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Forming limit curves in blow molding for a polymer exhibiting deformation induced crystallization

Arnaud Poitou -Amine Ammar -Germaine Nefussi LMT -ENS de Cachan, 61 Avenue du président Wilson 94 235 Cachan France poitou@lmt.ens-cachan.fr, ammar@ lmt.ens-cachan.fr, nefussi@lmt.ens-cachan.fr ABSTRACT: We address in this paper the problem of blow molding for a polymer exhibiting a deformation induced crystallization (e.g. Poly EthyleneTerephthalate or PET). In a first part, we give the equations of a model that couples the mechanics to the crystallization for a class of molecular models (e.g. Maxwell or POM-POM models). In a second part, without a real stabilities analysis, we follow the Swift analysis for biaxial deformations. We conclude this study in showing that it is possible to quantify how crystallization during the process stabilizes it. In enhancing strongly the strain hardening, crystallization is namely a stability factor against necking. 

Introduction

Blow molding is a process enabling to manufacture bottles. This process involves two steps. In a first step, a preform is injected molded and thus cooled quickly. For PET bottles this cooling time is too short to allow the material to crystallize. The preform is thus quite completely amorphous. In a second step the preform is heated, usually with infrared lights, at a temperature just above the glass temperature transition. The final shape of the bottle is then obtained with a combination of axial deformation and air blowing (figure 1). During this final stage, the material is subjected to very high deformation [START_REF] Chevalier | Induced crystallinity during stretch-blow molding process and its influence on mechanical strength of poly(ethylene terephthalate) bottles[END_REF] and this deformation induces a crystallization, which varies form point to point with respect of the materials mechanical history (strain, strain rate, temperature …).

Figure 1. Blow molding process

The aim of this paper is not to propose a complete modeling of blow molding. We focus here on the flow induced crystallization phenomenon. In a first part we derive a framework for this modeling, which is illustrated here for a material whose constitutive relation is that of the Pom Pom model parameterized by the degree of crystallinity. In a second part, making a parallel between what is classically done for deep drawing, we analyze the occurrence of necking in terms of Considere and Swift Criterion.

Equations

Details of our model can be found in [START_REF] Poitou | Polymer crystallization induced by flow : a thermodynamic approach[END_REF][START_REF] Ammar | Modélisation numérique de la cristallisation induite par l'écoulement d'un thermoplastique. Application à l'injection[END_REF][START_REF] Poitou | A molecular model for flow induced crystallization of polymers » to appear in macromolecular symposia[END_REF]. We give in the following the mathematical formulation of this model.

Rheology

The constitutive relation is chosen to be the Pom-Pom model, which exhibits two relaxation mechanisms: tube orientation S and backbone stretch λ (Figure 2). In its differential form, it can be written:
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Branched polymer in a tube

Quiescent crystallization

Following Avrami model written in a differential form for non isothermal conditions, we assume that the relative degree of crystallinity α (ratio between the actual degree of crystallization and the ultimate or maximum degree of crystallization allowed by the polymer structure), in quiescent conditions (i.e. without any deformation of the material), increases with respect to time as:
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Deformation induced crystallization

In our formalism, strain (or flow) induced crystallization is directly deduced from equations [START_REF] Chevalier | Induced crystallinity during stretch-blow molding process and its influence on mechanical strength of poly(ethylene terephthalate) bottles[END_REF][START_REF] Poitou | Polymer crystallization induced by flow : a thermodynamic approach[END_REF][START_REF] Ammar | Modélisation numérique de la cristallisation induite par l'écoulement d'un thermoplastique. Application à l'injection[END_REF][START_REF] Poitou | A molecular model for flow induced crystallization of polymers » to appear in macromolecular symposia[END_REF]. If we assume indeed that the rheological parameters depend on the degree of crystallinity, a model of flow-induced crystallization is "naturally" associated to the rheology as soon as one writes the rheological model into a thermodynamical form. In our formalism, for the Pom Pom model, this strain induced crystallization model writes:
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Equation [START_REF] Doufas | A continuum model for flow induced crystallization of polymer melts[END_REF] means that the crystallization is induced by three different sources. The last one is the classical thermal activation. The first one means that crystallization occurs as soon as (i) the molecules are oriented and (ii) the orientation relaxation time increases with respect to the degree of crystallinity. In a very similar way, the second term means that crystallization occurs as soon as (i) the molecules are stretched and (ii) the stretch relaxation time increases with respect to the degree of crystallinity. 

Tensile test

A tensile test can be simulated in solving simultaneously equations [1-3] and [5-9] for a constant tensile velocity. Figure 3 shows a typical tensile curve without any strain-induced crystallization for increasing tensile velocities. The effect of velocity is classically to increase the force and to allow for a larger deformation without necking. Figure 4 shows the same tensile curves for the same rheological parameters but with strain induced crystallization. This situation evidences a strain hardening and a shift of the limit deformation before necking, that increase both with crystallization and strain rate. This strain hardening is effectively due to crystallization as can be seen on figure 5, where are plotted the relative degree of crystallinity during the test. 

Bidimensionnal test

In order to see the influence of bidimensionnal deformations, we have solved the equations for constant tensile velocities along two directions. We have then plotted the "limit curve" associated to the maximum of the force along one direction. Figures 6 and7 show these limit curves for different velocities, without and with strain induced crystallization. In comparison with the Swift criterion, if we associate 0.2 0.4 0.6 0.8 1 4 3 2 1 these limit curves to a forming limit curve, we see the positive role of crystallization, which acts as a necking stabilizer. 

Conclusion

We have shown in this paper a model for flow-induced crystallization associated to a molecular model of the viscoelastic constitutive equation. This model is to be compared to McHugh one [START_REF] Doufas | A continuum model for flow induced crystallization of polymer melts[END_REF]. It allows us to describe both a strain hardening during plane deformation and qualitative forming limit curves in two dimensions that outline the stabilizing role of strain-induced crystallization. This model remains qualitative for blow molding because (i) it does not contain any yield stress (ii) a precise stability analysis has not been done yet. However these new development are not out of reach.
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 34 Figure 3. Tensile test for increasing tensile velocities, without strain induced crystallization (Relaxation times θ b =911 s, θ s =150 s, initial length L = 0.1 m, tensile velocity V=10 -4 , 2 10 -4 , 4 10 -4 , 8 10 -4 , 1.6 10 -3, 3.2 10 -3 , 6.4 10 -3 m/s)
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 5 Figure 5. Relative degree of crystallinity during the tests illustrated in figure 4
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 6 Figure 6. "Limit"curve without crystallization