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Microwave (MW) technology relies on volumetric heating, where thermal energy is induced from an electromagnetic field. Nowadays, the main drawback of this technology is that the complex physics involved in the conversion of electromagnetic energy into thermal energy is not entirely understood and controlled. The main objective of this work is to model, simulate and validate the interactions of microwaves with a composite laminate consisting of a stack of unidirectional layers composed of a resin matrix and carbon fibers, to predict its heating. Once validated, this simulation tool will serve to predict, control and optimize composites forming processes.

Introduction

Composites are major protagonists in many industries and activity sectors, among them transport industries (aeronautic and automotive). This is mainly due to the combination ESI Chair @ Arts et Métiers Institute of Technology, PIMM Laboratory, 151 Boulevard de l'Hôpital, 75013 Paris, France of appealing properties and low weight, despite their long curing cycle time considered as a disadvantage. The production using conventional processing methods for polymer composite parts usually involve the application of heat to the material by convection or conductive heating, both implying surface heat transfer.

Microwave -MW-technology relies on volumetric heating, which means thermal energy is transferred through electromagnetic fields to materials that can absorb it at specific frequencies. Volumetric heating enables better process temperature control [START_REF] Mishra | Microwave-material interaction phenomena: Heating mechanisms, challenges and opportunities in material processing[END_REF] and less overall energy use, which can results in shorter processing cycles [START_REF] Mgbemena | Accelerated microwave curing of fibre-reinforced thermoset polymer composites for structural applications: a review of scientific challenges[END_REF]. Furthermore, comparable mechanical properties can be shown between parts made with the MW technology and parts made with a traditional curing system (autoclave in the case of [START_REF] Maenz | Mechanical properties of microwave cured glass fibre epoxy composites prepared by resin transfer moulding[END_REF][START_REF] Li | A new process control method for microwave curing of carbon fibre reinforced composites in aerospace applications[END_REF]). These virtues of the MW technology attracted industrial production companies as well as researchers in developing the associated heating technology and adopting it for the production of thermoset as well as thermoplastic composite structures.

The main drawback of this technology is that the complex physics involved in the conversion of the electromagnetic energy to thermal energy (heating) is not entirely understood and controlled [START_REF] Zhou | A multi-pattern compensation method to ensure even temperature in composite materials during microwave curing process[END_REF].

The present work aims at describing the interactions of microwaves with a composite laminate composed of a sequence of unidirectional prepreg composite layers (in that case carbon fibers impregnated of a polymeric matrix), by simulating the way electromagnetic energy propagates within the material and is converted in thermal energy.

Our previous work [START_REF] Tertrais | On the Proper Generalized Decomposition applied to microwave processes involving multilayered components[END_REF] addressed the calculation of the propagation of an electromagnetic field in a composite laminate composed of plies whose characteristic in-plane dimension is orders of magnitude higher than the one related to the thickness (typical aspect ratio are of tens of thousands). The present work represents a step forward by numerically coupling the electromagnetic and thermal fields. Therefore, a set up is defined to heat up a laminate plate in a microwave oven and temperature measurements are performed in order to validate experimentally the simulation results.

Materials

The study is carried out on a composite laminate plate exposed to an electromagnetic field induced in a microwave oven cavity, concretely a Hephaistos 100/100. The dimensions of the cavity is 1050 × 1470 × 1800 mm, equipped with 12 magnetrons of 1.2 kw each.

The plate is composed of unidirectional -UD-prepregs involving 64% (volume fraction) of carbon fibers preimpregnated by a thermoplastic resin. The thickness of one ply is approximately 180 micrometers, and the laminate consists of 25 plies with the following stacking sequence: 11 plies at 0 • and 14 plies at 0 • /90 • . The stacking was chosen asymmetric to evaluate its impact on the electromagnetic wave penetration.

The whole is surrounded by a thermalimide layer of 60 micrometers, and put into a ceramic mould, coated by an enameled ferrite layer (100 micrometers thick). The inplane dimension of the prepreg plate is 300 × 300 mm and the dimension of the mould is 600 × 600 × 100 mm. Several optic fibers are positioned in the system as depicted in Fig. 1, to record the temperature evolution inside the laminate plate plate as well as on its top surface during the thermal cycle.

Electromagnetic calculation and heat transfer modeling

The modeling and simulation consists of three calculations:

1. Macroscopic electromagnetic simulation in the volume of the oven cavity, referred as macro-EM-simulation, 2. Microscopic electromagnetic simulation affecting the composite laminate and its surrounding mould, referred as micro-EM-simulation, 3. Thermal calculation associated with the micro-EMsimulation.

Electromagnetic modeling

The macro-EM-simulation is first performed by using CEMOne ® software by ESI Group. The model related to the visualization-) is calculated in the single element disposed along the composite laminate thickness by using the homogenized electromagnetic properties reported in Table 1 the experimental set-up is depicted in Fig. 1(right) where it can be noticed that most of elements are appropriately modelled and included in the numerical model, among them the magnetron waveguides and the table where the mould and part are positioned. However the software resolution is unable to represent the plies involved in the composite laminate, as well as the ferrite layer, ... The characteristic thicknesses are much smaller than the other in-plane characteristic dimensions avoiding the use of an adequate mesh to resolve the rich fields existing at these scales. Thus the numerical model is unable to resolve the ferrite layer and considers a single element along the laminate thickness. Thus, the volumes occupied by the mould and the composite part are considered as homogenous materials in the macroscopic simulation, with the homogenized material parameters defined in Table 1, that almost correspond to a mixture rule, and whose temperature dependences were ignored because their effects on the EM calculation have an incidence of second order. The macro-EM-simulation is carried out by using a FTDT formulation, by considering Fig. 3 Volume of interest where the mico-EM-simulation will be performed by considering the electromagnetic field resulting from the macro-EM-simulation on its surface more than 34 million of elements with characteristic length of about 1 mm.

The macro-EM-simulation output is the electromagnetic field ampitude everywhere in the oven as depicted in Fig. 2, and more importantly the electromagnetic field amplitude on the surface of the volume of interest depicted in Fig. 3 that will be used in the micro-EM-simulation (that considers a space-frequency formulation [START_REF] Tertrais | On the Proper Generalized Decomposition applied to microwave processes involving multilayered components[END_REF]) and then in the thermal calculation for evaluating the composite heating. It is important to note that the volume of interest, V, encloses the composite laminate and its surface, ∂V, is comprised within the ceramic mould where the composite laminate is placed. The thickness of V is 6 cm whereas the one of the mould enclosing the composite laminate is 10 cm. The composite laminate is centered into V.

As just indicated, the micro-EM-simulation applies in the volume of interest V. The 25 plies laminate previously described is simulated by using the electromagnetic properties reported in Table 2. The composite laminate is surrounded by a ceramic mould coated by a ferrite layer, whose properties are also reported in Table 2. To take into account the extremely degenerated domain (characteristic in-plane length to thickness ratio) the inplane-out-of-plane separated representation at the heart of the so-called Proper Generalized Decomposition -PGDis applied as deeply reported in [START_REF] Tertrais | On the Proper Generalized Decomposition applied to microwave processes involving multilayered components[END_REF]. Thus, the in-plane solutions are achieved by using a mesh consisting of 3960 nodes while 8000 nodes are considered for describing the through-the-thickness solution richness. Such a fine mesh along the thickness direction is compulsory due to the electric field discontinuity at the plies interfaces as well as the boundary layer induced by the attenuation of the electromagnetic wave when penetrating in a conductive material, as it is the case when the electromagnetic wave penetrates the carbon fibers.

The use of a separated representation allows the computation of the fully 3D solution while solving 2D and 1D problems with few thousands degrees of freedom each, with a combined equivalent accuracy of an hypothetical 3D calculation involving tens of millions degrees of freedom.

The micro-EM-simulation solution, as described before, uses as boundary conditions the electromagnetic field coming from the macro-EM-simulation solution previously described.

Thermal modeling

The computed electric and magnetic fields allow the calculation of the induced thermal sources in the domain occupied by the composite material according to

S = 1 2 (E • H * ), ( 1 
)
acting as source term in the heat equation

ρC p ∂T ∂t -∇ • (K∇T ) = S, ( 2 
)
where T is the temperature, ρ the density, C p the heat capacity, K the anisotropic conductivity tensor (refer to Table 3 for the values considered in the numerical applications), E the electric field intensity and H * the magnetic field intensity (the star superscript refers to the complex conjugation) and refers to the complex real part.

In the proposed thermal model the crystallization effect is ignored, as well as its impact on the material thermal properties.

Standard convection boundary conditions are enforced on the mould surfaces ∂V, according to

-∇T • n = h(x) (T -T amb ) , x ∈ ∂V, ( 3 
)
with n the unit outwards vector defined on ∂V and T amb the ambient temperature (the one of the air occupying the oven).

The values of the convection coefficients (h in Eq. ( 3)) are given in Table 4.

The numerical solution of the thermal problem is computed by using again the Proper Generalized Decomposition -PGD-method [START_REF] Chinesta | The Proper Generalized Decomposition for advanced numerical simulations[END_REF] using again the in-plane-out-of-plane separated representation that reads

T (x, y, z) ≈ N i X i (x, y) • Z i (z). ( 4 ) 
This separated representation proved its efficiency for computing thermal and structural problems in such a degenerated geometries [START_REF] Bognet | Advanced simulation of models defined in plate geometries: 3D solutions with 2D computational complexity[END_REF][START_REF] Bognet | Separated representations of 3D elastic solutions in shell geometries[END_REF][START_REF] Chinesta | First steps towards an advanced simulation of composites manufacturing by Automated Tape Placement[END_REF], where it allows the use of a very fine mesh in the thickness direction while ensuring reasonable computing times.

To facilitate the electromagnetic/thermal coupling, the thermal problem is solved using the same meshes than the ones considered for solving the in-plane and throughthe-thickness electromagnetic problems of the micro-EMsimulation.

The four hours process is discretized with a time step of one second and takes few hours calculation by employing a standard laptop.

Results

The solution of the micro-EM-smulation is shown in Fig. 4 where the electromagnetic field distribution is depicted. The corresponding thermal field is represented in Fig. 5 for two different time instants t = 1000 s and t = 2500 s. We can notice the hot spots in the middle plane (composite material) Figure 6 represents the minimal and maximal temperature evolution in different case. The left graph shows the time evolution of the hottest and coldest points in the composite domain (top surface and middle plane). It can be noticed that the temperature distribution is almost the same across the composite laminate thickness. The temperature difference between the hottest and coldest points is extremely high, with more than one hundred degrees difference for the highest temperatures. It seems that the inplane thermal conduction does not suffice for ensuring a temperature homogenization.

Comparison with experiments

For validating the simulation procedures just described Fig. 7(right) compares the temperature recorded by the different optic fibers and the simulated temperatures for the applied power (left). The agreement seems reasonable, with a quite good representation of the three process stages: the heating, the plateau and the cooling. The accuracy seems reasonable when compared with the very large difference of temperatures between hottest and coldest points just discussed. The noticed deviations could also be due to underestimation of the thermal diffusion as well as to the perturbations induced by the presence of the thermocouples their-self.

A more detailed analysis constitutes a work in progress, that also considers a fully micro-macro electromagnetic coupling to better estimate the induced thermal sources.

Conclusion

In this work we proposed a simulation tool for coupling the electromagnetic and thermal fields in a composite laminate when subjected to microwave-based processing.

A macroscopic electromagnetic simulation performed by the commercial software CEMOne ® (by ESI Group) at the oven level allowed computing the electromagnetic fields on the surface of the domain of interest occupied by the laminated surrounded by the ceramic mould. This electromagnetic field is then used as boundary condition by the so-called micro-EM-simulation that by using the PGD-based in-plane-out-of-plane separated representation calculates with an extremely high resolution all the electromagnetic fields in the domain of interest (mould and laminate). Finally, the electromagnetic induced thermal source is applied as source term in the PGD thermal solver enabling a high-resolution calculation of the temperature field in the composite laminate.

The solution was validated experimentally where a reasonable agreement between predicted and recorded temperatures was noticed.

Fig. 1 (Fig. 2

 12 Fig.1(Left) Optic fiber sensors inserted in the laminate as well as placed on its top surface during its microwave heating: FO1 is placed inside the laminate, in the interface between the unidirectional plies and the ones with the 0/90 sequencing, FO2, FO3 and FO4 are placed
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 4567 Fig. 4 Snapshot of the micro electromagnetic field in the domain of interest V (left) and on its middle plane (right)

  

Table 1

 1 Electromagnetic material properties used in the macro-EMsimulation

	Material	r	σ	μ r
	composite	20	100	1.0
	mould	3.54	0.28	1.0

Table 2

 2 Electromagnetic material properties used in the micro-EMsimulation

	Material	r	σ	μ r
	UD ply -fiber direction	20 + i	1000	1.0
	UD ply -other plane dir	20 + i	100	1.0
	UD ply -out of plane dir	20 + i	1	1 . 0
	Ferrite layer	10 + 0.05i	50	1.2 + 0.17i
	Ceramic mould	5 + 0.03i	0.28	1.0

Table 4

 4 Thermal convection coefficientsConvection coefficient with the air (W/m 2 K)

Conduction coefficient with the support (W/m 2 K)
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