INTRODUCTION

The injection stretch-blow molding process is the most widely used in PET bottle production [START_REF] Rosato | Blow molding handbook[END_REF]. This process is segmented in two main stages. First, a cold preform is heated in an infrared oven above glass transition temperature (~80°C). Then, the softened preform is inflated and stretched with assistance of a rod in a mold which has the shape of the desired bottle.

A few heat transfer models in an infrared oven have been developed [START_REF] Lebaudy | Temperature distribution in poly(ethylene terephtalate) plate undergoing heat treatment, Diffusion influence : 1, Theoretical approach[END_REF][START_REF] Shelby | Effects of infrared lamp temperature and other variable on the reheat rate of PET[END_REF]. In 1993, DiRaddo et al [START_REF] Diraddo | Dynamic modeling of the preform reheating stage in injection blow molding[END_REF] proposed a 2D finite element model where the fraction of energy leaving the lamp surface and reaching at the preform surface (view factor) is estimated analytically. Hartwig [START_REF] Hartwig | Simulation of the stretch blow molding process and characterisation of t he relevant material behaviour[END_REF] included the influence of back and f ront reflectors and the displacement of the preform in the oven. Monteix carried out numerical simulations of the temperature distribution of preform using control-volum method and compared it with experimental data [START_REF] Monteix | Experimental study and numerical simulation of preform or sheet exposed to infrared radiative heating[END_REF].

The blowing step has been also the subject of significant researches within the last two decades [START_REF] Schmidt | Numerical simulation of polyester stretch-blow molding[END_REF][START_REF] Wang | 3D viscoplastic FEM simulation of a stretch blow molding process[END_REF]. But must of the papers use a hyperelastic behavior based on Mooney-Rivlin or neo-Hookean potentials. Queen's University of Belfast has programmed a special Abaqus ® version dedicated to the blow molding simulation using Mooney-Rivlin, Ogden or Buckley hyperelastic laws [START_REF] Menary | Modeling of Poly(ethylene terephtalate) in injection stretch blow molding[END_REF]. Recently, Gorlier [START_REF] Gorlier | Experimental and theoretical study of uniaxial deformation of amorphous P.E.T. above glass transition temperature[END_REF] or Marco [START_REF] Marco | Caractérisation multi-axiale du comportement et de la micro -structure d'un semi-cristallin : application au cas d u P[END_REF] pointed out that the Edwards Vilgis potential [START_REF] Edwards | The effect of entanglements in rubber elasticity[END_REF] allows to capture the deformation of PET subjected to multi-axial loads. Moreover, the thin shell models reach their limits regarding the more and more complex bottle shapes.

As a consequence, the two steps of the stretch blow molding process will be computed in this work with a 3D finite element model implemented in the Forge3 ® commercial software. First, a modeling approach capable of predicting the threedimensional transient temperature profile in the preform during the conditioning step is presented, taking into account conduction, convection and radiation. The mechanical problem is considered using Newtonian or hyperelastic Mooney-Rivlin laws implemented with a velocity/pressure formulation.

INFRARED HEATING MODEL

In its classical form, the heat balance equation can be written :
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Notations are detailed in the nomenclature at the end of the paper. To calculate the density radiative heat flux, a ray tracing method coupled with a Beer-Lambert approximation has been implemented. It allows to calculate with accuracy the absorption of the radiation inside the material. Along each ray emitted, the Beer-Lambert law can be applied :

d e q q l A r - = 0 (2) 
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The intensity of radiation emitted by a lamp at 2415K is about L = 1.66x10 5 Wsr -1 m -2 [START_REF]Training period report[END_REF]. As a consequence, the emissive power of radiation for each beam can be calculated :
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The energy absorbed inside the material depends on the average absorption coefficient which can be determined using the Planck function and the measured value of the spectral absorption coefficient ( )
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The halogen lamp is modeled by its tungsten filament and its ceramic reflector. For each surface node, a constant number of emitted rays is defined. The orientation and the energy of each ray is defined in order to get an isotropic radiation in the half space determined by the outward normal vector.

In a first step, to calculate the interception between a ray and the preform heated, a three equations with three unknowns system is solved considering the beam equation and the boundary element area of the preform. If the beam intercepts f irst the back reflector, its direction is recalculated considering a specular reflexion and tested again with the object. In a second step, the ray's trajectory and the heat flux absorbed are defined using the connectivity of the mesh and the Beer-Lambert approximation.

The irradiance calculation has been validated comparing the Forge3 ® results with an analytical model of an element on plane facing a cylinder [START_REF] Leuenberger | Compilation of radiation shape factors for cylindrical assemblies[END_REF]. As shown in figure 1, the agreement is fair (about 10%). The calculation of the amount of energy received by the plate is validated using Philips measurement [START_REF]Training period report[END_REF]. Like the comparison with the analytical model, the final error is about 10% (figure 2). Finally, the temperature evolution in the preform heated with one lamp (figure 3) or with six lamps (figure 4) is obtained, taking into account the natural convection and the ceramic reflector of the lamp. 

MECHANICAL MODEL

As shown by many authors [START_REF] Gorlier | Experimental and theoretical study of uniaxial deformation of amorphous P.E.T. above glass transition temperature[END_REF][START_REF] Marco | Caractérisation multi-axiale du comportement et de la micro -structure d'un semi-cristallin : application au cas d u P[END_REF], the PET exhibits a hyperelastic rheological behavior above its glass transition temperature. Assuming incompressibility and Mooney-Rivlin potential, the expression of the Cauchy stress tensor is [START_REF] Germain | Cours de Mécanique des Milieux Continus[END_REF] :
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This rheological model has been implemented in Forge3 ® using a velocity/pressure updated Lagrangian formulation together with P1+/P1 tetrahedral finite elements.

This results in a set of non linear equations, the unknown of which are the nodal velocity field and the nodal pressure field. This set of equations is solved by a Newton-Raphson method. For validation purpose, an analytical solution has been developed [START_REF] Champin | [END_REF] in an axi-symmetric thick tube inflated with an imposed internal pressure. The lower and upper sections of the tube are supposed to slip freely along fixed horizontal planes. The polymeric tube is assumed to have a Mooney-Rivlin behavior. In figure 5, both numerical and analytical internal radius versus pressure are plotted as well as error.

The agreement is fair (maximum error 4%). 

BLOWING MODEL

An isothermal free inflation simulation of a preform has been performed using a neo-Hookean behavior ( 0 = α in equation ( 5)). The parameters used for this calculation have been referenced in table 1. Moreover, the relaxation phase due to the hyperelastic behavior can be checked numerically : if the pressure applied inside the preform decreases to zero, then, the preform relaxes to its initial shape.

As a second example, a confined blow molding simulation (without rod) has been done. We assume an isothermal Newtonian law behavior. The mould used is a prototype one developed at CROMeP (table 2). It produces 50 cl water bottle. As for the tube inflation, just one eighth of the preform has been meshed (figure 7). 

CONCLUSION AND PROSPECTS

A numerical thermo-mechanical model has been developed using Forge3 ® velocity/pressure formulation and tetrahedral elements. From a thermal point of view, a ray tracing method coupled with a Beer-Lambert approximation has been implemented. This method has been compared with an analytical model of view factor calculations and irradiance measurement on a plate. Ceramic reflector and tungsten filament have been modeled. The calculations confirm the major role of the back reflector on each lamp. From a mechanical point of view, a Mooney-Rivlin hyperelastic behavior law has been implemented with a finite element formulation including consistent tangent stiffness terms. The model has been validated by comparison with an analytical calculation of tube inflation. Future work will consist in testing alternative hyperelastic potentials and modeling the stretch step in order to compare the final thickness distribution with experimental data. 
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 1 Fig. 1. Irradiance of a plate (350 x 350 mm), 100mm distance from a lamp (350 mm length / 0.81 mm diameter).

Fig. 2 .

 2 Fig. 2. Irradiance of a plate (600 x 600 mm), 100 mm distance from a lamp (280 mm length / 2.15 mm diameter)

Fig. 3 .

 3 Fig. 3. Surface temperature versus time at mid -height of the preform depending on number of beams and back reflector.

Fig. 4 .

 4 Fig. 4. Surface temperature versus time at mid -height of the preform depending on number of lamps.

Fig. 5 .

 5 Fig. 5. Internal radius variation versus pressure.

Table1.

  Figure 6 presents successive steps of the free blow molding process.

Fig. 6 .

 6 Fig.6. Successive configurations during free inflation.

  Length of the print = 119 mm

Fig. 7 .

 7 Fig. 7. Geometries of the preform and the mold.

Figure 8

 8 Figure8shows the inflation of the preform as a function of time and especially the development of the contact between polymer and mold.

Fig. 8 .

 8 Fig. 8. Successive configurations during blow molding.
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