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Injection moulding is the most common modern process of manufacturing thermoplastic parts because of its high productivity and manufacturability to develop various geometries and complex shapes. It's typically used to combine thermoplastics with another thermoplastic or with an elastomer to create color differences or hard and soft areas respectively. The work presented in this article focuses to optimize the processing conditions for bi-material components in well-defined geometry and functional properties. The rheo-kinetic behaviours of elastomer rubbers using Carreau-Yasuda and Isayev-Deng models with the thermal dependence assumed by an Arrhenius law were identified by the rheological tests. The bi-injection process is simulated through a finite element codes (Cadmould ® 3D). The simulation results are compared to the experimental ones with good agreements with the experimental results.

Introduction

Bi-injection moulding is a widely used process to manufacture engineering products and consumer goods [START_REF] Yang | Visual Analysis of the Flow Behavior of Core Material in a Fork Portion of Plastic Sandwich Injection Molding[END_REF][START_REF] Chen | Observation of the polymer melt flow in injection molding process using co-injection molding technique[END_REF]. It characterized by its high productivity and low cost. This process characterised by a high production rate and low manufacturing cost. Injection moulding offers a wide range of possibilities for producing multi-material, multi-coloured parts or parts that present novel functionalities to meet the ever-increasing requirements for devices used in security, automotive, home automation, biomedical, and other applications [START_REF] Shang | Carbon nanotubes based high temperature vulcanized silicone rubber nanocomposite with excellent elasticity and electrical properties[END_REF][START_REF] Marzocca | Analysis of network structure formedin styrene-butadiene rubber cured with sulfur/TBBS system[END_REF].

A Liquid Silicone Rubber (LSR) injection moulding process is very similar to the conventional thermoplastic injection moulding process, but here is a major lies within the solidification. During thermoplastic injection moulding, the injected materials are heated and melted by an injection screw and then filled into a mould cavity. Rapid cycling is obtained during the injection, packing, cooling and ejection phases of the process [START_REF] Nguyen | Adhesion control for injection overmoulding of elastomeric propylene copolymers on polypropylene. Effects of block and random microstructures[END_REF]. In contrast, two-part liquid silicone rubber materials are metered and mixed by a specific dosing system and then injected cold into a pre-heated die cavity mould, where the mixture of LSR is solidified exothermally by a chemical cross-linking reaction called "curing" [START_REF] Arrillaga | Techniques used for determining cure kinetics of rubber compounds[END_REF]. The curing of LSR is almost exclusively carried out with a platinum-catalyzed hydrosilylation reaction, which does not generate by-products [START_REF] Marzocca | Vulcanization kinetic of styrene-butadiene rubber by sulfur/TBBS[END_REF]. During the over-moulding process, an elastomer material is moulded over or around a compatible substrate (typically, a rigid-plastic) by using insert moulding or multi-shot injection moulding processes [START_REF] Harte | Overinjection of thermoplastic composites. II. Numerical simulation[END_REF]. The quality of the multi-components obtained strongly depends on the interfacial adhesion strength. For such problems, numerical simulation plays a prominent role in enhancing productivity and shortening production cycle.

The work presented in this paper is focused on the simulation of the liquid silicone rubber over-moulding process applied to two different materials, such as thermoplastic polymer and liquid silicone rubber. The thermo-rheo-kinetic model coupling the heat transfer and the rheological and curing kinetic behaviours during injection moulding were taken into account and implemented in Cadmould ® software. To validate the proposed model and the identified parameters, finite element simulation of the filling process results were compared to moulding tests performed on a polyamide thermoplastic polymer/liquid silicone rubber to evaluate a standard peel specimen without defects.

Materials and experimental procedure

Materials

The LSR silicone rubbers were supplied by Bluestar Silicones as Silbione ® two-part systems (LSR4350, LSR4370 and TCS7550). It have specific properties as ultra-low durometer values, high performance (LSR4370), fast cure at elevated temperature, self-lubrication and over-moulding ability. Moreover, the PA 66-GF30 used is a black polyamide with 30 % glass fiber filler. The main thermal physics and mechanical properties of such materials (LSRs, TCS and PA66) are summarized in Tables 1 and2. 

Rheological measurements

The flow behaviour and viscosity of LSR rubbers and PA66 were investigated with shear controlled rotational measurements. The measurements were carried out at low shear rates from 1 to 10 2 s -1 . All measurements were performed using a rotational rheometer HAAKE MARS III coupled with HAAKE RheoWin software (Thermo Scientific). It was used cone/plate geometry configuration with a diameter of 35mm and an angle of 2°. The rheological tests of LSR rubbers were carried out the two different parts (A/B: A contains a platinum catalyst and B contains methylhydrogensiloxane as a cross-linker and an alcohol inhibitor) without a platinum catalyst at a constant temperature closed to the environment temperature of the testing laboratory. In addition, rheological studies were supplemented using a capillary Rosand RH2000 rheometer and performed at shear rates ranging from 10 2 to 10 5 s -1 . The die geometry was 0.5 mm in diameter and 16 mm in length.

Curing kinetic characterizations

In this work, the effects of temperature on the cure characteristics of different LSR rubbers were investigated at same test conditions. The cure tests were studied with oscillatory measurements using a rotational HAAKE MARS III rheometer. The frequency used in the measurement was 1 Hz, with an applied deformation of 1 %. These tests carriedout at different temperatures from 25 to 140 °C by using parallel-plate mode with the trays had a diameter of 20 mm and a thickness of 0.5 mm. The values of the storage modulus (G′) and loss modulus (G″) were obtained during the curing tests and were used to calculate the cure kinetic parameters.

Bi-injection molding process

The injection moulding tests were performed with an injection moulding Billion Select 200T press coupled with an elastomer BOY injection external control unit. A special twocomponent mould comprises two parts with the lower part is the die cavity for the elaboration of the polyamide substrate, and the upper part is the die cavity for the over-moulding of LSR onto the thermoplastic substrate (see Fig. 1). The injection tests were carried-out with the same process conditions indicated in table 3. 

Experimental results and discussion

Rheology tests

The experimental curves of shear viscosity versus shear rate curves for the mixture of silicone LSR4350 are shown in Figs. 2 and3. The shear behaviour occurs with an increase in the shear rate. It is worth noting that the two parts of LSR4350A and LSR4350B and LSR4370A and LSR4370B present the same non-Newtonian flow. Moreover, the value the two parts of TCS7550A and TCS7550B exhibit Newtonian behaviour at ambient temperature. 

Curing measurement

The evolution of the cure degree with curing time obtained at different temperatures for the silicone elastomer LSR4350 is presented in Fig. 4. Initially, the curing rate is low, but later, the reaction increases rapidly then gradually levels off, approaching a value of 1. It is clear that the cure degree increases with time under given isothermal conditions. Additionally, increasing temperature from 100 to 140 °C, the cross-link density increases more rapidly and the plateau is reached in a shorter time. Full cycles of curing versus time of LSR4350, LSR4370, and TCS7550 materials obtained at 100 °C are illustrated in Fig. 5. The vulcanisation cycle can be divided into three distinct phases: induction, curing, and reversion. During the induction phase, the degree of cure is almost zero and increases slowly; i.e., corresponding to the liquid phase of the rubber. The reaction then proceeds quickly to a second plateau corresponding to the elastic-solid phase of the silicone. This intermediary phase corresponds to the beginning and end of vulcanisation. The vulcanisation reaction occurs more rapidly with LSR4350 silicone than the two other elastomers (LSR4370 and TCS7550). 

Injection molding

The bi-injection moulding tests of the peeling test pieces using polyamide PA6 thermoplastic and LSR4350 elastomers were carried-out in two stages. The first one, the PA6 was injected at 240 °C and 470 bars in the mould heated at 80 °C. After ejection of the PA6 plate, then it is manually inserted into the cavity of the impression of the peeling test piece. The second one, consists to over-moulding the LSR elastomers on the pre-injected thermoplastic plate. The LSR4350 elastomer mixture was injected at a temperature of 20 °C with the filling time is 3 s. After vulcanization of 40 s, the peeling test piece has been removed from the mould (see Fig. 6). Fig. 6. Bi-injected peeling test piece made of PA6 polyamide over-molded with LSR4350 elastomer.

Numerical simulation and discussion

Viscosity model

Various models exist to describe the evolution of shear viscosity with the temperature and shear rate for polymer materials. In this study, the Carreau-Yasuda model was chosen [START_REF] Nguyen | Adhesion control for injection overmoulding of elastomeric propylene copolymers on polypropylene. Effects of block and random microstructures[END_REF].
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where η is the shear viscosity (Pa.s), η0 is the apparent shear viscosity at zero shear rate (Pa.s), γ is the shear rate (s -1 ), T is the temperature (K), ζ represents the critical shear stress roughly, A determines the width of the transition region and n is the power law index. In this study, temperature dependence was defined using the Williams-Landel-Ferry (WLF) model [START_REF] Arzondo | Sequential injection overmoulding of an elastomeric ethyleneoctene copolymer on a polypropylene homopolymer core[END_REF], which is an empirical equation associated with time-temperature superposition. This relationship is usually expressed as follows:
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where T0 is the reference temperature chosen to construct the compliance master curve and C1 and C2 are empirical constants that are adjusted to fit the values of the super position parameter aT. C1 and C2 are positive constants that depend on the material and the reference temperature.

From the rheological measurements, the shear viscosities versus shear rate and temperature curves were fitted using the Carreau-Yasuda and WLF models, where the fitting parameters were determined by the inverse method. It can be noted that a reasonable fit was obtained for the test temperatures over the shear rate ranges with the Carreau-Yasuda model (see Fig. 7). As can easily be observed, the rheological tests are in good agreement with the modelling under all of the different experimental conditions. The model parameter values identified by the inverse method of least square fit to obtain the best fit with the experimental rheological data for the Carreau-Yasuda and WLF models are summarised in Table 4. 

Kinetic modelling

Many kinetic models have been developed to describe the cure behaviour, especially the model of Kamal and Sourour [START_REF] Ansarifar | Effect of bifunctional organosilane on the joint strength of some natural rubber compounds to nylon 6,6[END_REF] and Isayev and Deng [START_REF] Zhang | A principal component analysis modelbased predictive controller for controlling part warpage in plastic injection molding[END_REF]. The kinetic cure parameters were defined using the proposed models of Claxton and Liska [START_REF] Wang | Spiral and conformal cooling in plastic injection moulding[END_REF] and Isayev and Deng [START_REF] Zhang | A principal component analysis modelbased predictive controller for controlling part warpage in plastic injection molding[END_REF], which are frequently used for kinetic curing modelling applied to elastomers. From the cure data obtained from the rheometer [START_REF] Zhang | A principal component analysis modelbased predictive controller for controlling part warpage in plastic injection molding[END_REF], the cure degree (α) can be calculated using the following equation:
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where G′(t), G'max and G'min are the elastic modulus at time t, the maximum elastic modulus and the minimum elastic modulus during the curing reaction, respectively.

Experimental results of curing kinetics conducted at different temperatures (100 to 140 °C) were compared with the numerical data computed by nonlinear regression using the Isayev-Deng model (see Fig. 8). The comparison between the predicted and experiment curves for LSR4350 shows excellent agreement, with an error estimated at < 2 %. The model predicts full curing times that are faster than the corresponding experimental data at various temperatures. 

Numerical simulations

Numerical simulation of polyamide thermoplastic polymer/LSR injection moulding was carried out with a polyamide thermoplastic polymer/rubber standard peel test specimen (see Fig. 9). The dimension of the standard peel test specimen is illustrated in Fig. 2d. The process parameters used in the simulation are summarized in Table 3. The numerical results of polyamide thermoplastic injection moulding are illustrated in Fig. 10a. It can be noted that the filling time was approximately 1.2 s for the full filling of the runner, gate and plate. The substrate presents a temperature approximately 80 °C after the cooling stage and the maximal temperature of 115 °C is found in the gate area (see Fig. 10b). The temperature around the mould wall is approximately 85 °C. In addition, the evolution of the flow front during the filling stage of LSR injection moulding on a polyamide substrate is shown in Fig. 10c. The filling time is approximately 5.48 s. During the injection, the elastomer material was heating by the polyamide substrate and the mould wall. It reached 104.9 °C at the end of the filling stage (see Fig. 10d). The goal was to choose the proper injection conditions to avoid premature curing during filling, which could result in an incompletely filled part.

Distributions of the degree of cure during the overmoulding injection process were predicted at different times for the filling and heating stages and are shown in Fig. 11a. It shows that the cure degree at the end of the filling stage is almost zero and grows significantly during the heating stage (see Fig. 11b). Moreover, the cure degree distribution demonstrates the effect of temperature on the kinetics of the cure reaction. It is of interest that the zone of the LSR part in contact with the die cavity mould walls present a greater cure degree (> 99.6 %) than that in contact with the polyamide substrate (∼97.5 % or more). A cutaway view of the temperature distribution in the middle of the thermoplastic/elastomer standard peel test specimen is shown in Fig. 11c. Because of the difference in thermal conductivity between the thermoplastic and die cavity mould materials, the temperature of the LSR part at the surface that is in contact with the mould wall is greater than that in contact with the substrate, resulting in faster kinetics of the cure reaction being observed at the exterior surface, as shown in Fig. 11d. This therefore shows that it is possible to simulate proper cavity filling and curing phases.

Experimental validation

To validate the model developed and parameters identified, a comparison of the flow front during the filling stage between the experimental and numerical results was performed, as shown in Fig. 12. The comparison of the flow front at different moments during injection tests shows that a good correlation is obtained between the experimental results and numerical simulations. The comparison shows good agreement; and there is a difference of less than 3 %.

Conclusions

In this research endeavour, we proposed the numerical study of over-moulding process of PA66/LSR components. The evolution of the filling and the curing stages of LSR injection moulding, as well as the effect of the temperature distribution on the advancement of the cure degree inside the elastomer part were investigated. The main findings of this study are:

1. The LSR rubbers exhibit pseudo-plastic rheological behaviour at various temperatures ranging from 25 to 100°C.

2. Faster heating generated a more extensive range of heat flow and increasing cure rate.

3. The analysis of LSR-polyamide moulded peel test specimens reveal good adhesion, without deformation at the interface.

4. The model predicts full curing times that are faster than the corresponding experimental data at various temperatures, with an error estimated at < 2 %. 5. The proposed model correctly characterizes the complex flow in over-moulding process and significantly improves the simulated precision.
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 1 Fig. 1. Die cavity for the bi-injection of the PA 66/LSR peel test specimen.
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 2 Fig. 2. Shear viscosity versus shear rate experimental curves obtained at room temperature for the different parts (A/B) of the materials studied.

Fig. 3 .

 3 Fig. 3. Shear viscosity versus shear rate experimental curves include a large range of shear rates from 1 to 10 5 s -1 and 25 to 100 °C at different temperatures for the elastomer material LSR4350A.
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 4 Fig. 4. Evolution of experimental cross-linking versus time and temperature for LSR4350.
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 5 Fig. 5. Evolution of experimental cross-linking versus time at 100 °C using the LSR4350, LSR4370 and TCS7550 liquid silicone rubbers.
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 7 Fig. 7. Shear viscosity experimental results and Carreau-Yasuda model fitting curves at different temperatures for LSR4350.

Fig. 8 .

 8 Fig. 8. Curing kinetic experimental results and Isayev-Deng model fitting curves at different temperatures for LSR4350.
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 9 Fig. 9. (a) Illustration of PA 66/ LSR injection moulding, (b) The finite element meshes of the bi-material standard peel test specimen.
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 10 Fig. 10. Numerical simulation results of (a), (b) polyamide thermoplastic injection moulding, (c), (d) LSR injection moulding.
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 11 Fig. 11. Numerical simulation results of LSR injection molding: (a) cure degree at the end of the filling stage, (b) cure degree at the end of the heating stage, (c) temperature distribution and (d) cure degree cutaway views in the middle of the thermoplastic/elastomer standard peel test specimen.
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 12 Fig. 12. Comparison between the flow front prediction and experimental results of liquid silicone rubber injected at different filling volumes made by bi-injection tests.

Table 1 .

 1 Mechanical properties of LSRs and TCS.

	Liquid silicone rubbers	Density	Hardness	Mix ratio
	LSR	(g.cm -3 )	shore A	A/B
	LSR4350	1.12	50	1 :1
	LSR4370	1.14	68	1: 1
	TCS7550	1.25	52	1 :1

Table 2 .

 2 Thermal physics properties of the polyamide.

	Polyamide PA66	PA 66-GF 30
	Density (g.cm -3 )	1.14
	Melting temperature (°C)	220
	Thermal conductivity (W.mK -1 )	0.183
	Specific heat capacity (J.kg -1 .K -1 )	2700

Table 3 .

 3 Process parameters used in the simulation for PA 66/LSR injection moulding.

	Process parameters	Injection parameters	Injection parameters
		PA66	LSR
	Mould temperature (°C)	80	180
	Packing pressure (MPa)	35	11
	Cooling time (s)	60	-
	time (s)	-	60
	Packing time (s)	10	1.2
	Mett temperature (°C)	245	20

Table 4 .

 4 Material constants for the Carreau-Yasuda model.

	Materials	T0 (°C)	C1	C2 (°K)	ɳ0(T0) (Pa.s)	a
	LSR4350	25	4.30	428.92	3390.73	0.39
	LSR4370	25	70.80	6861.20	27.019	0.28
	TCS7550	25	3.08	304.24	76.28	0.76