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In this project, we are interested in the manufacturing of high thickness thermoplastic laminate parts. During this consolidation step, induced stresses or deformation may occur, which can lead to the generation of defects such as delamination or shape distortions. An experiment trial and error approach on the manufacturing of such high-performance materials and thick parts is cost prohibitive and time consuming. Thus, this work aims at reducing the process development cost through the multiphysics simulation of the consolidation processes. The multiphysics model proposed here is based on a coupling approach of the transient heat transfer, crystallization kinetics and elastic models at the macroscopic scale. These simulations can allow studying the consolidation problems such as shape distortion (spring-in) at the cooling phase due to the material shrinkage. Optimal process parameters or a customized mold/part design thus can be considered to minimize the induced defects.

Introduction

Nowadays, the aeronautical industry is more and more interested in thermoplastic resin for its capabilities of welding, recycling, corrosion resistance… However, until now, the use of thermoplastic is mostly limited to relative thin parts which are not suitable for structural applications. In this project, we are interested in the manufacturing of high thickness thermoplastic laminate parts. The Automated Fiber Placement (AFP) process is a good candidate which can meet the industrial requirements: robustness, performance, production cost and rate… Nevertheless, it requires a phase of consolidation in an oven or autoclave as the in-situ consolidation is still a challenge, especially for high thickness parts. During this consolidation step, induced stresses or deformation may occur, which can lead to the generation of defects such as delamination or shape distortions. An optimization of the manufacturing strategies (like temperature and pressure cycle) or mold design is required to minimize or avoid these defects. However, an experiment trial and error approach on the manufacturing of such highperformance materials and thick parts is cost prohibitive and time consuming. Beside the thermal and kinetics analysis, mechanical modeling of composite manufacturing processes plays an important role in this case [START_REF] Baran | A review on the mechanical modeling of composite manufacturing processes[END_REF]. Thus, this work aims at reducing the process development cost through the multiphysics simulation of the consolidation process. 

Shape distortion problem

Forming processes of high thickness thermoplastic laminate parts

The forming processes used in this project consist of two steps: AFP process and consolidation step. During the AFP step, thermoplastic laminate parts are draped up to 196 plies. The used tapes are made of carbon fiber and high performance semi-crystalline PAEK TP. In the second step, these parts are consolidated in a vacuum oven or in an autoclave with a given pressure/temperature cycle. Figure 1 shows a manufactured "Pylon" (U-shape) part with nearly quasi-isotropic draping scheme. The part is symmetric and the angle between the middle zone and side zones is about 80°. 

Spring-in -Shape distortion problem of U-shape (angled) composite laminates

Following the mold release,3D scan measurements have been realized. Figure 2 shows the correlation between the 3D scan and the designed (nominal) geometry of the pylon part. Green color indicates where there is less difference while red/violet color indicate zones of large shape distortion. We can see that shape distortion has been observed mainly in the extremities (free edges) of parts (red/violet color). Indeed, after the consolidation, the part tends to be more bended (closed) and the angle between the middle zone and side zones is reduced. This angle deviation is commonly called "spring-in" angle. In the literature, this spring-in phenomenon of angled composite laminates has been studied in many works, both for thermosetting and thermoplastic matrices [START_REF] Albert | Spring-in and warpage of angled composite laminates[END_REF][START_REF] Salomi | Spring-in angle as molding distortion for thermoplastic matrix composite[END_REF]. This phenomenon leads to the manufacturing of non-conforming parts and thus causes problems in assembly.

An estimation of the angle deviation was derived by Radford [4] which considers both the thermal and chemical shrinkages: where ∆𝜃 and 𝜃 are the angle deviation and the nominal initial angle, ∆𝜃 𝐶𝑇𝐸 and ∆𝜃 𝐶𝑆 are the thermal and crystallization induced angle deviation, 𝛼 𝑙 and 𝛼 𝑡 are the in-plane and throughthickness coefficients of thermal expansion, 𝜑 𝑙 and 𝜑 𝑡 are the in-plane and through-thickness coefficients of crystallization shrinkage. This formula provides a quick estimation of shape distortion. In this case, it overestimates to spring-in angle with respect to 3D scan results. Moreover, it does not consider many process parameters such as: the contact mold/parts, the thickness of part, consolidation cycle, material behavior… A numerical tool and especially finite element (FEM) models are required to be able to predict more precisely the spring-in behavior.

∆𝜃 = ∆𝜃 𝐶𝑇𝐸 + ∆𝜃 𝐶𝑆 = 𝜃 ( (𝛼 𝑙 -𝛼 𝑡 )∆𝑇 1+𝛼 𝑡 ∆𝑇 ) + 𝜃 ( 𝜑 𝑙 -𝜑 𝑡 1+𝜑 𝑡 ) (1) 
In what follows, a multiphysics FEM approach will be presented. Furthermore, it is addressed for high thickness laminates. 

Multiphysics model: coupled heat transfer, crystallization and mechanical models 3.1 Main modelling assumptions

• This work focuses on the consolidation step after AFP step of the forming processes. It is assumed that the parts before the consolidation step are perfectly draped which means: no gap or overlap of AFP, no delamination between layers and no deviation of fibers orientation. No shape distortion or thickness variation is considered after the AFP step. Moreover, the model is developed to predict the distortion after the mold release step. Further steps such as machining where additional distortion is likely to happen are not considered here.

• As the studied parts present many plies (up to 196 plies), a homogenized macroscopic 3D model is proposed in this work where effective properties are used. Indeed, the draping scheme of AFP process leads to a quasi-isotropic planar orientation. Subsequently, the composite part can be considered as a homogeneous transversely isotropic material (where transverse direction along the thickness direction) in this approach.
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Multiphysics model

The multiphysics model proposed here is thus based on a coupling approach of the transient heat transfer, crystallization kinetics and thermo-elastic models at the macroscopic scale. In a previous study, thermal and thermal-crystallization simulations were carried out to study the influence of thermal contact resistance and mold geometry on thick composite laminates consolidation. The readers can refer to this article [START_REF] Denis | Thick thermoplastic composite laminate consolidation: experimental observations and numerical approaches[END_REF] for the details of thermal and crystallization models. In the present work, by considering the computed temperature and crystallization fields, a coupled mechanical model based on a simple thermo-elastic approach is introduced. This model aims at providing the evolution of shape distortion during the consolidation process and mold release step.

Let us recall here the corresponding numerical modules used for different physical phenomena occurred during the consolidation of thick laminates.

• Heat transfer: heat transfer module was developed in the FreeFem++ library [START_REF] Hecht | New development in freefem++[END_REF].

FreeFem++ makes it possible to properly consider thermal contact resistance (TCR) by simultaneously solving the transient heat transfer both in the mold and in the part, thus introducing a strong coupling between domains. This heat transfer module allows to simulate the temperature gradient (particularly in the thickness direction for high thickness laminate parts).

• Crystallization kinetics: Based on the temperature result, a coupled thermo-kinetics module was also fully developed in the FreeFEM++ library. It consists of using the classical Nakamura kinetics [START_REF] Levy | Robust Numerical Resolution of Nakamura Crystallization Kinetics[END_REF] to simulate the evolution of the crystallization rate.

• Mechanics: The results of temperature and crystallization rate are then transferred to a thermo-elastic model in the Abaqus © (Dassault System) software. A numerical chain has been developed between the FreeFEM++ library and Abaqus. The proposed coupling is an iterative coupling as the data such as meshes, results are transferred at each increment (time step). The impact of thermal and chemical (crystallization) shrinkage is thus updated during the consolidation step.

Figure 3 shows the flow chart of this approach. During the consolidation step, the material evolves between different states: viscous, rubbery and glassy state in function of the temperature and crystallization rate. The material input must be considered with the phase change. Moreover, the material is not isotropic but transversely isotropic. In this work, thermal and crystallization properties were used such as the coefficient of thermal expansion (CTE), specific heat capacity or temperature dependent elastic properties. All of them account for the composite anisotropy, based on the transversely isotropic model.

Figure 3. Flow chart of iterative coupling

The study and results presented below essentially target the cooling phase of the consolidation step. For these simulations, the crystallization peak temperature is considered as the stress-free temperature (SFT) which corresponds to the temperature that the stresses begin to develop. SFT means that above this point, it is assumed that no induced stress is generated as the material is in the viscous state. Thus, the contact of the part/mold is assumed perfect before that temperature. The material is first cooled down from above the resin fusion temperature (Tf). Then the cooling phase consists of a crystallization plateau (Tc) in order to maximize the crystallization rate. This temperature was chosen in function of the cooling rate regarding to the crystallization kinetics. A second plateau at lower temperature is imposed to homogenize the temperature through the part then part is cooled down to ambient temperature (Ta) at a constant rate. A constant pressure is applied on the part. As mentioned, input data for transversely isotropic material are required such as the thermal properties, crystallization kinetics of composites material, the coefficient of thermal expansion (CTE) at glassy and rubbery state, thermal dependent elastic properties. For the mold, isotropic properties are considered. As a transversely isotropic material is considered, Abaqus ORIENT subroutine is used to define the material local coordinate in Abaqus. 

Numerical model set-up for the consolidation of U shape (pylon) part

Results and discussions

Figure 6. shows the results of the temperature and crystallization state at the beginning of the crystallization process. In our case, during the cooling phase, the chamber temperature of autoclave decreases. As the part is thick and there is inertia of mold, the mold is cooled more slowly which creates a gradient of temperature through the thickness of the part. It therefore causes a gradient of crystallization rate (α) through the thickness as well. At the end of the cooling step, due to the shrinkages, the part deforms and tends to be more bended. However, it is constrained by the presence of the mold. The part is thus detached a little from its contact with the mold. Figure 7 shows the displacement field of part and mold at the end of consolidation step (view cut at the middle of part). As we can see with a zoom at the corner (Figure 7 right), a contact loss is observed between the part and the mold. The angle deviation happens at the step of mold release. Figure 8 shows the displacement field (U) of the part with respect to the initial position at that moment (after mold release step). Indeed, the spring back is caused by the relaxation of the elastic stress. The value of part displacement is maximum at the extremities of the U-shape part. It is in accordance with the experimental results.

Figure 8. Simulated displacement field of part after mold release step

In our simulation, if the material is fed with isotropic material properties, the deviation is nearly none. It illustrates the origin of spring-in phenomena which is caused by the anisotropic properties.
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Conclusion

This work aims at reducing the process development cost through the multiphysics simulation of the consolidation processes to avoid the costly trail-error approach. The multiphysics model proposed here is based on a coupling approach of the transient heat transfer, crystallization kinetics and elastic models at the macroscopic scale. This model can provide the evolution of shape distortion and induced stresses both during the consolidation process and mold release steps. These simulations can allow studying the consolidation problems such as loss of contact between tool and part due to the part shrinkage and its consequence on the heat transfer.

Optimal process parameters or a customized mold/part design thus can be considered to minimize the induced defects, such as how to minimize the peak of induced stresses.

Several extensions to this work have been identified. Simulations at the plies scale could give further information about the stress field, such as interlaminar stresses. A proper material characterization of orthotropic properties in the rubbery state is also of paramount importance. Viscoelastic models can also be considered in function of the its impact for a better correlation.

Figure 1 .

 1 Figure 1. Manufactured "Pylon" part

Figure 2 .

 2 Figure 2. 3D scan result and correlation of shape with respect to designed nominal 'Pylon" part

Figure 4 (

 4 Figure 4 (left) shows the full 3D CAD model of the studied pylon (red) part and mold. The part is composed of different zones with variable thicknesses and corresponding nominal angles. In this paper, a representative model is proposed (cf. Fig. 4 on the right) where only a section of the full pylon (colored in white) is considered. This allows to accelerate the computational time and the use of finer meshes.

Figure 4 .Figure 5 .

 45 Figure 4. Full CAD (left) and representative model (right)

Figure 5 .

 5 Figure 5. Cooling phase of the used consolidation cycle

Figure 6 .

 6 Figure 6. Simulated temperature field (left) and crystallization field (right) at the crystallization temperature during cooling phase

Figure 7 .

 7 Figure 7. Contact loss between part and mold at the corner due to shrinkages (before mold release)
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