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Weather seals in the automotive industry are manufactured by overmoulding vulcanizate thermoplastic elastomers (TPV) profiles. 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. This paper aims to evaluate for the first time the evolution of the thermal contact between the extruded and injected TPV during the holding and cooling phases of the overmoulding process. Within this aim, an experimental instrumented mould has been designed. Heat flux and pressure sensors have been integrated into the moulding cavity. Heat flux sensors have also been integrated into the insert during injection and in the mould cavity, allowing the temperature fields to be recorded during the entire overmoulding cycle. An inverse heat conduction problem is used to determine the time evolution of the surface temperature of the insert and the injected material. Heat flux densities crossing the interfaces are also evaluated. The average calculated heat flux density at the interface ranges between 1.75×10 4 W/m 2 at the end of filling to 2.5×10 3 W/m 2 at the ejection.

The specificity of the developed method is to obtain non-intrusive quantitative information on surface temperature and heat fluxes. These measurements are

Introduction

The automotive market uses vulcanized thermoplastic elastomers to produce static sealing solutions. This special class of thermoplastic elastomers are produced by dynamic vulcanization [START_REF] Naskar | Thermoplastic elastomers based on pp/epdm blends by dynamic vulcanization[END_REF], which allows the elastomer crosslinking during the blending with a thermoplastic polymer. The resulting morphology is an elastomeric dispersed phase into a thermoplastic matrix. The elastomeric phase is usually composed of ethylene-propylene-diene-monomer (EPDM), and the thermoplastic phase is composed of semi-crystalline polypropylene (PP) [START_REF] Drobny | Handbook of thermoplastic elastomers[END_REF].

These materials have a great interest because they have the features of elastomers with the processability of thermoplastics, allowing short cycle time and therefore an increase of productivity. Static sealing solutions are produced by overmoulding a melted TPV onto a cold extrudate TPV runner. An overmoulding cycle is divided into three steps. During the filling step, with a duration of less than a second, a melted polymer is injected into a regulated cavity under high shear rates. The thermal shock resulting from the contact between the melted polymer and the mould induces a high conductive heat flux, typically 10 5 W/m 2 [START_REF] Boyard | Heat Transfer in Polymer Composite Materials: Forming Processes[END_REF]. Packing pressure is then applied to compensate thermal and crystallization shrinkages until the gate is frozen. During the conductive cooling [START_REF] Zarkadas | Prediction of cooling time in injection molding by means of a simplified semianalytical equation[END_REF], the polymer is subjected to high cooling rates. During cooling, the thermal and crystallization shrinkages of the polymer lead to the development of an air gap, responsible for a local modification of heat transfer at the TPV/TPV and at the TPV/mould interfaces. The real area of contact is then constituted of only few areas, forming a heterogenous zone. The heat fluxes cross the interface by two distinct paths [START_REF] Guillot | Étude expérimentale des transferts de chaleur à une interface pièce-outil de coupe[END_REF]. The first one is the constriction across the contact zones leading to a thermal contact resistance caused by the elongation of flux lines. The second is related to the narrowing of the heat flux tubes through the interstitial media. This latest is composed of an entrapped fluid, which volume evolves with the polymer shrinkage. Considering the two contributions, one can define a global thermal contact resistance:

T CR = T inj,s -T ex,s ϕ (1) 
where T inj,s and T ex,s are the surface temperature of the injected and extruded TPV, respectively and ϕ is the heat flux density crossing the interface.

The TCR is a required boundary condition for the simulation. Indeed, this latest often assumes a perfect contact at the polymer/polymer and polymer/mould interfaces. Moreover, focusing on the modelling of the cooling step, the simulations are very sensitive to the nature of the polymer, i.e. amorphous or semi-crystalline. For semi-crystalline, the phase change releases latent heat, responsible for the modification of the thermal properties of the polymer and the temperature profile. Crystallization and heat transfer are then strongly coupled.

Thermal contact resistance is assumed to play a very important role in heat transfer in many industrial processes such as injection moulding [START_REF] Bendada | Analysis of thermal contact resistance between polymer and mold in injection molding[END_REF][START_REF] Massé | Heat transfer with mechanically driven thermal contact resistance at the polymer-mold interface in injection molding of polymers[END_REF][START_REF] Delaunay | Nature of contact between polymer and mold in injection molding. part i: Influence of a non-perfect thermal contact[END_REF], stretch blow moulding [START_REF] Bordival | Measurement of thermal contact resistance between the mold and the polymer for the stretchblow molding process[END_REF] and die casting [START_REF] Hallam | A model of the interfacial heat-transfer coefficient for the aluminum gravity die-casting process[END_REF][START_REF] Dargusch | An inverse model to determine the heat transfer coefficient and its evolution with time during solidification 29 of light alloys[END_REF]. For injection moulding, research work focuses on the modelling and experimental determination of the TCR at a polymer mould interface. Some et al. [START_REF] Somé | Modeling of the thermal contact resistance time evolution at polymermold interface during injection molding: Effect of polymers' solidification[END_REF] have established a predictive model for the calculation of the TCR at the interface between acrylonitrile butadiene styrene and polypropylene (PP) with a 40CMD8 steel mould. The authors reported a TCR at PP/mould interface ranging between 1×10 -4 m 2 .K.W -1 and 1×10 -3 m 2 .K.W -1 , depending on the roughness of the mould. 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 relation between the degree of intimate contact which reflects the real contact area and the TCR. The authors showed that the TCR was related to the real contact area via the geometric surface parameters and the conductivity of the entrapped interstitial gas and that of the polymer. A decrease in the TCR was shown with the increase in the degree of intimate contact: the TCR value ranges from 4×10 -4 m 2 .K.W -1 for a degree of intimate contact of 0.65 to about 1×10 -4 m 2 .K.W -1 for a degree of intimate contact of 0.95. Yu et al. [START_REF] Yu | Thermal contact resistance in injection molding[END_REF] have measured the TCR between polystyrene and a mould.

They reported values up to 1.5×10 -3 m 2 .K.W -1 . The evolution of the TCR during an injection cycle was investigated by Salgon et al. [START_REF] Salgon | A mechanical and geometrical approach to thermal contact resistance[END_REF] and Rhee et al. [START_REF] Rhee | Experimental investigation of thermal contact resistance in injection molding[END_REF]. The TCR dependency regarding processing time was highlighted. The calculation of the TCR involves the surface temperature calculation of the two media in contact, also the main difficulty arises when determining the surface temperature of the polymer due to the intrusiveness of the sensors. It is the reason why inverse methods [START_REF] Beck | Inverse heat conduction: Illposed problems[END_REF][START_REF] Raynaud | A new finite-difference method for the nonlinear inverse heat conduction problem[END_REF] were used to calculate mould temperature and heat flux crossing polymer/mould interface [START_REF] Bendada | Analysis of thermal contact resistance between polymer and mold in injection molding[END_REF][START_REF] Massé | Heat transfer with mechanically driven thermal contact resistance at the polymer-mold interface in injection molding of polymers[END_REF][START_REF] Goff | Study and modeling of heat transfer during the solidification of semi-crystalline polymers[END_REF]. However, direct measurements were performed by Bendada et al. [START_REF] Bendada | Analysis of thermal contact resistance between polymer and mold in injection molding[END_REF] with an infrared hollow waveguide pyrometer. The authors reported a TCR between 2.1×10 -4 m 2 .K.W -1 and 8×10 -4 m 2 .K.W -1 . An infrared hollow waveguide pyrometer was also used to calculate the TCR in the work of Pignon et al. [START_REF] Pignon | Heat transfer analysis at high cooling rate on the surface of thermoplastic parts[END_REF]. The original experimental setup used by the author was able to reproduce the contact between the mould and the polymer in the absence of shear. The TCR determined by this method is ranging between 5×10 -4 m 2 .K.W -1 and 2.5×10 -3 m 2 .K.W -1 .

Even though TCR modelling and experimental values at polymer/mould are reported in the literature, the TCR at polymer/polymer interfaces, and even more at the interfaces of composites such as TPV, has never been considered to our best knowledge. This paper reports the first study on the experimental calculation of the TCR during an overmoulding cycle. To do so, an original instrumented overmoulding apparatus was developed to calculate the surface temperatures and the heat fluxes densities exchanged at the interfaces. The results reported in this study bring therefore boundary conditions values for the simulation of the overmoulding process. The innovation of the present study lies in this original overmoulding device which allows us to measure the thermal quality of the contact between the two TPV, but also the mechanical quality by double Cantillever Beam tests [START_REF] Avenet | Adhesion of high performance thermoplastic composites: Development of a bench and procedure for kinetics identification[END_REF]. This device will then allow establishing, in future works, for the first time a link between the thermal and mechanical quality of the contact at a polymer/polymer interface.

In the present study, two TPV were overmoulded and the TCR at the TPV/TPV interface is calculated from an inverse method [START_REF] Beck | Inverse heat conduction: Illposed problems[END_REF]. [START_REF] Katbab | Carbon black-reinforced dynamically cured epdm/pp thermoplastic elastomers. i. morphology, rheology, and dynamic mechanical properties[END_REF] or silica [START_REF] Bazgir | Silica-reinforced dynamically vulcanized ethylene-propylene-diene monomer/polypropylene thermoplastic elastomers: Morphology, rheology, and dynamic mechanical properties[END_REF] enhancing mechanical and rheological properties [START_REF] Mishra | Structure-property relationship of a thermoplastic vulcanizate (tpv)/layered silicate nanocomposites prepared using maleic anhydride modified polypropylene as a compatibilizer[END_REF], a phenolic vulcanization agent and antioxidant agents. The mixing between the thermoplastic and elastomeric phases is carried out during a dynamic vulcanization process. The process is described in [START_REF] Coran | Rubber-thermoplastic compositions. part i. epdmpolypropylene thermoplastic vulcanizates[END_REF]. A phase inversion happens during the dynamic vulcanization, dispersing the EPDM in a continuous PP phase. The main properties of TPV inj and TPV ex are given in Table 1. The results are presented in Table 3. 

TPV inj TPV ex V sp [m 3 /kg] R 2 V sp [m 3 /kg] R 2 Solid State 7.25×10 -7 T[ • C]+1.08×10 -3 0.99 6.01×10 -7 T[ • C]+1.01×10 -3 0.99 Amorphous state 8.20×10 -7 T[ • C]+1.07×10 -3 0.99 7.27×10 -7 T[ • C]+1.01×10 -3 ) 0.99
Thermal conductivity k in W/(m.K) was measured for the temperature ranging between 23 • C and 260 • C thanks to a home-made guarded hot plate. The data are fitted following a linear regression, as presented in Table 4.

Table 4: Thermal conductivity of the TPV under study.

TPV inj TPV ex k [W/(m.K)] R 2 k [W/(m.K)] R 2 -7.3.10 -5 T[ • C]+0.197 0.90 -1.8.10 -4 T[ • C]+0.225 0.99
The thermophysical properties of the 40CMD8 steel mould are taken as 135 constants from Pignon et al. [START_REF] Pignon | Improvement of heat transfer analytical models for thermoplastic injection molding and comparison with experiments[END_REF]. The values are presented in Table 5.

Table 5: Thermal properties of the mould.

C p [J/(kg.K)] V sp [m 3 /kg] k [W/(m.K)] 40CMD8 Steel 475 1.274×10 -4 36 

The crystallization kinetics

The polypropylene constituting the TPV matrices is semi-crystalline. Generally speaking, during cooling, the PP will crystallizes, i.e. nuclei are formed in the melt and then grow to form semi crystalline structures called spherulites.

The relative crystallinity α designates the progress of the polymer transformation. A value of α=0 means that the polymer is amorphous (i.e. in the molten state) and a value of α=1 means that the polymer is in the semi-crystalline state. The consideration of crystallization during overmoulding can be achieved by using overall crystallization kinetics models. Avrami [START_REF] Avrami | Kinetics of phase change. i general theory[END_REF][START_REF] Avrami | Kinetics of phase change. ii transformation-time relations for random distribution of nuclei[END_REF] has developed a theory which is mainly known for modelling isothermal crystallization.

However, the overmoulding process is strongly anisothermal. Within this framework, Nakamura [START_REF] Nakamura | Some aspects of nonisothermal crystallization of polymers. i. relationship between crystallization temperature, crystallinity, and cooling conditions[END_REF][START_REF] Nakamura | Some aspects of nonisothermal crystallization of polymers. ii. consideration of the isokinetic condition[END_REF] has extended the calculation of the relative crystallinity to anisothermal conditions through Equation 7, which is the differential form from Patel et al. [START_REF] Patel | Crystallization kinetics during polymer processinganalysis of available approaches for process modeling[END_REF]. In this equation, n is the Avrami exponent and K N ak is the kinetic function of Nakamura linked to the Avrami kinetic function by

K N ak =K 1/n
Av . The kinetics of crystallization of TPV inj was investigated in quiescent conditions using Differential Scanning Calorimetry (DSC) (Q200, TA instruments). Two experimental protocols were used. The first one is related to isothermal trials, in the temperature range 120 One issue arises on the influence of the overmoulding process on crystallization. Indeed, DSC allows obtaining a set of kinetic functions only thermodependent. However, in injection moulding, the crystallization occurs also under high pressure and shear. The shear dependency of crystallization is classically studied with rheometers or under optical microscopes [START_REF] Koscher | Influence of shear on polypropylene crystallization: morphology development and kinetics[END_REF] using shearing hot stage to determine how much the crystallization is accelerated, while pressure is investigated through the specific volume variations with the crystallization [START_REF] Fulchiron | Analysis of the pressure effect on the crystallization kinetics of polypropylene: dilatometric measurements and thermal gradient modeling[END_REF]. We will see in Section 3 that the crystallization takes place after the end of the application of the pressure, i.e. at atmospheric pressure, thus allowing to neglect its effect on the kinetic. The shear happens at the beginning of the process (during the filling step of injection), in the order of the second, the effect of shear can therefore be neglected since the relaxation times are short compared to the time at which crystallization occurs [START_REF] Le Mouellic | Thermomechanical behaviour and interface of overmoulded soft thermoplastic vulcanizate elastomers[END_REF]. In the present study, the effect of pressure and shear on crystallization is then neglected.

Overmoulding apparatus

This section focuses on presenting the developed instrumented overmolding device and the protocol for the indirect measurement of TCR at the TPV/TPV interface. The geometry was chosen after the simulations presented in Section 2.3.

Description of the overmoulding apparatus

The experimental mould was mounted on a SANDRETTO injection machine with a clamping force of 950 kN. The mould is classically composed of a fixed and a mobile part. The fixed part is the moulding cavity. The parts have dimensions of (80x50x4)mm 3 , ensuring unidirectional heat transfer through the thickness. The validation of unidirectional heat transfer is presented in Section 2.3. Two Kistler c pressure sensors (type 6157B, diameter 4 mm) are implanted in the mould, flush with the surface of the cavity. These sensors are placed at 10 mm from the gate ("inlet pressure") and at 70 mm from the gate ("outlet pressure"), respectively. The mould is equipped with a heat flux sensor positioned at 35 mm from the gate. This sensor is composed of two half-cylinders joined, and one of them is the measuring cell. This cell is composed of three thermocouples of type K implanted at 0.388 mm, 1.759 mm and 3.157 mm from the surface of the cavity, respectively. To make the measurement non-intrusive, the mould and the heat flux sensor are made with the same steel (40CMD8). Two 6 mm diameter slots allow silicone cylinders (ALC 990/D) can be placed in the cavity, above ejectors that have been shortened. These cylinders are injected into a specially designed mould using a heated press with parallel plates heated at 175 • C. These allow three K-type thermocouples T inj1 , T inj2 and T inj3 (125 µm diameter) to be stretched in the cavity. The thermocouples were made by welding (ROFIN, 7002) an Alumel and Chromel wire. The two submarine injection gates are placed in the cavity in such a way that the two TPV flows recover on the thermocouples, limiting their relative movement to the minimum during injection. Stereolithography (SLA) printed part is inserted between the thermocouples and allows to maintain their positions during the overmoulding process. Figure 2 presents the configuration of the moulding cavity and its dimensions. The fixed part of the mould consists of a dual-purpose cavity. As presented in Figure 3 (a), the first feature is to place an insert with a controlled roughness to give a specific surface roughness to the TPV ex insert. The second feature presented in Figure 3 (b), is to place a TPV ex instrumented insert with three stretched thermocouples T ex1 , T ex2 and T ex3 when overmoulding TPV inj .

The mould temperature is monitored using a controller with heated circulating water. The thermocouples stretched in the cavity and the heat flux sensor are connected to a cold box equipped with a Pt100 probe to measure the reference temperature. The pressure measurement is monitored using the ManuWare software. All sensor responses were recorded using a Yokogawa c DL750 multichannel acquisition system. This acquisition system allows obtaining on the same support the measurements of the 9 thermocouples (three thermocouples in each TPV and three thermocouples in the mould heat flux sensor) as well as the two pressure sensors. 

Overmoulding protocol

The overmoulding process consists of two steps. The first step is illustrated in Figure 4 and consists in manufacturing the TPV ex insert. A metallic insert with a specific roughness is screwed in the fixed part. Three K-type thermocouples (T ex1 , T ex2 and T ex3 ) are stretched in the mobile part thanks to silicone pads with the SLA thermocouple positioner. The TPV ex is then injected. After the cooling of TPV ex , the metallic insert with the roughness is removed from the fixed part and the TPV ex insert is placed in it. Three thermocouples, T inj1 , T inj2 and T inj3 , are stretched in the mobile part thanks to silicone pads. This step is followed by the injection of TPV inj , as shown in Figure 5. During the injection of TPV inj , the temperature levels are recorded in both TPV until the end of cooling. The pressure levels and the temperatures in the pressure sensors and the heat flux sensor are also recorded. The injection settings used for the moulding of TPV ex and TPV inj are presented in Table 6. TPV ex is an extrusion grade that is injected. The injection temperature is, therefore, higher than for the injection grade to reduce its high viscosity. Throughout the study, the overmoulding of TPV inj on TPV ex is 250 studied for the conditions given in Table 6. The TPV ex is moulded with a surface roughness of R a =5.10 µm. [START_REF] Beck | Inverse heat conduction: Illposed problems[END_REF] was used to estimate the heat fluxes and surface temperatures at the TPV/TPV interface from the experimental temperature measurements. The principle of this method is presented elsewhere [START_REF] Beck | Combined function specification-regularization procedure for solution of inverse heat conduction problem[END_REF], and only a brief description is presented here. This sequential algorithm considers the heat flux temporally constant over specified future time steps. In practice, the thermocouples furthest from the interface considered define the boundary condition, while the two closest to the interface are sensitivity thermocouples. This method is based on the least-squares minimization between the temperatures calculated at the positions of the sensitivity thermocouples and those measured.

The heat flux sensitivity of temperatures at thermocouples locations allows the minimization of the criterion. The prerequisites for the use of the algorithm are to know the thermophysical properties of the TPV and the mould, and to ensure that the heat transfer at the TPV/TPV and TPV/mould interfaces are unidirectional. This is the reason why Section 2.1 focuses on presenting the thermophysical properties of the two TPV, and the next Section, on validating the unidirectional heat transfer.

Validation of unidirectional heat transfer

The first step in the mould development was to ensure unidirectional heat transfer at the TPV inj /TPV ex interface. The simulation was performed using the heat transfer module of the multiphysics software COMSOL c . The chosen geometry consisted of two parallelepipeds of dimensions (80x50x4)mm 3 with an overlap area of (50x50)mm 2 , as presented in Section 2. 

Heat transfer modelling in the overmoulded part

Heat transfer in the overmoulding apparatus was modelled with the 1D heat conduction equation through the thickness of the TPV, at the center of the overlap area. This assumption is valid for times up to 50 s. The unidirectional scheme then adopted for the simulation of the overmoulding process is presented in Figure 9.

TPV ex is located between x=e and x=2e. Under the conditions of the test, the contact temperature is lower than the melting temperature of the extrudate, thus implying that it is not necessary to model the melting and the crystallization phase change of TPV ex . At the initial time, the temperature field was assumed to be uniform and equal to the mould temperature T mould (Equation 4). The boundary condition at the top corresponds to the measured temperature T ex3 (t) (Equation 3). Heat flux density ϕ 1 (t) at x=e + is the calculated heat flux from the experimental data (equation 5). e + is the abscissa considered outside the thermally disturbed interfacial zone on the TPV ex side. (2)

T (x = X ex3 , t) = T ex3 (t) for ∀t > 0 (3) T (x, t = 0) = T mould for X ex3 ≤ x ≤ e + (4) k ex ∂T ex ∂x x=e + = ϕ 1 (t) for ∀t > 0 ( 5 
)
TPV inj is located between x=0 and x=e. The crystallization is considered with the differential form of the Nakamura equation (Equation 7). The coupling between crystallization and heat transfer is considered by adding a heat source term in the heat conduction equation (Equation 6). The coupling can be simplified regarding the ratio between the characteristic time of heat transfer and the characteristic time of phase change. This ratio is the Deborah number [START_REF] Benard | Energy equation and the crystallization kinetics of semi-crystalline polymers: regimes of coupling[END_REF] D e =λt 1/2 /ρc p e 2 , where t 1/2 is the crystallization half time and e is the part thickness. A low Deborah number means that the solidification half time is short compared to the conduction time. Under the overmoulding conditions used in the study, the Deborah number for TPV inj is D e =0.22, meaning that the heat source may not be negligible and should be considered to describe the heat transfer. An instantaneous filling is assumed meaning that the temperature field is considered uniform and equal to the injection temperature T inj at the initial time (Equation 9). This assumption is reasonable in the injection process where the filling speeds are relatively high [START_REF] Bot | Comportement thermique des semi-cristallins injectés. application à la prédiction des retraits[END_REF]. The filling time of the cavity is therefore low compared to the cooling time. The boundary condition at the top corresponds to the calculated heat flux ϕ 1 (t) at the location x=e -(Equation 10) from experimental data. e -is the abscissa considered outside the thermally disturbed interfacial zone on the TPV inj side. The second boundary condition at x=0 -corresponds to the calculated heat flux ϕ 2 (t) from the experimental measurements (Equation 11).

∂ ∂x k inj (T, α) ∂T inj ∂x + ρ inj (T, α)∆H ∂α ∂t = ρ inj (T, α)c p,inj (T, α) ∂T inj ∂t for 0 + < x < e - and ∀t > 0 (6) ∂α ∂t = n.K nak .(1 -α).(-ln(1 -α)) n-1 n for 0 + < x < e -
and ∀t > 0

(7) α(x, t = 0) = 0 for 0 + ≤ x ≤ e - (8) 
T (x, t = 0) = T inj for 0 + ≤ x ≤ e - (9) 
k inj ∂T inj ∂x x=e - = ϕ 1 (t) for ∀t > 0 (10) 
k inj ∂T inj ∂x x=0 - = ϕ 2 (t) for ∀t > 0 (11) 
The continuity of heat flux densities at the interface between the two TPV parts is expressed as:

k inj ∂T inj ∂x x=e - = k ex ∂T ex ∂x x=e + = T inj (x = e -, t) -T ex (x = e + , t) T CR(t) (12) 
3. Analysis This value is consistent with the injection speed calculated by Le Bot [START_REF] Bot | Comportement thermique des semi-cristallins injectés. application à la prédiction des retraits[END_REF] who measured the delay between two heat flux sensors in the case of injection of polypropylene and found a value of 0.1 m.s -1 . In this case, no holding phase has been applied as it damages the thermocouples.

The cooling phase follows the filling phase. During this phase, new phenomena need to be considered because of the phase change of TPV inj . In this case, an inflexion is observed on the cooling profile at the phase change temperature [START_REF] Delaunay | Nature of contact between polymer and mold in injection molding. part i: Influence of a non-perfect thermal contact[END_REF][START_REF] Goff | Study and modeling of heat transfer during the solidification of semi-crystalline polymers[END_REF][START_REF] Pignon | A new pvt device for high performance thermoplastics: Heat transfer analysis and crystallization kinetics identification[END_REF]. From Figure 10, the beginning of the inflexion due to crystallization is observed on the temperature profile for a process time of 40 s. The crystallization is not visible for the thermocouple T inj3 because the thermal source is quickly evacuated by the mould, contrary to the thermocouples T inj1 and T inj2 .

Comparison with simulation.

The objective here is to compare the experimental temperatures measured by the thermocouples with those calculated to see if the coupling between heat The crystallization, marked by an inflexion in the temperature profile, is observed on the cooling profile for TPV inj at approximatively t=40 s, which corresponds to temperatures between 90 • C and 100 • C. We can see from Figure 1 that in this range of temperatures K Av (T) is known without extrapolation.

The crystallization plateau is also well reproduced with a short delay. The delay could be related to the Avrami kinetic function value. It would have been also

possible that the pressure or the shear were the cause of the delay. However, in the present study, crystallization occurs after the end of the pressure application and the relaxation of the polymer is complete for a process time of 40 s, allowing to neglect the shear effect. This implies that no correlation exists between the delay of the plateau and the increase of the crystallization with pressure and shear.

Figure 11 presents also the relative crystallinity computed from the coupled model for T inj1 , T inj2 and T inj3 thermocouples, respectively. The temperature gradient observed in TPV inj induces a solidification gradient of the polymer matrix through the thickness. Consequently, the beginning of the crystallization and the kinetics depend on the temperature distribution through the TPV inj thickness. This is underlined by Figure 11, where the TPV inj solidifies (α=1) sooner close to the mould walls, i.e. for T inj3 . The hot core crystallizes at the end of the overmoulding, because cooling is slower due to the low thermal conductivity of TPV inj , as shown by the relative crystallinity associated with T inj2 .

Surface temperatures and heat fluxes calculation

The temperature field in each of the TPV during the overmolding process will allow the non-intrusive calculation of the surface temperatures of the TPV inj and the TPV ex as well as the heat flux density crossing the interface. This data will then be used to calculate the TCR at the TPV inj /TPV ex interface. The evolution of the TCR will then be related to the relative crystallinity calculated from the simulation.

The calculation of surface heat fluxes and surface temperatures for each TPV was performed using Beck's inverse sequential algorithm. The positions of the thermocouples in the TPV inj and in the TPV ex is an input data for the algorithm. It has been obtained by optical microscopy (Keyence VHX-700F). The samples were previously cut diagonally in the overlap area with a razor blade.

The calculated surface temperatures and the average heat flux are presented in Figure 12 for the TPV inj /TPV ex interface. Let us first consider the thermal shock caused by the injection of TPV inj . From Figure 12 the heat flux exchanged at the TPV inj /TPV ex interface reaches its maximum 1.76×10 4 W/m 2 at the beginning of the filling step and decreases sharply up to 1.5×10 3 W/m 2 at the end of cooling. This evolution of the heat flux is characteristic of the injection process and their magnitudes are close to those found in the literature for polymer/mould interface [START_REF] Bendada | Analysis of thermal contact resistance between polymer and mold in injection molding[END_REF][START_REF] Delaunay | Nature of contact between polymer and mold in injection molding. part i: Influence of a non-perfect thermal contact[END_REF][START_REF] Yu | Thermal contact resistance in injection molding[END_REF][START_REF] Sridhar | Computer simulation of the effect of thermal contact resistance on cooling time in injection molding[END_REF]. The continuity of heat fluxes also seems to be experimentally verified at the interface, to the measurement error (Equation 12). The calculation of the contact temperature Tc during the abrupt thermal contact between TPV inj and TPV ex can be performed under the assumption of a perfect contact between two semi-infinite media in steady-state. The latter is valid for a time t<0.05e 2 /a inj , where a inj is the thermal diffusivity of the melted polymer and e is the thickness of the part. In our case, this hypothesis is valid between the beginning of the process until t=7.5 s. The calculation is valid when the polymer is melted and the TCR at the interface is neglected, i.e. for a perfect thermal contact. In this case, the contact temperature can be calculated from the initial temperatures T inj and T ex for TPV inj and TPV ex , respectively. The calculation also involves their thermal effusivities ai (b i =(λ i ρ i c p,i ) 0.5 ), where the subscript i stands for TPV inj and TPV ex [START_REF] Carslaw | Conduction of heat in solids[END_REF]: The TPV inj crystallization and thermal shrinkages starts then at the interface with the mould, developing residual stresses leading to an unsticking at the TPV inj /TPV ex interface. Then, the warping generated at the TPV inj /mould plates the TPV inj on the TPV ex leading to a decrease of the TCR, meaning that the deformation of TPV inj promotes a better contact at the TPV inj /TPV ex interface. Finally, when the TPV inj starts to crystallize at the TPV inj /TPV ex interface, the TCR increases. This is only a qualitative explanation for the TCR increase between t=37 s and t=42 s, an assumption which needs to be verified with quantitative modelling of residual stress distributions in TPV inj during overmoulding.

T c = T inj b inj + T ex b ex b inj + b ex (13 

Conclusion

This paper presents the first experimental heat transfer study at polymer interface of an overmoulded TPV part. For this purpose, an original experimental apparatus was designed to calculate, in a non-intrusive way, the thermal contact resistance at the TPV/TPV interface. The thermophysical properties The modelling of the overmoulding process was performed using a unidirectional heat transfer scheme. The boundary conditions experimentally obtained at the TPV/TPV interface and TPV/mould interface were integrated into the simulation. A coupled model was considered to integrate the effect of the phase change on the heat transfer. The crystallization of TPV inj was studied by DSC and was integrated with heat transfer via a source term in the heat conduction equation. Good agreement was found between the experimental and calculated temperature fields. The superposition of the evolution of the TCR with the modelled relative crystallinity showed that the heat transfer at the TPV/TPV interface were strongly dependent on the solidification gradient in the part. Its variation may be linked to the thermal and crystallization shrinkages in the TPV part. Thus, in future works, it will be interesting to confirm the hypothesis of the effects of the TPV inj deformation on the TCR variations. It will therefore be necessary to consider a thermo-mechanical coupling [START_REF] Péron | Measurement and prediction of residual strains and stresses during the cooling of a glass fibre reinforced pa66 matrix composite[END_REF]. From an industrial point of view, the increase in RTC increases the cooling time of the parts, which can lead to lower production rates. The calculated TCR varies between 2×10 -2 m 2 .K/W and 1×10 -2 m 2 .K/W over the whole overmolding cycle. The 

  • C-130 • C, which consist in melting the TPV inj at 200 • C before cooling it as fast as possible to the chosen isotherm. During the isothermal plateau, the crystallization heat flux is recorded and integrated with respect to time using the partial area method. For temperatures between 90 • C and 115 • C, K Av (T) was calculated using Nakamura theory. The experimental protocol consisted in melting the TPV inj at 200 • C with a heating rate of 10 K/min and cooled at constant cooling rates between 1 K/min and 40 K/min. The heat released is then integrated and the Nakamura kinetic function K N ak (T) is calculated. K Av (T) is then calculated with the relation between the kinetic function of Avrami and Nakamura. The results obtained for the Avrami kinetic function for temperatures ranging between 95 • C and 130 • C are presented in Figure 1. The Avrami exponent is close to 3 reflecting instantaneous germination forming spherulites. This is in good agreement with the Scanning Electron Microscopy observations made by Parenteau et al.

[ 35 ]

 35 . The authors observed spherulites in the polypropylene continuous phase of TPV.

Figure 1 :

 1 Figure 1: Avrami parameters for TPV inj versus crystallization temperature.

Figure 2 :

 2 Figure 2: Mobile mould side: Instrumented moulding cavity. Dimensions are given in millimeters.

Figure 3 :

 3 Figure 3: Fixed mould side. (a) Surface roughness insert. (b) Instrumented TPVex insert.

Figure 6

 6 Figure 6 presents the final configuration of the overmoulded part. The TPV inj is on top and the TPV ex is below. The measurements are made in the center of the (50x50)mm 2 overlap area.

Figure 4 :

 4 Figure 4: Injection of instrumented TPVex insert. (a)View of the mould (b)Sectional view of the mould. Dimensions are given in millimeters.

Figure 5 :

 5 Figure 5: Injection of instrumented TPV inj on the TPVex insert. (a)View of the mould (b)Sectional view of the mould. Dimensions are given in millimeters.

Figure 6 :

 6 Figure 6: Overmoulding of the TPV inj on the TPVex. (a) top view. (b) side view.

  2. The mould geometry is presented in detail in Section 2.5. The validation of unidirectional heat transfer was performed by comparing two configurations. The first one is a three-dimensional scheme (Figure 7 (a)) with a convective heat flux on the whole surface in contact with the mould. The second is a unidirectional scheme (Figure 7 (b)) with convective flux on its upper and lower part but with a lateral adiabatic condition. In both cases, the heat conduction equation was used, and only the boundary conditions change. A perfect thermal contact is considered at the interface. Temperature measurements for both configurations were made along a vertical profile in the center of the overlap area as shown in Figure 7.

Figure 7 :

 7 Figure 7: Compared configurations for the validation of unidirectional heat transfer. (a) 3D scheme and (b) 1D scheme.

Figure 8 (

 8 Figure8(a) presents the temperature profiles obtained for the 3D configuration (solid lines) and for the 1D configuration (squares) for times ranging between 0.5 s and 50 s. The temperature levels calculated by the 3D scheme appear to be well reproduced by the 1D scheme. This is confirmed by the residual analysis presented in Figure8 (b), where the maximum deviations are found to be of the order of 10 • C. In the following, we will consider unidirectional heat transfer through the thickness of the two TPV during 50 s. The heat transfer are therefore considered as unidirectional in the inverse heat conduction algorithm as well as in the heat transfer simulation of the overmoulding process.

Figure 8 :

 8 Figure 8: (a) Comparison of temperature fields for the 3D and the 1D schemes. (b) Temperature differences between the 3D and 1D schemes.

Figure 9 :

 9 Figure 9: 1D scheme used for simulation.Modif ordre cf feuille

3. 1 .

 1 Temperatures in the TPV inj and TPV ex3.1.1. Experimental resultsDuring the overmoulding process of the TPV inj on the TPV ex , the temperature fields in the mould, in the TPV inj and in the TPV ex are measured by the 6 thermocouples. Figure10presents the evolution of measured temperatures by the sensors at the TPV inj /TPV ex interface. Before injection, the TPV ex is at the mould temperature, i.e. 20 • C. At t=3.8 s, the TPV inj is in contact with TPV ex , resulting in a thermal shock. The temperature in TPV ex then rises slowly up to 38 • C at t=37 s.The pressure sensors exhibit a delayed response of about 0.4 s. The pressure drop in the cavity is marked by a lower pressure level at the outlet pressure sensor (1.6×10 7 Pa against 1.74×10 7 Pa at the inlet). The filling speed can be then estimated at V=0.15 m.s -1 thanks to the distance between the sensors.

Figure 10 :

 10 Figure 10: Experimental temperatures in TPV inj and TPVex for a maximum injection pressure of 1.74×10 7 Pa.

  Figure 11, especially for T ex2 . The coupled model between heat transfer and crystallization is then validated in the following considerations.

Figure 11 :

 11 Figure 11: Comparison between experimental temperatures at thermocouples positions and the modelled ones for TPV inj , TPVex and TPV inj associated relative cristallinity.

Figure 12 :

 12 Figure 12: Surface temperature and heat fluxes at the TPV inj /TPVex interface.

) 3 . 3 .

 33 Figure13presents the experimental calculated RTC at the TPV inj /TPV ex interface and at the TPV inj /mould interface. During the filling and the cooling under pressure, good contact is ensured at both interfaces. The TCR is then decreasing. The relative crystallinity computed at the TPV inj /TPV ex and at the TPV inj /mould interfaces is presented Figure13. During cooling, the TPV inj exhibits a solidification gradient of the polymer matrix in its thickness: crystallization starts at the TPV inj /mould interface and then at the TPV inj /TPV ex .

Figure 13 :

 13 Figure 13: Thermal contact resistance at TPV inj /TPVex interface.

  overmolding temperature studied in this paper is 190 • C, being low regarding the injection temperatures encountered in industrial overmolding processes, the latter ranging between 230 • C and 260 • C. The study of the influence of the injection and mold temperature will be carried out in future works in order to calculate the TCR values in conditions close to those used in the automotive industry. In addition, as TCR reflects the thermal quality of contact, mechanical tests of Double Cantilever Beam will be performed, under the same overmoulding conditions, to establish for the first time a correlation between the thermal and mechanical quality of the interface.

Table 1 :

 1 Main properties of the studied TPV.

	Properties at 23 • C	TPV inj TPV ex
	Hardness [Shore A]	81	72
	Elongation at break [%]	610	450
	Young modulus [MPa]	25.5	19.6
	Tensile stress at 100% [MPa]	4.1	3.0
	2.1.2. Thermal properties		
	The knowledge of the evolution of thermophysical properties of the TPV
	with temperature is necessary for the coupled modelling of temperature field
	and TPV phase change. Sridhar et al. [26] underlined that the temperature
	dependency of thermophysical properties is required for the accurate prediction
	of polymer shrinkage.		
	The specific heat (C p ) of both TPV has been determined by differential
	scanning calorimetry (Q200, TA Instruments). The measurements were made at
	a heating rate of 10 K/min between 50 • C and 200 • C. C p has been evaluated in
	J/(kg.K) for the two TPV as a linear function of temperature, between 50 • C and
	140 • C and 170 • C and 200 • C for the solid and amorphous states, respectively.
	The results are presented in Table 2, in the temperature range for which there
	is no melting.		
	The specific volume V sp , in m 3 /kg, was measured with a home-made PVT
	device [27, 28] for 10 MPa and 50 MPa at a cooling rate of 2 • C/min. The data
	are fitted following a linear regression of temperature, between 50 • C and 140 • C
	and 170 • C and 200 • C for the solid and for the amorphous states, respectively.

Table 2 :

 2 Specific heat of TPV inj and TPVex.

		TPV inj		TPV ex
		C p [J/(kg.K)]	R 2	C p [J/(kg.K)]	R 2
	Solid State	5.22T[ • C]+2026 0.99 4.53T[ • C]+1815 0.99
	Amorphous state 4.19T[ • C]+2011 0.99 2.79T[ • C]+2023 0.99

Table 3 :

 3 Specific volume of the TPV under study.

Table 6 :

 6 Main injection parameters of studied processing conditions.The originality of this overmoulding device lies in the indirect measurement of the thermal contact resistance at the TPV inj /TPV ex interface. This allows

	Injection parameters	TPV inj TPV ex
	Melt temperature [ • C]	190	230
	Mould coolant temperature [ • C]	20	20
	Cooling time [s]	60	60
	2.2.3. Beck's sequential algorithm		
	255		
	obtaining a boundary condition necessary for the simulation. Moreover, the
	instrumentation at the TPV inj /mould interface allows calculating the thermal
	contact resistance at this interface. The latter has already been studied and the
	experimentally determined values in our case are in good agreement with the
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