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Introduction

Nowadays, several types of continuous fiber reinforcement for advanced composite materials are available in the market like woven, non-crimp and braided fabrics. One of the most important barriers to the composite usage is the manufacturing process. One of these methods is thermo-forming, mainly done with thermoplastic resin-based composites, which benefits from all the know-how acquired from metal press forming also known as hot stamping [START_REF] Long | Process modelling for textile composite[END_REF]. Unlike classical thermoset composites, AIRPOXY materials will enable a new innovative 3R-Thermoforming processes to achieve high production rates.

In thermoforming simulation, material modelling is one of the most important aspects in terms of accuracy. Few material models that have been developed for Uni-directional (UD) [START_REF] O'bradaigh | Implicit finite element modelling of composites sheet forming processes[END_REF] and woven [START_REF] Yu | Nonorthogonal constitutive equation for woven fabric reinforced thermoplastic composites[END_REF][START_REF] Yu | Sheet Hydroforming of woven FRT composites:non-orthogonal constitutive equation considering shear stiffness and undulation of woven structure[END_REF][START_REF] Spencer | Theory of fabric-reinforced viscous fluids[END_REF][START_REF] Zouari | A woven reinforcement forming simulation method. Influence of the shear stiffness[END_REF] composite fibers. In this paper, a hypoelastic material law for the fabrics is developed in RADIOSS [START_REF]RADIOSS Users Manual[END_REF]. The material law will be identified using bias and bending tests and applied to a thermo-forming simulation of a quasi-industrial part firstly and two aerospace industry demonstrators

3R resin composite material model 2.1 Reinforcement model

Generally, the hypo-elastic laws are widely used in FE codes to model the composite's behaviour at large strain [START_REF] Hughes | Finite rotation effects in numerical integration of rate constitutive equations arising in large-deformation analysis[END_REF][START_REF] Belytschko | Nonlinear finite elements for continua and structures[END_REF][START_REF] Peng | A continuum mechanics-based non-orthogonal constitutive model for woven composite fabrics[END_REF][START_REF] Badel | Analyse mésoscopique du comportement mécanique des renforts tissés de composites utilisant la tomographie aux rayons X[END_REF][START_REF] Ma. Khan | Numerical and experimental analyses of woven composite reinforcement forming using a hypoelastic behaviour. application to the double dome benchmark[END_REF]. The hypo elastic behaviour does not relate the stress to the strain as the elastic constitutive, but it relates the objective derivative of the Cauchy stress tensor 𝜎 ∇ to the strain rate 𝐷 by a constitutive tensor 𝐶. Then, hypoelastic laws have the following form:

𝜎 ∇ = 𝐶 ∶ 𝐷 (1)
In large deformation problem, the objective derivative of the Cauchy stress tensor is used in order to eliminate the stress variation due to rigid body rotations in 𝜎̇= 𝑑𝜎 𝑑𝑡 . In this paper an objective derivative based on the fiber rotation tensor ∆ which is the rotation from the fiber direction in the initial orthogonal frame to the current directions. In this case, the objective derivative of the Cauchy stress tensor has the following expression:

𝜎 ∇ = ∆ ( 𝑑 𝑑𝑡 (∆ 𝑇 𝜎 ∆)) ∆ 𝑇 (2) 
Fiber behavior is considered not linear. In tension, fibers will tend to align with the load releasing their full stiffness. However, in compression, fibers will tend to bend (because the initial undulation) and resin will be loaded instead. This is the reason of the stiffness change (Figure 61) often observed in tensile tests.

Figure 1. Nonlinear behavior on fiber direction

The present model was implemented in RADIOSS via a user material subroutine in Fortran.

Resin Model

Thermoplastic and thermosets polymers exhibit a viscoelastic behavior, stronger at high temperatures.

For this reason, an isotropic viscoelastic behavior for resin could be a good candidate to reproduce the viscous effects associated to those materials. A general Maxwell element model is implemented, following [START_REF] Berro | Numerical modelling of thermoplastic resin behaviour for thermoforming of laminates composed of non-crimp fabrics[END_REF] with 4 viscous (linear) contributions.

𝜎 ̿(𝑡) = ∫ Γ ̿ (𝑡 -𝑠) 𝜕𝜀 ̿(𝑠) 𝜕𝑠 𝑑𝑠 𝑤ℎ𝑒𝑟𝑒 Γ ̿ (𝑡 -𝑠) = 𝛾 0 + ∑ 𝛾 𝑗 𝑒𝑥𝑝 (- 𝑡-𝑠 𝜏 𝑗 ) 𝑁 𝑗=1 𝑡 0 (3)
Thermal influence is introduced to the model by a linear dependency 𝜏 𝑗 and 𝛾 𝑗 with respect to the tempeture.

Identification

3R epoxy fabric and UD composites are identified through tensile tests at 0°, 90° and 45° at different temperatures. Nonlinear behaviour for the fiber is identified using the 0 tensile test and resin contribution is mainly identified through 45° sample. 3-point bending is used to capture the composite bending stiffness at high temperature. 3R epoxy doesn't become liquid, nor viscous 

Aircraft Leading Edge Web

The web is a part of the leading-edge structure, whose role is to maintain the skin shape under aerodynamic loads. The figure below shows the leading-edge structure. The equipment used for manufacturing the leading-edge half webs are the same as those used for manufacturing the DCM longitudinal stiffeners. The CF/3R-RTM blank is pre-heated by the electrical fan oven while heat is supplied by the molds using electric cartridge heaters during the thermoforming process. See cartridge heater array in below. Pressure is applied with a hydraulic press and cooling is achieved using an industrial fan

Figure 5. Thermoforming tools

Only the external surface of the tools has been modelled. The tools ae considered as rigid making the simulation much faster. The silicon layer on the top is modelled in simplified way, by introducing a thicker and softer GAP on this contact. The effect of this will mimic the presence of silicon layer and the compaction introduced by it. The figure below shows the comparison between real web and numerical one, for a EPP specimen. EPP means that the blank is not consolidated, so the plies remain independent and can slide during the forming process.

Figure 6. EPP Web thermoforming comparison

A good agreement is found in terms of kinematics. The first global blank bending is well captured by the simulation, but the mode changes with some waves in the simulated blank which are not present in the real process. That can be also produce by the sliding to the right side observed in test. The simulation remains mostly symmetric. At the finale stage of the forming phase, simulation shows a series of small bending waves on the composite blank, which are close to the ones observed experimentally.

The real and virtual web are compared after he process to compare the prediction with respect to defects location. Two main zones are identified in the real web, the tip and the bottom face close to the free edge. These are the two main zones identified by simulation in previous studies, which shows the help that simulation can provide to iterate. Density of wrinkles (on the web's tip) increases when we move to the smallest radius. This is capture by simulation, showing a big concentration of defects on the tip and less on the sides, mostly on the right one. The bottom face shows two wrinkles, one almost in the middle and the other close to one vertical wall. The simulation also predicts two wrinkles but close to wall (the same). This difference comes from the bending, which is not the same, and this causes the difference on the defect's onset. Anyway, the prediction remains close to the real product. Thanks to virtual model, it is possible to study all the plies to look for internal wrinkles. Next figure shows an exploded view of the web after forming.

Longitudinal Stiffener

The longitudinal stiffener is a subcomponent of a Fan-Cowl. It has been designed as an omega shape in order to increase the torsional stiffness of the structure. A little pan-down will be done (section height variation) as this is something usual in this type of part. The head will be reinforced in order to carry the main loads (tension and compression loads), as it is in omega shape normal real parts in aircrafts. It has been manufactured by thermoforming 3R flat laminates in a specially designed heated mold, see mold CAD model in the following figure. Thickness change due to the inserted plies leads to early delamination around the area. At middle stage of the process, a big undulation appears due to delamination and compression in the inner face. At the end of the process, delamination is confined to the zone around the thickness change, except in the section changes area, where delamination grows in the transversal direction. Let's, take a deeper look at this thickness change zone. A wave appears as soon as the interface is damaged (beginning of the process). This undulation grows, but not enough to create a defect at the end. It can be expected that process consolidation after forming can repair this and heal the delaminated area, but it's clearly the weak point of this demonstrator. The manufactured longitudinal stiffener presents two wrinkles on the internal face, just after the thickness change. This is the zone pointed out by simulation, even if the virtual model only show undulation at the end (and not full developed wrinkle). This difference can be due at the way silicon layer is modelled (trough contact). Pressure coming from the contact can be higher than the one produced by the silicon layer. Anyway, to model that in FE, a solid layer must be introduced which will have an enormous computational cost and lack of robustness.

Figure 11. Defects detected and numerical prediction 5 Conclusions

A dedicated material model for thermoforming has been developed, taking into account the reinforcement and resin behavior (thermal dependent). This model has been implemented in the commercial code ALTAIR RADIOSS. This model has been calibrated for two materials, a fabric and UD respectively. Simulation have been used from the beginning of the design process to understand how the composite blank will deform and what corrective actions were needed to overcome defects. The tip zone appeared as critical from the first numerical trials. Different strategies have been investigated: blank holders, different blank shapes, springs and tool shape. Simulations have been performed for each experimental trial, with a very good agreement in terms of blank kinematics and defect's locations (as wrinkles and delamination). The numerical model has proven to be predictive enough to guide the design phase and reduce the manufacturing trials. Concerning Longitudinal stiffener simulation, some defects (or risk of defects) have been well captured using this cohesive zone modelling for the interfaces and the dedicated 3R epoxy material law. The wrinkles observed in the real part, could be predicted by decreasing the mesh size but making the models computationally expensive. Anyway, the model seems to be enough predictive to be used on design iterations as mentioned before.
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 2 Figure 2. UD 0° Figure 3. UD 90°
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 4 Figure 4. Leading egde structure (skin and webs)
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 7 Figure 7. Longitudinal stiffener thermoforming tool
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 8 Figure 8. FE model

Figure 9 .

 9 Figure 9. Delamination onset during forming Delamination (in red) appears to be concentrated on the internal half-thickness. Section views on Figure 34 shows this. A small delamination appears also in the upper radius, certainly due to the need of sliding between plies. After the section change, delamination collapses on the thickness change.
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 10 Figure 10. Delaminated areas
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