15		0.15		0.15		0.15		0.15		0.15

		0.175		0.175		0.175		0.175		0.175		0.175		0.175		0.175

		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2

		0.225		0.225		0.225		0.225		0.225		0.225		0.225		0.225

		0.25		0.25		0.25		0.25		0.25		0.25		0.25		0.25

		0.275		0.275		0.275		0.275		0.275		0.275		0.275		0.275

		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3

		0.325		0.325		0.325		0.325		0.325		0.325		0.325		0.325

		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35

		0.375		0.375		0.375		0.375		0.375		0.375		0.375		0.375

		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4

		0.425		0.425		0.425		0.425		0.425		0.425		0.425		0.425

		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45

		0.475		0.475		0.475		0.475		0.475		0.475		0.475		0.475

		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5

		0.525		0.525		0.525		0.525		0.525		0.525		0.525		0.525

		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55

		0.575		0.575		0.575		0.575		0.575		0.575		0.575		0.575

		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6

		0.625		0.625		0.625		0.625		0.625		0.625		0.625		0.625

		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65

		0.675		0.675		0.675		0.675		0.675		0.675		0.675		0.675

		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7

		0.725		0.725		0.725		0.725		0.725		0.725		0.725		0.725

		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75

		0.775		0.775		0.775		0.775		0.775		0.775		0.775		0.775

		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8

		0.825		0.825		0.825		0.825		0.825		0.825		0.825		0.825

		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85

		0.875		0.875		0.875		0.875		0.875		0.875		0.875		0.875

		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9

		0.925		0.925		0.925		0.925		0.925		0.925		0.925		0.925

		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95

		0.975		0.975		0.975		0.975		0.975		0.975		0.975		0.975

		1		1		1		1		1		1		1		1
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1.1002713643

1.1723614682

1.218331713

1.2531891287

1.282101045

1.3941552763

1.5

0.7813018805

0.9748654066

1.0676074853

1.1276036974

1.1734552707

1.211627092

1.3598979493

1.5

0.6335764462

0.8557906366

0.9665379558

1.0395220465

1.0958586196

1.142977119

1.3265078089

1.5

0.5037441654

0.7441849444

0.8699168905

0.9546778036

1.0208937587

1.076579953

1.2941906212

1.5

0.3925234682

0.6409339805

0.7784164921

0.8736203623

0.9490316376

1.012848027

1.2631455141

1.5

0.2996465437

0.546657973

0.6926089208

0.7968526131

0.8807161669

0.9521740085

1.2335637502

1.5

0.2240331147

0.4617135326

0.6129625409

0.7248276603

0.8163614158

0.8949294154

1.2056275481

1.5

0.1640107736

0.3862093891

0.5398426451

0.6579471361

0.7563494336

0.8414619198

1.1795089606

1.5

0.1175480728

0.3200341162

0.4735164108

0.5965610605

0.7010286875

0.7920935907

1.1553688156

1.5

0.0824713619

0.2628932691

0.4141616159

0.5409691159

0.650713083

0.747119274

1.133355726

1.5

0.0566447823

0.2143529999

0.3618784506

0.4914231373

0.6056815074

0.7068052891

1.1136051755

1.5

0.0381027868

0.1738871272

0.3167036154

0.4481305615

0.5661778194

0.6713883803

1.0962386861

1.5

0.0251337374

0.1409247812

0.2786257963

0.411258538

0.5324111881

0.6410748823

1.0813630703

1.5

0.016320228

0.1148960719

0.247601564

0.3809383777

0.5045566794

0.6160401413

1.069069776

1.5

0.0105461959

0.0952736554

0.2235707472

0.3572700121

0.4827559826

0.5964279117

1.0594343242

1.5

0.0069826444

0.0816085447

0.2064703891

0.3403261449

0.4671181713

0.5823501878

1.0525158464

1.5

0.0050634316

0.0735589622

0.1962464921

0.33015581

0.457720406

0.57388693

1.0483567218

1.5

0.0044608123

0.0709114194

0.1928628952

0.3267870944

0.4546084971

0.5710858595

1.0469823183

1.5

0.0050678865

0.0735935237

0.1963067925

0.3302288448

0.4577972679

0.5739625116

1.0484008377

1.5

0.0069922779

0.0816782474

0.2065905914

0.3404712431

0.4672706788

0.5825000757

1.0526032673

1.5

0.0105624806

0.0953795774

0.2237500086

0.357485215

0.4829817022

0.5966495451

1.0595634361

1.5

0.0163454227

0.11503963

0.2478385088

0.3812207093

0.5048519593

0.6163297122

1.0692381779

1.5

0.0251709126

0.1411074966

0.2789183899

0.4116039631

0.5327711578

0.6414273151

1.081567598

1.5

0.0381558025

0.174110325

0.3170490079

0.4485339354

0.5665963921

0.6717973583

1.0964754435

1.5

0.0567181763

0.2146174531

0.3622728011

0.4918781524

0.606151386

0.707263349

1.1138695734

1.5

0.0825700999

0.2631988016

0.4145999073

0.5414682498

0.651225773

0.7476177996

1.1336425278

1.5

0.1176771213

0.3203791854

0.473992269

0.5970955311

0.7015745186

0.7926228731

1.1556721905

1.5

0.1641744811

0.3865906689

0.540348174

0.6585068702

0.7569175923

0.8420112142

1.179822542

1.5

0.2242343775

0.4621255246

0.6134881865

0.7254012803

0.8169399918

0.8954870458

1.2059444989

1.5

0.2998858187

0.547092672

0.6931433753

0.7974274473

0.8812922148

0.9527274375

1.233876833

1.5

0.3927977133

0.6413806227

0.778946648

0.8741824824

0.9495912551

1.013383968

1.2634471664

1.5

0.5040458344

0.7446298615

0.8704278526

0.9552120932

1.0214221836

1.077084274

1.2944730345

1.5

0.6338926169

0.8562172375

0.9670131148

1.0400123013

1.0963403454

1.143435077

1.3267630121

1.5

0.7816137808

0.9752542976

1.068028656

1.1280327586

1.1738741815

1.212024046

1.3601178943

1.5

0.9454046734

1.1006006119

1.1727090895

1.2186816327

1.2535286517

1.282421848

1.3943319261

1.5

1.122391844

1.2308920793

1.2802099393

1.3113319495

1.3347892114

1.354186436

1.4291940719

1.5

1.30876168

1.3645830523

1.3896238832

1.4053292062

1.4171262652

1.426865538

1.464489318

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5



Feuil2

		0.9960159363		0		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5

		0.9961155378		0.025		1.426743519		1.4051935669		1.3644469347		1.308631073		1.3894862099		1.4169961962		1.4644228767		1.5

		0.9962151394		0.05		1.353957363		1.3110797131		1.230646549		1.122167823		1.2799565468		1.3345459354		1.4290686536		1.5

		0.996314741		0.075		1.282101045		1.218331713		1.1002713643		0.9451217092		1.1723614682		1.2531891287		1.3941552763		1.5

		0.9964143426		0.1		1.211627092		1.1276036974		0.9748654066		0.7813018805		1.0676074853		1.1734552707		1.3598979493		1.5

		0.9965139442		0.125		1.142977119		1.0395220465		0.8557906366		0.6335764462		0.9665379558		1.0958586196		1.3265078089		1.5

		0.9966135458		0.15		1.076579953		0.9546778036		0.7441849444		0.5037441654		0.8699168905		1.0208937587		1.2941906212		1.5

		0.9967131474		0.175		1.012848027		0.8736203623		0.6409339805		0.3925234682		0.7784164921		0.9490316376		1.2631455141		1.5

		0.996812749		0.2		0.9521740085		0.7968526131		0.546657973		0.2996465437		0.6926089208		0.8807161669		1.2335637502		1.5

		0.9969123506		0.225		0.8949294154		0.7248276603		0.4617135326		0.2240331147		0.6129625409		0.8163614158		1.2056275481		1.5

		0.9970119522		0.25		0.8414619198		0.6579471361		0.3862093891		0.1640107736		0.5398426451		0.7563494336		1.1795089606		1.5

		0.9971115538		0.275		0.7920935907		0.5965610605		0.3200341162		0.1175480728		0.4735164108		0.7010286875		1.1553688156		1.5

		0.9972111554		0.3		0.747119274		0.5409691159		0.2628932691		0.0824713619		0.4141616159		0.650713083		1.133355726		1.5

		0.997310757		0.325		0.7068052891		0.4914231373		0.2143529999		0.0566447823		0.3618784506		0.6056815074		1.1136051755		1.5

		0.9974103586		0.35		0.6713883803		0.4481305615		0.1738871272		0.0381027868		0.3167036154		0.5661778194		1.0962386861		1.5

		0.9975099602		0.375		0.6410748823		0.411258538		0.1409247812		0.0251337374		0.2786257963		0.5324111881		1.0813630703		1.5

		0.9976095618		0.4		0.6160401413		0.3809383777		0.1148960719		0.016320228		0.247601564		0.5045566794		1.069069776		1.5

		0.9977091633		0.425		0.5964279117		0.3572700121		0.0952736554		0.0105461959		0.2235707472		0.4827559826		1.0594343242		1.5

		0.9978087649		0.45		0.5823501878		0.3403261449		0.0816085447		0.0069826444		0.2064703891		0.4671181713		1.0525158464		1.5

		0.9979083665		0.475		0.57388693		0.33015581		0.0735589622		0.0050634316		0.1962464921		0.457720406		1.0483567218		1.5

		0.9980079681		0.5		0.5710858595		0.3267870944		0.0709114194		0.0044608123		0.1928628952		0.4546084971		1.0469823183		1.5

		0.9981075697		0.525		0.5739625116		0.3302288448		0.0735935237		0.0050678865		0.1963067925		0.4577972679		1.0484008377		1.5

		0.9982071713		0.55		0.5825000757		0.3404712431		0.0816782474		0.0069922779		0.2065905914		0.4672706788		1.0526032673		1.5

		0.9983067729		0.575		0.5966495451		0.357485215		0.0953795774		0.0105624806		0.2237500086		0.4829817022		1.0595634361		1.5

		0.9984063745		0.6		0.6163297122		0.3812207093		0.11503963		0.0163454227		0.2478385088		0.5048519593		1.0692381779		1.5

		0.9985059761		0.625		0.6414273151		0.4116039631		0.1411074966		0.0251709126		0.2789183899		0.5327711578		1.081567598		1.5

		0.9986055777		0.65		0.6717973583		0.4485339354		0.174110325		0.0381558025		0.3170490079		0.5665963921		1.0964754435		1.5

		0.9987051793		0.675		0.707263349		0.4918781524		0.2146174531		0.0567181763		0.3622728011		0.606151386		1.1138695734		1.5

		0.9988047809		0.7		0.7476177996		0.5414682498		0.2631988016		0.0825700999		0.4145999073		0.651225773		1.1336425278		1.5

		0.9989043825		0.725		0.7926228731		0.5970955311		0.3203791854		0.1176771213		0.473992269		0.7015745186		1.1556721905		1.5

		0.9990039841		0.75		0.8420112142		0.6585068702		0.3865906689		0.1641744811		0.540348174		0.7569175923		1.179822542		1.5

		0.9991035857		0.775		0.8954870458		0.7254012803		0.4621255246		0.2242343775		0.6134881865		0.8169399918		1.2059444989		1.5

		0.9992031873		0.8		0.9527274375		0.7974274473		0.547092672		0.2998858187		0.6931433753		0.8812922148		1.233876833		1.5

		0.9993027888		0.825		1.013383968		0.8741824824		0.6413806227		0.3927977133		0.778946648		0.9495912551		1.2634471664		1.5

		0.9994023904		0.85		1.077084274		0.9552120932		0.7446298615		0.5040458344		0.8704278526		1.0214221836		1.2944730345		1.5

		0.999501992		0.875		1.143435077		1.0400123013		0.8562172375		0.6338926169		0.9670131148		1.0963403454		1.3267630121		1.5

		0.9996015936		0.9		1.212024046		1.1280327586		0.9752542976		0.7816137808		1.068028656		1.1738741815		1.3601178943		1.5

		0.9997011952		0.925		1.282421848		1.2186816327		1.1006006119		0.9454046734		1.1727090895		1.2535286517		1.3943319261		1.5

		0.9998007968		0.95		1.354186436		1.3113319495		1.2308920793		1.122391844		1.2802099393		1.3347892114		1.4291940719		1.5

		0.9999003984		0.975		1.426865538		1.4053292062		1.3645830523		1.30876168		1.3896238832		1.4171262652		1.464489318		1.5

		1		1		1.5		1.5		1.5		1.5		1.5		1.5		1.5		1.5
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