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Vulcanized thermoplastic elastomers (TPV) are widely used in the automotive industry for the manufacturing of weather seals by overmoulding a TPV on an extrudate TPV. This process is assumed to be a fusion bonding in which the quality of the thermal contact is essential to develop the mechanical strength of the assembly. From a thermal point of view, the contact can be quantified by a thermal contact resistance (TCR) which consider the flux lines constriction and their lengthening. From a mechanical point of view, the contact can be qualified by Double Cantilever Beam tests through the calculation of the critical energy restitution rate. The influence of the overmoulding conditions on the contact thermal resistance value and on the critical energy restitution rate is discussed. A correlation was found between these two quantities.

Introduction

The automotive market uses vulcanized thermoplastic elastomers to produce static sealing solutions. These composite materials consist of a continuous thermoplastic phase in which an elastomeric phase is dispersed, combining the processability of conventional thermoplastics with the mechanical properties of elastomers. The thermoplastic phase is often polypropylene (PP), and the elastomer phase is ethylene-propylene-diene-monomer (EPDM). Static sealing solutions are achieved by overmoulding a melted injected TPVinj onto a cold extruded TPVex runner. Weng et al. [START_REF] Weng | Fundamentals and material development for thermoplastic elastomer (TPE) overmolding[END_REF] described the TPV overmoulding process as the succession of three steps: wetting, polymer chain diffusion and crystallization. The wetting stage refers to the notion of intimate contact, referring to the evolution of the contact, initially imperfect, the consequence of the surface asperities of the extruded TPVex. The intimate contact increases as the TPVex asperities squeeze under the application of the pressure and flow of the TPVinj. Once intimate contact is achieved, at the contacting zones, and for a temperature higher than the melting temperature of the TPV, the macromolecules diffuse at the interface to develop the mechanical strength of the assembly. The dynamics of macromolecules is described by the theory of De Gennes [START_REF] De Gennes | Dynamics of entangled polymer chains[END_REF]: the macromolecules are confined in virtual tubes, defined by the by neighboring chains. Lateral movements are not possible, and the polymer relaxes by monodirectional movements along its tube. They renew their configuration after a characteristic time called reptation time trep (depending on the temperature and the molar mass of the polymer). The degree of healing is then written [START_REF] Yang | Healing of thermoplastic polymers at an interface under nonisothermal conditions[END_REF]:

𝐷 ℎ (𝑡) = ( 𝐺 𝑐 𝐺 𝑐 , ∞ ) 1/2 ≈ ( 1 𝑡 𝑟𝑒𝑝 ) 1/4 (1)
Where 𝐺 𝑐 is the restitution energy rate and 𝐺 𝑐,∞ is the restitution energy rate of a fully healed interface. Gc is defined as the energy required to propagate a crack per unit area and can be assessed by Double Cantilever Beam (DCB) tests. The latter is based on linear elastic fracture mechanics and measures the loss of stored elastic energy when a crack propagates. The calculation is based on the Irwin-Kies equation [START_REF] Irwin | Critical energy rate analysis of fracture strength[END_REF].

From a thermal point of view, the real contact surface between the extruded TPVex and the injected TPVinj forms a heterogeneous zone, where the heat transfer are multidirectional. The heat fluxes then cross the interface by two distinct paths. The first one is composed of the contact points generating the constriction of the flux tubes [START_REF] Loulou | Premiers instants du refroidissement d'une goutte métallique après son impact sur une paroi[END_REF]. The second one is related to the heat flux through the interstitial medium. The latter is composed of a entrapped fluid, whose volume evolves with the shrinkage of the polymer. Considering both contributions, the global thermal contact resistance (TCR) is defined as:

𝑇𝐶𝑅 = 𝑇 𝑖𝑛𝑗,𝑠 -𝑇 𝑒𝑥,𝑠 𝜑 (2)
Where Tinj,s and Tex,s are the surface temperatures of each TPV and 𝜑 is the heat flux density crossing the interface. Levy et al. [START_REF] Levy | Inter-layer thermal contact resistance evolution with the degree of intimate contact in the processing of thermoplastic composite laminates[END_REF] established an analytical relationship between the degree of intimate contact (the ratio of the actual contact area to the total contact area) and the TCR for an interface between two composites. The authors showed that the TCR is related to the actual contact area defined by the geometric surface parameters as well as the conductivity of the interstitial gas at the polymer/mould interface. A decrease of the TCR was shown while increasing the degree of intimate contact. The main difficulty in the TCR calculation lies in the determination of the polymer surface temperature due to the intrusiveness of the sensors. For this reason, inverse methods have been used to calculate the mould temperature and the heat flux through the polymer/mould interface [START_REF] Bendada | Analysis of thermal contact resistance between polymer and mold in injection molding[END_REF].

This document presents the first experimental study establishing a relationship between a thermal approach and a mechanical approach to quantify the contact at a TPV/TPV interface. An experimental mould was thus developed allowing two types of measurements. In its first configuration, the mould allows for calculating the surface temperatures as well as the heat fluxes exchanged at the TPV/TPV interfaces, thus allowing to calculate the thermal contact resistance using the equation 2. The second configuration of the mould allows the fabrication of DCB specimens, under the same moulding conditions as those used for the TCR measurement. The objective is then to establish a correlation between the TCR and the Gc.

Experimental methods

Materials

The materials used in the present study are two polypropylene ethylene propylene diene monomer (PP-EPDM) based vulcanized thermoplastic elastomers (TPV), called TPVinj and TPVex. TPVinj is an injection moulding grade and TPVex is an extrusion grade. Because the TPV are soft materials, a 50% glass-fiber reinforced polypropylene was used to ensure elastic deformation of the beams during the DCB test. The mechanical properties determined at an appropriate deformation rate in tensile plane stress for the TPV and with a three-point bending test for the PPGF are presented in Table 1. The two TPV are injected in a 40CMD8 steel mould. The specific heat of each TPV was determined by DSC, their conductivity using a home-made guarded hot plate and the specific volume using a home-made PVT device. The thermophysical properties are considered constant in the present study and are presented in Table 1.

Table 1: Mechanical and thermal properties.

Material

Elastic modulus 

E [MPa] Yield Stress σy [MPa] λ [W/(m.K)] Cp [J/(m.K)] ρ [kg/m 3 ]

Experimental mould

The overmoulding developed device has a dual purpose. The first configuration uses heat flux sensors to calculate the surface temperatures and heat flux densities of both TPV, to calculate, in a non-intrusive way, the TCR at their interface. The second configuration consists in moulding Double Cantillever Beam (DCB) specimens, to measure the mechanical strength of the TPV assembly.

TCR measurement methodology and calculation

The first step of the mould development consisted in defining a geometry ensuring unidirectional heat transfer at the TPVinj/TPVex interface. The validation of the unidirectional heat transfers was performed by comparing two configurations. The first one is a threedimensional scheme where boundary condition involving TCR was applied over the entire surface in contact with the mould. The second is a unidirectional scheme where the same boundary condition was applied on the upper and lower parts of the overlap area but with an adiabatic condition on the side faces. Temperature simulations for both configurations were performed along a vertical profile in the center of the overlap zone. Unidirectional heat transfer were validated in the center of the overlap area of (50x50) mm² for a maximum duration of 50s.

The overmoulding process consists of two steps. The first step is shown in Figure 1(a) and consists of moulding the TPVex insert. A metal insert with a known surface roughness is fixed in the fixed part. Three K-type thermocouples (Tex1, Tex2 and Tex3) are stretched into the moving part. The TPVex is then injected. After cooling, the metal insert with the roughness is removed from the fixed part and the produced TPVex insert is placed in it. Three other thermocouples, Tinj1, Tinj2 and Tinj3, are then stretched into the moving part. This is followed by the injection of the TPVinj, as shown in Figure 1 (b). During the whole overmoulding cycle, temperature levels are recorded in both TPVs using thermocouples, which then serve as heat flux sensors. Pressure levels and temperatures in the heat flux sensor placed in the mould cavity are also recorded. The calculation of heat fluxes and surface temperatures at the two TPV interfaces was performed using Beck's inverse sequential algorithm [START_REF] Beck | Inverse heat conduction: Ill-posed problems[END_REF]. The positions of the thermocouples in each of the TPVs are inputs for the algorithm and was obtained by optical microscopy (Keyence VHX-700F). The calculated surface temperatures and heat fluxes are shown in Figure 2 (b). Before injection, the TPVex is at the temperature of the mould. At t=3.8s, the thermal shock resulting from the encounter of the TPVinj with the TPVex induces an increase in the temperature of the insert until it reaches a maximum of about 56°C at t=37s. The cooling phase follows the filling phase. As the TPVinj cools, an inflection is observed on the cooling profile at about t=40s. This corresponds to the release of the latent heat of crystallization [START_REF] Delaunay | Nature of contact between polymer and mold in injection molding. Part I: Influence of a non-perfect thermal contact[END_REF]. The surface temperature of the TPVinj never reaches the surface temperature of the TPVex. This is the consequence of the imperfect contact between the TPVinj and the TPVex, quantified by the thermal contact resistance, which can then be calculated during the whole overmoulding cycle by the equation 3.

Gc measurement methodology and calculation

The mechanical strength of TPVinj/TPVex assemblies was studied by Double Cantillever Beam (DCB) tests. The DCB test is based on linear elastic mechanics. Also, since TPVinj and TPVex are soft materials, 50% glass-fiber filled PPGF plates (Thermofil HPF911X99), with dimensions (50x80x3)mm 3 , was used to stiffen each beam. The PPGF plate was placed in the cavity on the mobile side, and the TPVex is (Figure 3 (a)). Following this step, a second PPGF plate was placed in the cavity on the mobile side, and the plate composed of PPGF/TPVex was placed in the fixed side of the mould. TPVinj is then overmoulded, as shown in Figure 3 (b). An aluminum foil (thickness 0.04mm) was previously glued on the PPGF/TPVex composite plate, to ensure a non-welded area of approximatively 30mm length. The resulting specimen is then water jet cut into 5 specimens of 10 mm width (Figure 4 (a)). The measurements are carried out on the two central specimens, at the location of the heat flux sensors used in the TCR configuration. The overmoulded specimens were mounted on a 100kN Zwick Roell tensile machine, and homemade jaws were used to fix them to the machine (Figure 4 (b)). The tests were performed at a crosshead speed of 1 mm/min, which corresponds to a quasi-static loading condition. The samples, with a crack length a0, were loaded once, unloaded at 25mm/min and reloaded with a crack a1. The initial crack length a1 was measured before the second loading under a microscope (Keyence VHX-700F). During the test, the force and displacement were recorded continuously. Since TPVs are much softer than PPGF, it was necessary to adapt the geometry of the DCB test mainly used in literature to test adhesion between rigid materials. For each beam, the elastic deformation is provided by the PPGF, making the calculation of Gc relatively straightfowards. However, the resistance to crack propagation Gc is the one of the TPVinj/TPVex interface. The calculation of the bond energy from the geometric and mechanical properties of the two beams was performed by adapting the Kanninen elastic foundation approach [START_REF] Kanninen | An augmented double cantilever beam model for studying crack propagation and arrest[END_REF] to a sandwich geometry. The calculation of the elastic foundation is based on the adaptation of the Penado model [START_REF] Penado | A closed form solution for the energy release rate of the double cantilever beam specimen with an adhesive layer[END_REF] proposed by Kalb [START_REF] Kalb | Adhésion, microstructure et microdéformations à l'interface de polymères semi-cristallins[END_REF]. The restitution energy rate was evaluated with the following expressions:

𝐺 𝑐 = 3𝑃δ 𝑏𝑎 - 6𝑃 2 𝑎 𝑏 ( 𝐸 𝑒𝑞,𝑖𝑛𝑗 (ℎ 𝑖𝑛𝑗 +𝑒 𝑖𝑛𝑗 ) 3 𝛽 𝑒𝑥 +𝐸 𝑒𝑞,𝑒𝑥 (ℎ 𝑒𝑥 +𝑒 𝑒𝑥 ) 3 𝛽 𝑖𝑛𝑗 𝐸 𝑒𝑞,𝑖𝑛𝑗 (ℎ 𝑖𝑛𝑗 +𝑒 𝑖𝑛𝑗 ) 3 𝐸 𝑒𝑞,𝑒𝑥 (ℎ 𝑒𝑥 +𝑒 𝑒𝑥 ) 3 ) (3) 
With

𝛽 𝑖 = 1 λ i + 2 𝑎λ i + 3 2𝑎 2 λ i 3 (4) 
And

λ = √ 6 ℎ 4 + 8𝐸 𝑇𝑃𝑉 𝐸 𝑃𝑃 ℎ 3 𝑒 4 (5)

Procedure validation 3.1 RTC and Gc validation

Validation of the thermal resistance measurement at the TPVinj/TPVex interface was carried out by repeating the following moulding condition: TTPVinj=230°C, Ra=5.10µm and Tmould=20°C. Figure 5 (a), presents the average TCR value (black line) obtained and temperature deviations from the mean of all measurements. The temperature deviations from the mean TCR plotted are relatively small, reaching 0.0035°C to its maximum. This experiment thus validates the repeatability of the measurement of the TCR, which makes it possible to study the influence of the overmoulding conditions on its value. Since our DCB test does not use video crack tracking, the energy restitution rate Gc is calculated at the crack initiation point, which corresponds to the end of linearity during loading. At this point, the crack length is known and is a1. To confirm if the Gc value is representative of the sample, incremental tests were performed. They consist in loading the sample for a given crack length, then unloading it as soon as the crack has propagated, which corresponds experimentally to a drop in force. As soon as the crack has propagated from its initial length to its new position, the sample is unloaded at 25mm/min, and the new crack position is measured under a microscope. The sample is then reloaded at 1mm/min and the Gc value for each crack length is calculated. The evolution of Gc as a function of crack length is plotted in Figure 5 

Results and discussion

The developed mould allowed to quantify separately the contact quality from a thermal point of view, through the TCR, and from a mechanical point of view through DCB tests. The relationship between these two quantities can then be investigated. In the following, the value of TCR is taken at the end of the identified 1D regime, i.e. at t=50s. Figure 6 (a) presents the value of Gc as a function of the TCR for a mould temperature fixed at 20°C, and different injection temperatures for the TPVinj. The energy restitution rate and contact thermal resistance are plotted as a function of the contact temperature, calculated under the assumption of perfect contact from the effusivities of the two TPV in Figure 6 (b). From Figure 6 (a), we can note that a low injection temperature does not favour the development of mechanical strength (Gc≈100 J/m²) nor the heat transfer at TPV interface (TCR≈0.02m².K/W), contrary to high injection temperature, leading to a high mechanical strength (Gc≈2100J/m²) and improved heat transfer (TRC=3.10 -4 m².K/W). From Figure 6 (b), we can note that increasing the contact temperature results in a decrease in TCR and an increase in Gc, we find here the same trend as for Figure 6(a). Overall, the improvement in mechanical strength and heat transfer with increasing temperature can be explained by the fact that the increase in contact temperature implies a lower viscosity of the TPVinj, allowing the decrease of the air gap formed at the TPVinj/TPVex interface. In the same way, the increase of the contact temperature allows a decrease of the relaxation time of the chains, allowing an increase of polymer chain diffusion. A plateau is obtained for Gc and TCR for contact temperatures above 150°C. This temperature corresponds to the melting temperature of TPVex. It is also important to note that in Figure 6(b), the increase of the injection temperature has a greater impact on the mechanical strength than the increase of the mould temperature. Indeed, for a contact temperature of 140°C, the mechanical strength is higher (Gc≈1800 J/m²) for an injection temperature of 260°C and a mould temperature of 20°C, than for an injection temperature of 230°C and a mould at 50°C (Gc≈1000 J/m²). 

Conclusion

This paper presents the first experimental study quantifying adhesion from a thermal and mechanical point of view during TPV overmoulding. For this purpose, an original experimental device has been developed to perform thermal and mechanical measurements. This instrumented experimental device allowed to calculate indirectly the surface temperatures and the heat flux densities during the overmoulding, leading to the calculation of the thermal contact resistance at the TPV/TPV interface. The device also allowed the fabrication of DCB samples, allowing the mechanical quantification of the adhesion. A relationship between thermal and mechanical measurements was then highlighted. It was shown that the injection temperature during overmoulding was the most influential parameter, allowing to improve the quality of the thermal and mechanical contact.

Figure 1 :

 1 Figure 1: Developed mould in TCR configuration. (a) Injection of the instrumented TPVex insert with controlled roughness. (b) Injection of the instrumented TPVinj on the TPVex insert. During the overmoulding of the TPVinj on the TPVex, the temperature fields are measured by the thermocouples Tinj1, Tinj2 and Tinj3 in the TPVinj and Tex1, Tex2 and Tex3 in the TPVex, and are presented in Figure 2(a).

Figure 2 :

 2 Figure 2: (a) Temperatures recorded in the TPVinj and in the TPVex and pressure during overmoulding. (b)Surface temperatures for TPVinj and TPVex and heat flux between TPVinj and TPVex, calculated from the positions of the thermocouples.

Figure 3 :

 3 Figure 3: Developed mould in DCB configuration. (a) Injection of the TPVex on the PPGF. (b) Injection of the TPVinj on the TPVex /PPGF insert.

Figure 4 :

 4 Figure 4: DCB setup. (a) schematic view of the samples geometry. (b)DCB sample under test.

  (b) for an injection temperature of 230°C and a mould temperature of 20°C. The DCB test gives a repeatability of about 20% on the Gc measurement. The measurements obtained by the incremental tests are contained within this margin of error for the different crack lengths.

Figure 5 :

 5 Figure 5: Validation of the tests. (a) TCR. (b) DCB.

Figure 6 :

 6 Figure 6: (a) Gc as a function of RTC. (b)Gc and TCR as a function of contact temperature.
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