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Context

Polymers are essential and ubiquitous materials that can be produce from nonrenewable resource (oil) or renewable resource (vegetal), in this latter case they are called biopolymers. The development of polymers was very quick from 1970. Today, though polymer annual world production by weight didn't exceed steels, its production in terms of volume achieved 122 million m 3 comparing with 96 million m 3 for steels [1]. This was due to the extraordinary range of properties of polymers including low density, high flexibility, high resistance to corrosion, low cost, fast and easy shaping, that enabled to replace conventional materials such as glass, textile and wood, and create new applications. The reduction of the carbon dioxide footprint is currently one of the main concerns of the society. The use of biopolymers enables to reduce CO 2 footprint but due to their limited performance, they cannot be used in structural applications requiring drastic properties. In this context, the main utilized polymers are thermoplastic olefins (TPOs) produced from non-renewable resources.

To reduce the CO 2 footprint for these applications, the re-use of TPOs after a mechanical recycling procedure can be a solution. However, only about 4% of these polymers are currently re-used [2].

Automotive industry started to use plastics in 1946 [3]. The main reason for using polymer materials in car manufacturing is decreasing the total weight of the vehicle, which saves fuel. Currently, polymers and their composites are used to manufacture both automotive exterior parts as bumpers, trims, spoilers and interior parts as steering wheels, battery casings, covers, ducts. Because polymeric materials Figure 0-1 : Increase of polymeric content in North American family car [3].

Among the different polymeric materials, the use of thermoplastic olefins (TPOs) as polypropylene (PP) is currently growing in the automotive industry. This phenomenon is due to the fact that PP-based materials are selected to replace other materials such as polycarbonate (PC), acrylonitrile butadiene styrene (ABS) and polyvinyl chloride (PVC) compounds due to their lower weight, higher resistance to aging and lower cost. For manufacturing car bumpers, elastomers such as ethylene propylene rubber (EPR) and ethylene propylene diene monomer (EPDM) are frequently blended with PP to increase the inherent low toughness of PP at low temperature. To balance the decrease of stiffness and strength of materials induced by the addition of rubber particles, mineral rigid reinforcements such as talc are usually blended into the binary composite of PP/elastomer [4]. Talc can improve both the thermal and mechanical properties of PP. This filler also facilitates the shaping of PP
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Recently, a new grade of ethylene alpha-olefin copolymer (ethylene octene copolymer (EOC)) tends to replace conventional elastomers for the reinforcement of the polypropylene matrix. EOC, which is a non-polar ethylene alpha-olefin copolymer, exhibiting a higher compatibility with polypropylene compared to polar ethylene copolymers. Furthermore, EOC has a higher processability than EPR or EPDM due to its lower molecular weight [7]. The PP/EOC compounds are characterized by outstanding strength, stiffness and toughness compared to other TPOs containing the same rubber concentration [7]. Moreover, PP/EOC blends exhibit an excellent weatherability and paintability. All these reasons lead EOC to become the next generation modifier for TPOs [8].

Problematic

The increasing use of TPOs causes an increase of wastes from end-of-life vehicles (ELV), and hence, represents a threat to our environment. For both environmental protection and waste management considerations, the European directive 2000/53/UE has been legislated to increase the re-use and recovery rate of the plastic wastes to a minimum of 95% by an average weight per vehicle in 2015.

Unlike metallic materials that have mature recovery and recycling techniques, the knowledge about recycling of plastic materials is quite limited to date. Although different recycling methods exist, the most acceptable and ecological one is the mechanical recycling where the end-of-life plastics were mechanically re-crushed and re-processed to obtain new structural parts. However, the reprocessing of plastics, conducted under important shear conditions at high temperature, and with the General introduction Kui Wang, University of Strasbourg, Strasbourg, 2013 27 presence of oxygen and impurities, could lead to marked thermo-oxidative and thermo-mechanical degradations of the materials and consequently to a loss of properties [9][10][11][12][13][14]. It is of fundamental importance to identify these degradation mechanisms and to investigate their effect on the material properties, to know either recycled materials could be re-used for the same application or for applications requiring less important properties. The knowledge of the molar characteristics as well as the rheological and mechanical properties of reprocessed polymers can give a good indication on the maximum number of reprocessing which are possible to accomplish while keeping the level of quality required for a specific application [15].

Aim of the thesis

In this thesis, lab-made PP/EOC, PP/talc and PP/EOC/talc systems will be compounded by extrusion and shaped by injection. Recycling procedures consisted of a mechanical grinding of the extrudates and re-extrusion. The objectives of this thesis are:

-To identify the degradation mechanisms of polypropylene based composites resulting from the recycling procedures, with attention focused on the impact of the fillers' content (EOC and talc) on these degradation mechanisms.

-To study the impact of the degradation mechanisms on the rheological, thermal, physical, and mechanical properties of the materials, concerning the latters, a detailed investigation of quasi-static tensile behavior of the materials and a detailed investigation of dynamic compressive behaviors were conducted.
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In order to achieve the above objectives, the present thesis is divided into four parts. The first chapter consists of literature review where we briefly present the materials' characteristics of interest for this research project. In this part, the studied materials are introduced not only in the case of neat polymer but also in the case of their composites. Then, the temperature and strain rate effects on the mechanical behavior of materials are described. Different recycling processes are presented and compared. The recycling effects on the properties of PP-based composites are introduced. At the end of this chapter, we focus on the review of the modeling of the materials' mechanical responses.

The second chapter is dedicated to the characterization of the degradation mechanisms of the materials induced by recycling in terms of oxidation by Fourier Transform Infrared Spectroscopy (FTIR), and chain scission by Gel Permeation Chromatography (GPC). To fully assess the impact of recycling on the materials' properties, the rheological properties of the materials are studied by melt flow index (MFI) measurements, the thermal properties of the materials are studied by differential scanning calorimetry (DSC) and thermogravimetric measurements (TGA), the physical properties are investigated by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The viscoelastic properties obtained by dynamic mechanical analysis (DMA) and the tensile behavior of the materials were also assessed.

Attention is focused on the impact of the inclusions content (EOC and talc) on the degradation mechanisms of re-extruded polypropylene-based composites.
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In the fourth chapter, the laboratory developed micromechanical modeling was used to predict the yield and the elastic behaviors of non-recycled and recycled materials with temperature and strain rate dependences. For the recycled materials, we took into account the reprocessing effect by incorporating the reprocessing sensitive coefficient into the models.

Finally, general conclusions and the perspectives for the continuity of this thesis are reported. The appendix for the estimation of the applied shear stress in the extruder to break the talc particles, and the appendix for the modeling equations are added at the end as complementary.

[15] Bahlouli N, Pessey D, Raveyre C, Guillet J, Ahzi S, Dahoun A, Hiver JM.

Recycling effects on the rheological and thermomechanical properties of polypropylene-based composites. Materials and Design. 2012;33:451-458.

Chapter 1: State of the art

State of the art

In this chapter, we will present the literature review for this research project.

At the beginning of each followed chapter, we will give a briefly introduction.

Material properties 1.Classification of polymers

There are different ways of classifying polymers in which the oldest one is based on their response to heat. By this way, we have two type polymers, thermoplastics and thermosets.

As an intuitive Figure 1-1, it shows the different between thermoplastics and thermosets.

Figure 1-1 : thermoplastic and thermoset [1].
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Different from TPs, thermosets (TSs) become permanently insoluble and infusible under the influence of heat or light so that they are not recyclable. During heating, they undergo chemical changes or crosslinking whose rate is 10 to 100 times higher than elastomers [3]. By consequence, they are usually used in composite materials as matrix for long fibers.

Beside classification ways by heating, one of the most well-known ways to classify polymers is according their structures, which can be 100% amorphous or partially crystalline Amorphous polymers: amorphous refers to the random arrangement of the polymer chains showing no structural order [4]. This amorphous structure is represented by Figure 1-2. An important aspect of amorphous region is the density of entanglement, and the mass between entanglement that dictate the viscosity, the elastic properties and the toughness of the material [5].

Figure 1-2 : Schema of an amorphous structure [6].

Semi-crystalline polymers: they consist of a part of amorphous regions and a part of crystalline regions (the crystals). A crystal is an ordered spatial arrangement of atoms or molecules over a long distance. In a crystalline polymer, molecules are squeezed against each other and perfectly arranged in crystalline lamellae. The representation of a crystalline lamella containing folded chains is shown in Figure 123.

Its height is about 10 nm with the length and width about 10 to 20 μm. The semicrystalline morphology is respresented in Figure 1234. An important aspect of crystalline lamella is their thickness that is generally proportional to the yield point of the material [7]. It is also to be noted that some polymer chain belongs to at least two crystalline lamellae and have an important rule on mechanical properties: the tie molecules. They enable to transmit stress from the amorphous regions to crystalline regions, and are responsible for the tensile strength.

Figure 1-3: Representation of a crystalline lamella containing folded chains [3].

Most of industrial polymers are semi-crystalline. That is to say, semicrystalline polymers are most commonly used.

Figure 1234: Schema of a semi-crystalline polymer [6].

Polypropylene

Polypropylene (PP) is one of the most used semi-crystalline thermoplastic materials. Figure 1-5 indicate the market shares by weight of the main thermoplastics versus total thermoplastics in the main industrialized countries [8].
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Figure 1-5: Market shares based on total thermoplastic consumption [8].

Many chemists used the Nobel laureate K.Ziegler catalyst to product PP in the early 1950s [9]. PP is compatible with many processing techniques so that it used in many different commercial applications.

The low cost (about 0.5 euro per kilo [10] ) and high thermal and mechanical properties of PP compared to other TPs as polyethylene contribute to its strong growth rate. It is one of the lightest of all thermoplastics. In particular, due to its high strength to weight ratio, it is more rigid than other polyolefins. Poisson's ratio 0.4052 to 0.4269

Elastomer

Elastomers are polymers whose glass transition temperature is below the using temperature. They have an important capability for reversible deformation, which can reach several hundred percent [12]. This strain capability just exists in a certain range of temperature. In other words, their properties are very sensitive to temperature. To achieve the rubber state, the three basic conditions are necessary for their behaviors [10]:

-Long and flexible chains.

-Low energy barriers for the change of conformation.

-Existence of anchor points between molecules.

Two elastomers are made based on statistical copolymers of ethylene and propylene. One is ethylene propylene diene monomer rubber (EPDM), in which the diene portion, D, serves as a cross-linking site. Another is its non-cross-linking counterpart, EPM or called EPR (Ethylene Propylene Rubber) [13,14]. Because they have excellent resistance to oxygen, ozone, light, high and low temperatures, acids, alkalies, and oils [14], they are used in a wide range of applications, such as gaskets, hoses and belts. The ethylene content in EPDM is about 45 wt. % to 75 wt. %, higher ethylene content, higher loading capacity of the polymer, better mixing and extrusion.

Different from traditional elastomers, plastomers are ethylene-alpha-olefin (such as 1-butene, 1-hexene, and 1-octene) copolymers with compositions and properties spanning between those of plastics and those of elastomers [15]. Their densities are ranging from 0.910 to 0.865 g/cm 3 (see Figure 1 The density of polymer profoundly affected the response to deformation, as shown by the broad spectrum of tensile properties. In the case of high densities, the deformation had characteristics common to semi-crystalline thermoplastics with localized yielding and cold drawing. For copolymers having medium densities, significant strain hardening was observed. For copolymers having low densities, the moduli were low and the deformation was essentially uniform and elastomeric [18].

Figure 1-7: Engineering stress strain properties of ethylene octene copolymers at a strain rate of 0.04 s -1 and at room temperature [18].

Talc

Talc is one of the natural mineral fillers found worldwide. It is the major constituent of rocks known as soapstone and steatite. The color of talc is not only white but also gray, green, blue, pink and black [2].

Pure talc is a hydrated magnesium silicate with the chemical formula 

Reinforced polypropylene

The worldwide plastic consumption consists two parts, unreinforced plastic and reinforced plastic (also called plastic composites or polymer composites). The latter case represents about 36% of total plastics consumption [20]. In most of the cases, the pure plastics, in other words the polymers, have numerous shortcomings. There exist lots of benefits when using polymer composites.

-Achieving desired properties or modifying shortcoming properties at very low price.
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-Extending the engineering resins' performance.

-Performing a good engineered flexibility to design, fabricate.

These aspects can be obtained by mixing the polymer and fillers according the laws of physics, chemistry, and mechanics. The fillers like glass, aramid, carbon, graphite, metal, elastomer and mineral are usually used for the required properties of polymer (improve the mechanical properties, the conductivity properties, the impact properties…). There are several factors of reinforcement that can influence the composites properties.

-Interface cohesion.

-Fillers geometry.

-Particles nature and distribution.

-Volume fraction of reinforcements.

Approximately 31% of composite matrices are thermoplastics, and 69% are thermosets (Figure 1-11). The unsaturated polyester resins (thermosets) are the most used, followed by polypropylene (thermoplastic) [8]. It is widely used in almost all sectors. But its application as an engineering thermoplastic is somewhat limited due to its low impact strength, especially at low temperature. To improve its impact toughness and expand its application, numerous studies and extensively deep research on reinforced PPs have been done during the past 20 years.

Figure 1-11: Market shares for the two main composite matrices [8].

After using traditional fillers in polypropylene, there is a significant growth in the use of nanoclay composites in the automotive industry. Besides that, a few of new application areas for composites containing nanosilicates, carbon nanotubes, ultrafine TiO 2 , ultrafine talc and synthetic hydroxyapatite show a superiorly modification of matrix properties which are described below:

-Improvement of mechanical properties, barrier properties, electrical conductivity, and flame retardancy.

-Improvement of UV absorption and scratch resistance.

-Reduction of oxygen degradation.

Polypropylene/Elastomer

As mentioned above, polypropylene has several disadvantages that are corrected by blending with specific additives. Pure polypropylene is brittle , especially at temperature below glass transition temperature [22]. In order to improve its low temperature impact behavior, polypropylene is usually blended with EPDM or EPM by using a coupling agent as dimethylol-phenolic curative or peroxide/coagents which provide the means of modifying the crystallinity of the rigid component, thus adjusting the properties, as well as the economy [22]. PP/elastomer composites show very high toughness, particularly at low temperature, excellent processability, high softening temperature and low shrinkage. They are known as thermoplastic olefins in the market. They are used since the early 1990's as bumper shaped by injection [20].

Arruda et al. [23] In quasi static tensile tests, we can observe that the increase of rubber content in polypropylene matrix reduces the yield stress and Young's modulus of materials.

However, the increase of rubber content increases the fracture toughness of materials. obtained by scanning electron microscope (SEM). On this surface, many rubber nodules are present. We can find the debonding between the matrix and the rubber particles.

Figure 1-14: SEM micrograph of tensile fracture surface of PP/EPM [24].

Compared to EPM and EPDM, the non-polar plastomers are significantly more compatible with polypropylene and other polyolefins [15]. They can be blended with polypropylene without additives. Plastomers offer several advantages in comparison with EPM and EPDM and are considered as the next generation modifier for TPO. In addition to lower cost, plastomers are supplied in free flowing pellets, which allows for both batch and continuous TPO production. Similar molecular weight and compatibility between plastomer and polypropylene results in sub-micron dispersions of plastomer even in high flow polypropylene [15].

Polypropylene/Talc

Polypropylene filled with talc is shaped by both injection moulding and is generally used for structural applications. The uniaxial tensile behaviors of neat and reinforced polypropylene with 40 wt. % of talc were for example obtained by Zhou et al. [26,27]. In Figure 1-15, we can compare the curves of unreinforced and reinforced polypropylene at 21.5 °C and 100 °C. For each temperature, the addition of talc increases the Young's modulus, but decreases the yield stress.

The surface of talc is hydrophobic and talc has a low surface energy. It is quite difficult to directly mix talc with a polymer matrix and getting an optimal dispersion of talc, so surface treatment of talc is necessary. One of the most used surface treatments of talc is using titanate coupling agent. This agent is well known to increase talc dispersion and composite' impact strength and to decrease melt viscosity and glass transition temperature of materials [2].

Polypropylene/Elastomer/Talc

The reinforcement of elastomers effectively improves the impact toughness of polypropylene. However, these rubber particles lead to a decrease of the materials stiffness . In order to balance the decrease induced by the addition of rubber particles, mineral rigid reinforcements such as talc are usually blended within the binary composite of PP/elastomer [28][29][30][31][32].

Öksüz et al. [33] carried out tensile tests (crosshead speed of 50 mm/min and at room temperature) with isotactic polypropylene (iPP) blended with EPDM and different weight percent of talc. They concluded that the talc content affects the tensile strength, Young's modulus and elongation at break of the composites. Figure 1-16 shows that the increase of talc content until 6 wt. % improves the yield strength, elastic modulus, tensile and impact strength of materials. For higher talc content, all State of the art Kui Wang, University of Strasbourg, Strasbourg, 2013 52 these parameters decrease. This is due to the dispersion of talc that becomes poor in the case of high talc contents, while it is good for low talc contents. The effect of temperature on the physical and mechanical behaviors of polymers is multifaceted. In the case of semi-crystalline polymers, the low and high temperatures lead two main transitions of polymer, glass transition and melt transition, respectively. Here we discuss the temperature effects on the mechanical properties of polymers.

The mechanical behaviors of most polymers are sensitive to temperature. For amorphous polymers, tests performed at high temperature decrease the yield stress and the Young's modulus of the materials [34][35][36][37]. Similar temperature sensitivity of semi-crystalline polymers is also reported [23,[38][39][40][41][42]. temperature under strain rate 10 -2 s -1 , 2500 s -1 , respectively [40].

Furthermore, for dynamic tests, plastic deformation of the materials is accompagnied with an increase of temperature because of the inner friction of materials. At low strain rate, due to the long test duration, heat was easily dissipated by the polymeric network. We suppose that is an isothermal process, although some maximum temperature rise of 5 °C was reported [43]. Generally, a high strain rate leads to a marked elevation of Young's modulus and yield stress of the materials.

However, it generates a rise in temperature that cannot be ignored. For dynamic test, test duration is very short. There is no heat dissipation which means an adiabatic process. In this case, the rise in temperature has an opposite action. Because a high temperature leads to a decrease of Young's modulus and yield stress of the materials.
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Thus, it is important to determine the elevation of temperature during the dynamic test.

Few researchers studied the energy converted into heat during plastic deformation of polymers. The main problem is the ratio β which represents the plastic deformation work converted into heat. Farren and Taylor [44], Taylor and Quinney [45] found that about 90-95% of the energy transformed into heat in the metallic samples. Mason et al. [46], Hodowany et al. [47] found that the ratio of energy transformed into heat depended on the type of metal, the deformation and the strain rate. They found a variation of the ratio β from 60% to 90%.

For polymeric materials, Chou et al. [43] measured the increase of temperature in the case of four polymers (Polymethylmethacrylate, cellulose acetate butyrate, polypropylene and nylon 6-6) by using thermocouples at different strain rates (10 -4 s -1 to 10 3 s -1 ). One of their conclusions indicated that at high strain rate (about 50 s -1 ), the mechanical work has been completely transformed into heat after a certain level of deformation. Boyce et al. [48] have studied the increase of temperature in two polymers (polycarbonate and epoxy EPON 862/W) under low and high strain rates by using an infrared camera. They found that the temperature elevation during the dynamic test may cause a softening temperature (an increase of temperature about 32

°C for polycarbonate at 3400 s -1 and about 35°C for epoxy EPON 862/W at 2500 s -1 ), so the dynamic responses of these two materials show post-yield softening. Values of ratio β varying from 0.4 to 1 were recorded by using a thermocouple by Rittel [49] under strain rates from 5000 s -1 to 8500 s -1 for polycarbonate. This author had similar conclusions than Hodowany who found that the quantity of energy transformed into heat depended on the deformation level and strain rate. However, Li et al. [50] found
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In the literature, different conclusions were reported about the temperature elevation of polymers subjected to high strain rates, even in the case of the same polymer. The relationship of these three energies is given by Equation 1-1:

py py py W Q U  (1.1)
True stress-strain curves and the increase of temperature for PC under uniaxial compression are plotted in The dissipated energy, Q py , is given by:

py p Q C T   (1-3)
Here,  is the materials' density. p C is the heat capacity of materials. T  is the change of temperature during the test.

Figure 1-19 shows that the energy of plastic deformation was almost dissipated when the true strain reached 0.3 under the strain rate of 3400 -1 .

Rittel [49] measured the variation of temperature by a thermocouple which was embedded into the samples (PC). The plastic work transferred into heat, int  , is written as:

p py CT dW      (1-4)
Rittel observed that the temperature gradually rose and remained constant for several hundred of microseconds. The maximum elevation of temperature did not exceed 40 °C at a strain rate 2500 s -1 . For the value of β int ratio, it was able to get to 1.

It means that all the plastic deformation work dissipated as heat (β represents the plastic deformation work converted into heat). However, the maximum value of conversion rate, β diff , was equal to 2.25, greater than 1. This could be explained by the fact that the dissipated energy contained a portion of stored energy in advance. Rittel found that both of them, β int and β diff , depended on the deformation level and strain rate.

Strain rate effect

The mechanical responses of neat polymers and polymer composites are sensitive to strain rate. More specifically, the yield stress and the Young's modulus increase for the high strain rates. In contrast, both yield stress and Young's modulus decrease for the low strain rates [23,[38][39][40][41][42][51][52][53].

Ponçot et al. [54] performed the quasi static tensile test for PP/EPR and Polyethylene terephthalate (PET) by using a video-controlled mechanical testing method: VidéoTraction™ technique [55][56][57]. This system gives access to the true mechanical behavior of polymers for different deformation paths from video measurements performed locally in the middle of the sample. The quasi static tensile responses for PP/EPR and PET under different strain rates are shown in Figure 1-20.

For both materials, an increase of the yield stress and Young's modulus is observed with increasing strain rates. The strain rate increase leads to the hardening of the material due to less molecular chain mobility at large strain rates.

Recycling

One of the most relevant way to solve the environmental concerns of plastic wastes is implementing the strategy "3Rs", referring to reduce, reuse and recycle.

The giant molecules from plant and animal are naturally recycled. Others like thermosets and cross-linked materials cannot be recycled [9]. In the following, we reported the main existing results for recycling in order to introduce and comment our experimental studies.

Different recycling processes

The main treatment of waste plastics includes several aspects: landfill, energy recovery, feedstock recycling and mechanical recycling.

Landfill is a most used and relatively old treatment of waste plastics.

Generally, the low density plastic materials need a large volume for landfill. Along with social progress, shortage of land resources induces an increasing cost. In addition, these plastic wastes are non-biodegradable, they will exist at least hundred years. The precipitation of additives in plastics would contaminate soil and ground water.

Energy recovery also means incineration. Plastics are made from oil. Plastic wastes have a high average calorific value as 35MJ/kg [58]. However, due to their high caloric value, the requirements of oven are complex. Moreover, the incineration of some plastics will release harmful gases like polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) which have a negative effect on atmosphere.
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where The second mechanical recycling method proposes to use plastic wastes with some modifications. For physical modifications, we can add virgin polymers, rubbers, mineral fillers, alloys or other reinforcements to change the impact strength and toughness of recycled plastic. For chemical modifications, we use methods of crosslinking, grafting, chlorination etc. to improve the properties of recycled materials for required applications. 

Aspects of polymer degradations

Polymer degradation will lead to a change of the materials properties. These changes are usually undesirable. The property changes may be divided into physical and chemical ones. For physical properties, the degradation of polymer may induce a lower molecular weight, tensile and impact strength, elongation at break. For physical properties, the degradation of polymer may change the chemical structure-formation of functional groups. The mainly degradation processes of polymer are described as follows [68]:

1. Thermal: this occurs during processing or uses polymers at elevated temperatures. Polymers can be degraded by thermolysis at high temperatures to give monomers, oils, gases and water.

2. Mechanical: this occurs on the application of force or physical breakage.

Chain scission may also occur here.

3. Ultrasonic: the application of sound at certain frequencies may induce the polymer chains to vibrate and split.

4. Hydrolytic: this occurs in polymers containing functional groups which are sensitive to the effect of water, especially those having a high moisture regain. Here de-esterification and the formation of acids and the original glycol are the main products. 7. Radiation: on exposure to sunlight (UV) or high energy radiation (X-rays and gamma rays), either the polymer itself or impurities in the polymer will absorb the radiation and be degraded by photolysis resulting lower molecular weight molecules.

Recycling effects on different properties of polypropylene

In the literatures, it was found that the recycling of PP and PP-based composites is characterized by an increase of melt flow index (MFI) (Figure 1 -24).

This phenomenon is due to a reduction of molecular weight induced by chain scission mechanisms [69][70][71][START_REF] Martins | Polypropylene compounding with post-consumer material: II. Reprocessing[END_REF][START_REF] Strömberg | The design of a test protocol to model the degradation of polyolefins during recycling and service life[END_REF]. The lower molecular weight of recycled materials results in an increase in crystallinity of PP matrix [START_REF] Martins | Polypropylene compounding with post-consumer material: II. Reprocessing[END_REF][START_REF] Costa | Degradation of polypropylene (PP) during multiple extrusions: Thermal analysis, mechanical properties and analysis of variance[END_REF].

Figure 1-25: Variation of crystallinity (Xc) with die temperature and cycles of extrusion for polypropylene [START_REF] Costa | Degradation of polypropylene (PP) during multiple extrusions: Thermal analysis, mechanical properties and analysis of variance[END_REF].

In the case of PP-based materials submitted to multiple extrusions procedures, Sarrionandia et al. [69], Guerrica-Echevarría et al. [71] and Aurrekoetxea et al. [START_REF] Aurrekoetxea | Effects of recycling on the microstructure and the mechanical properties of isotactic polypropylene[END_REF] did not observe any significant change in the chemical functional groups of the materials by Fourier transform infrared spectroscopy (FTIR). In particular, no oxidation was observed, which was attributed to the absence of oxygen in the polymer at the melted state [START_REF] Aurrekoetxea | Effects of recycling on the microstructure and the mechanical properties of isotactic polypropylene[END_REF]. Concerning the thermal stability of recycled PP composites, Jimenez et al. [START_REF] Jiménez | Processing and properties of recycled polypropylene modified with elastomers[END_REF] demonstrated that the decomposition temperature of these materials was similar to that of the non-recycled ones. [69] found a constant stiffness and toughness for PP/EPDM/talc composites recycled up to 5 times. Last, Aurreboetxea et al. [START_REF] Aurrekoetxea | Effects of recycling on the microstructure and the mechanical properties of isotactic polypropylene[END_REF] demonstrated an increase of strength and stiffness in the case of PP recycled up to 8 times due to an increase of crystallinity.

These previous works indicate that there is no general trend concerning the impact of recycling on the mechanical properties of neat PP and PP-based composites. Each investigated case has its own set of experimental conditions, and can only be compared with cases characterized by similar experimental conditions.

Mechanical behavior modeling of polymer-based composite

The materials properties are discussed above where we also represented the temperature and strain rate effects on the mechanical properties of polymeric materials. Although the mechanical behavior of the materials can be obtained by way of experimental test, a robust micromechanical model can be used to predict the materials responses avoiding numerous experimental tests. Conventional micromechanical models are widely used to predict the effective elastic modulus and the effective yield stress of composite materials. In these models, the effective properties are usually calculated as function of the properties of the matrix, the volume/weight fraction and properties of the fillers. The effects of temperature and strain rate on the mechanical properties of materials are not taken into account in these models [START_REF] Fu | Effects of particle size, particle/matrix interface adhesion and particle loading on mechanical properties of particulatepolymer composites[END_REF]. In the following, we would like to give a brief introduction of the models for elastic and yield behaviors of polymer with temperature and strain rate dependence.

Temperature and strain rate dependence of elastic behavior

As discussed earlier, the mechanical behavior of both pure polymers and their composites are strongly influenced by the testing temperature and strain rate.

Therefore, it is necessary to develop a constitutive model which accounts for these effects. Drozdov [START_REF] Drozdov | Viscoelastoplasticity of amorphous glassy polymers[END_REF] proposed a relation for the temperature dependence of the elastic modulus (Equation 1-5):

  In the literature, few models exists for the prediction of the elastic properties of the rubbery region [START_REF] Murayama | Relation between the network structure and dynamic mechanical properties of a typical amine-cured epoxy polymer[END_REF], but they are valid only for temperatures above the glass transition temperature. To cover the entire range below and above T g , Mahieux and Reifsnider [START_REF] Mahieux | Property modeling across transition temperatures in polymers: a robust stiffness-temperature model[END_REF] developed a statistical model for modeling the stiffness of polymers under a wide range of temperatures. This model is described below:
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where the parameter 1 E , 2 E and 3 E are the instantaneous stiffnesses of the polymer at the beginning of transition temperatures:  transition, glass transition and flow transition, respectively. Correspondingly, the parameters T  , g T and f T are the  transition temperature, glass transition temperature and melting temperature of the polymer. The parameters i m represent the Weibull moduli (i=1, 2, 3). The feasibility of this model was validated by applying the model to experimental data chosen at random from the literature. The behavior of six polymers of very different nature was successfully described. Figure 1-26 shows the prediction of the storage modulus by this approach and the experimental results for polyether ether ketone (PEEK) and polyvinylidene chloride (PVDC). and PVDC [START_REF] Mahieux | Property modeling across transition temperatures in polymers: a robust stiffness-temperature model[END_REF].

Although this temperature dependence stiffness model can be used under a wide range of temperatures, there is no strain rate dependency in this model. Based on this statistical model, Richeton et al. [35] suggested an approach that includes both temperature and strain rate (or frequency) effects. For this, they incorporated the dependence on frequency (f) for each instantaneous stiffness and for each transition temperature as follows:
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The parameters i m remain the same as in Equation (1-6) and the modifications consist of taking the parameters () i Efand () i Tf as frequency dependent. According to physical considerations [35], these frequency dependent parameters are described below [35]:
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In the above equations, By using this new approach, Richeton et al. [35] found good agreement between the theoretical and experimental results of the Young's modulus and the storage modulus in a wide range of temperatures and strain rates for two amorphous polymers, PMMA and PC. Figure 1-27 shows the modeling results and experimental data from quasi-static uniaxial compression tests for the initial Young's modulus under four different strain rates for PC. 
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In this equation, the effective instantaneous moduli of nanocomposite

  ieff Ef
(i=1,2,3) were calculated by using Takayanagi homogenization method [83].
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Here,  and  are parameters related to the organoclay and PMMA matrix volume Although Matadi et al. [82] proposed to extend Richeton model for the prediction of the stiffness of polymer nanocomposites by using two-phase composite homogenization methods. In a nanocomposite system, the presence of an interphase between the polymer matrix and the nanofillers cannot be neglected. Both exfoliated and intercalated structures result in a huge interfacial area compared to conventional microcomposites. Under this condition, Wang et al. [START_REF] Wang | Micromechanical modeling of the elastic behavior of polypropylene based organoclay nanocomposites under a wide range of temperatures and strain rates/frequencies[END_REF] proposed to incorporate Ji's three-phase model [START_REF] Ji | Tensile modulus of polymer nanocomposites[END_REF] into Richeton's approach [35] to compute the effective instantaneous moduli (Equation 1-12) of nanocomposite. Ji model is given by the following equation: 
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For the platelet-like particles that have the thickness of pure PP and PP organoclay nanocomposites under strain-rate-2=816 s -1 and strainrate-3=1450 s -1 [START_REF] Wang | Micromechanical modeling of the elastic behavior of polypropylene based organoclay nanocomposites under a wide range of temperatures and strain rates/frequencies[END_REF].

By using the RJ model, the estimated average particle thicknesses increase with the increase of fillers' volume fraction. This continuous increase of estimated average particle thickness shows a decrease of exfoliation of fillers in the matrix. This exfoliation extent trend shows a good agreement with the TEM observations and XRD measurements.

Temperature and strain rate dependence of yield stress

The strain rate and temperature dependence of the yield behavior can be described by an Eyring's formulation in which the yielding is considered as an activated rate process. Accordingly, the reduced yield stress is given by:
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where y  is the yield stress, T refers to the absolute temperature, k is the Boltzmann's constant, V is an activation volume, H  is an activation energy,  is the strain rate and 0  is a constant pre-exponential factor. Several authors [START_REF] Fotheringham | Comment on "the compression yield behaviour of polymethyl methacrylate over a wide range of temperatures and strain-rates[END_REF][START_REF] Bauwens-Crowet | Effect of thermal history on the tensile yield stress of polycarbonate in the β transition range[END_REF] indicated that the yield behavior of both amorphous and semi-crystalline polymers could not be represented by a single molecular process, but by rather at least two activated processes acting in parallel.

model of Fotherigham and Cherry [START_REF] Fotheringham | Comment on "the compression yield behaviour of polymethyl methacrylate over a wide range of temperatures and strain-rates[END_REF] starting from a strain rate/temperature superposition principle for the yield stress. The expression is given by:
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Here,  

0 i  is the internal stress at 0 K, m is a material parameter equal to   * 0/ i T  , *
T being the compensation temperature, n describes the cooperative character of the yield process, H  and V  are the activation energy and activation volume, respectively. Other parameters have been defined previously.

This model gave good prediction of yield stress for a wide range of strain rates and temperatures, including the high strain rates and glass transition region. A comparison of the strain rate dependence for the compressive yield stress of PC and PMMA between the cooperative model and experimental data is shown in Figure 1-30. The cooperative model shows good agreement with the experimental data for different strain rates at different temperatures. However, Richeton formulation [34] is only focused on amorphous polymers.

Considering the semi-crystalline polymers as a two phase material, Gueguen et al.

[88] developed an extended formulation for semi-crystalline polymers:
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where 
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Here,  and  are parameters related to the volume fractions of the two phases. 
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Here  and  are parameters related to the organoclay ( c f ) and matrix ( m f ) volume fractions:
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The polymer based organoclay nanocomposite was considered as a two-phase material where the yield processes is described by the activation parameters in the matrix, 1 H  and 1 V , and in the organoclay phase, 2 H  and 2 V . The resulted yield process is then expressed by [START_REF] Matadi | Investigation of the stiffness and yield behaviour of melt-intercalated poly(methyl methacrylate)/organoclay nanocomposites: Characterisation and modelling[END_REF]:
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This formulation of the cooperative model gives accurate prediction for the yield stress of PMMA based organoclay nanocomposites (Figure 1-32). The authors also mentioned that the activation energy increases slightly with increasing organoclay content. By contraries, the activation volume decreases slightly with increasing organoclay concentration. However, this formulation doesn't include the exfoliation degree of organoclay in the matrix. In addition a three phase model, including an interphase between the filler and the matrix, is suited to correctly describe the mechanical properties of polymer based organoclay nanocomposite. Under this condition, Matadi et al. [START_REF] Boumbimba | Experimental investigation and micromechanical modeling of high strain rate compressive yield stress of a melt mixing polypropylene organoclay nanocomposite[END_REF] continued to develop this approach to take into account strain rate and temperature effects as well as for the extent of exfoliation of the nanofillers. In this, the microstructure of polymer-based nanocomposite can be simplified into the following three phases: a homogenized semi-crystalline matrix, the nanofillers and the interphase between the matrix and the fillers. The exfoliation degree could be measured by the quantification of the extent of interfacial interaction. This extent of interfacial interaction can be quantitatively characterized by the following relation developed by Pukanszky et al. [START_REF] Pukánszky | Nanophase separation in segmented polyurethane elastomers: Effect of specific interactions on structure and properties[END_REF]:
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where , yc  , , yM  are the yield stresses of the nanocomposite and the polymer matrix, respectively, f  the fillers' volume fraction and B a parameter characterizing the interfacial interaction, including the interlayer thickness and interfacial strength.

By introducing this relation in the cooperative model, the yield stress of the nanocomposite as a function of strain rate, temperature, organoclay concentration, and extent of exfoliation can be expressed as:
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The theoretical predictions for compressive yield stress of PP/organoclay nanocomposites with different organoclay concentrations by this new formulation are shown in Figure 1 

Conclusions

PP is one of the most used semi-crystalline thermoplastic materials. Due to the low cost, high thermal resistance and good mechanical properties, PP shares a large TPs market with a strong growth rate. However, neat PP is brittle at low temperature.

For vehicle applications, PP is usually blended with elastomer and talc to improve the impact behavior and to balance the stiffness of materials. Both neat PP and its composites are sensitive to temperature and strain rate. Higher strain rate and low temperature lead to an increase of yield stress and Young's modulus of PP-based composites. After the lifespan of the TPs, the mechanical recycling is the simplest and ecological recycling method for TPs wastes. However, the reprocessing of plastics, conducts under important shear conditions at high temperature, and with the presence of oxygen and impurities, may lead to degradations of the materials and consequently to a loss of properties. Thus, it is necessary to identify the degradation mechanisms of polypropylene based composites resulting from the mechanical recycling. For the aspect of micro-mechanical modeling, we introduced the cooperative model for the yield stress predictions of materials with temperature and strain rate effects. A statistical stiffness model was also represented for the predictions of the elastic behavior with temperature and strain rate dependences.

Chapter 2:

Effects of fillers content on the recycled polypropylene-based composites 

Materials and processing

Materials

The polypropylene (PP) selected for this study is a homopolymer reference Moplen HP500N that is a highly isotactic grade produced by Lyondellbasell (Frankfurt am Main, Germany). This PP is characterized by a MFI of 12 g/ 10 min and a density of 0.9 g/cm 3 [1]. The impact modifier of polypropylene is a metallocene ethylene octene copolymer (EOC) Exact TM 8230 supplied by Exxonmobil (Brussels, Belgium). EOC has a MFI of 30 g/10 min and a density of 0.882 g/ cm 3 , while it contains 72 wt. % of ethylene and 28 wt. % of octene. The talc powder, referenced Steamic T1 CF, was kindly offered by Luzenac (Toulouse, France) and has a density of 2.78 g/cm 3 and a median diameter (D50) of 1.9 μm (based on sedimentation analyses).

Processing

PP blends containing 0 wt. %, 10 wt. % and 20 wt. % of EOC (PP/EOC, 100/0, 90/10, 80/20, respectively) and PP blends containing 0 wt. %, 10 wt. % and 20 wt. % of talc (PP/talc, 100/0, 90/10, 80/20, respectively) were prepared by melt processing.

For PP/EOC, the raw materials of PP and EOC in form of pellet were first carefully compounded by hand. For PP/talc, the talc powder was dried for 12h at 80 °C and then carefully compounded by hand with PP pellet. Materials were mixed within a BUSS Kneader extruder model PR46 (Pratteln, Switzerland) at 200 °C and 50 rpm.

Extrusion was conducted with a single screw (diameter of 46.5 mm and L/D=11) and under air conditions. The obtained melted filaments (extrudates) of composites were quenched by means of a cold water bath and were subsequently pelletized using a Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 94 rapid granulator. The obtained pellets were dried in an air-circulating oven during 60 min to eliminate water, and hence, to minimize the moisture for the subsequent step [2]. To simulate recycling procedures, both neat PP, PP/EOC, PP/talc blends were subjected to multiple extrusion procedures using the same extruder and the same processing conditions, up to 6 recycling procedures. We present in this study the results obtained for the recycling number 1, 3 and 6. We note that 6 processing passes are enough to identify the degradation mechanisms [3].

Finally, dumbbell-shaped tensile samples for all materials (ASTM D638, type 

Experimental characterization 2.3.1. Molecular weight characterization

The molecular weight determinations were performed in trichlorobenzene using a gel permeation chromatography (GPC) system with a differential refractive index detector (DRI). For PP/talc composites, talc was filtered before being injected into the system of GPC. We measured the number-average (Mn), weight-average (Mw), and z-average (Mz) molecular weights of EOC, the non-recycled and recycled neat PP and PP blends. The molecular weight distribution of EOC was computed using a universal calibration for polyethylene where the molecular weight distribution of neat PP and PP blends was computed using a universal calibration for polypropylene. Each GPC measurement was repeated on 2 samples, and hence, we report here averaged values.
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Rheological characterization

The melt flow index (MFI) was measured by a melt flow indexer Davenport serial number 1211 (London, United Kingdom), based on the standard ISO 1133 at 230°C with a load of 2.16 kg. MFI is an assessment of average molecular weight and is an inverse measure of the melt viscosity. A low molecular weight normally leads to a high fluidity, and hence corresponds to a high MFI. For this reason, the MFI measurement is a rapid method to obtain qualitative changes of molecular weight of polymer during multiple extrusions. MFI values were averaged from 5 measurements for each material.

Thermal characterization

The thermal stability of the materials was investigated by thermogravimetric analysis (TGA) using a Netzsch STA 409 PC/PG instrument (Selb, Germany). To this end, samples with mass 20±1 mg were introduced in alumina crucibles and were heated up to 800°C with a heat rate of 10°C/min under nitrogen atmosphere. We measured the decomposition temperature (T onset ) and the temperature corresponding to a weight loss of 5 % (T 5 ). TGA investigation reported representative curves and values of T onset and T 5 .

Chemical characterization

To characterize the oxidation state of the non-recycled and recycled PP blends, possible chemical structure modifications of talc at the temperature of extrusion, the talc powder was heated for 7h at 200 °C in an air-circulating oven and then was tested by FTIR. We considered that 7h was much longer than the effective time corresponding to 6 re-extrusions.

Physical characterization

To identify changes in crystallinity of the blends with the recycling number, differential scanning calorimetry (DSC) testing was carried out using a Netzsch DSC 204 F1 instrument (Selb, Germany). Under a nitrogen circulation, samples with mass ). The crystallinity degree of PP matrix was determined by using the crystallization enthalpy and was corrected by the content of fillers using the following equation [4]: The deconvolution was done using Gaussian functions to fit both crystalline and amorphous peaks [5]. (300)
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where I (300) is the amplitude of the peak related to the (300) planes of  phase, and 
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Morphological characterization

The microstructure of the materials was studied by means of a pressurecontrolled scanning electron microscope (SEM) FEI Quanta FEG 200 (Hillsboro, Oregon, USA). Attention was focused on the dimension and dispersion of inclusions with recycling that have an important effect on the mechanical properties of PP blends [7,8].

In PP/EOC blends, there is no chemical contrast between PP and EOC due to a similar chemical composition, it is hence necessary to stain one of these two components. Ruthenium tetroxide (RuO 4 ) is typically used for staining elastomer through an oxidation mechanism of ester groups that produces crosslinked esters, while its reaction with PP is quite limited [9]. To this end, a 3 mm-thick material slice was cut from the center of the tensile specimen, and was subsequently cut in its middle to form two samples (Figure 2-2). These samples were examined parallel, plane A, and perpendicular, plane C, to the injection direction (Figure 2 specimens were introduced into a glass vial for the RuO 4 staining procedure. During this procedure, the specimens were exposed 2.5 hours to the vapor of a lab-made aqueous solution of RuO 4 at the room temperature [10]. The areas of interest were then microtomed at -50°C by means of a cryo-ultramicrotome Leica EM UC6/UF6 instrument (Wetzlar, Germany) using a trimming diamond blade to remove the over stained skin [11]. For each surface of interest, 6 representative images were recorded and analyzed from the skin to the center of the materials.

In PP/talc blends, the chemical contrast between PP and talc is enough to be observed directly. Thus, 3 mm thick slices were cut from the center of the injected tensile specimens (Figure 2 Finally, these images were analyzed by means of the software Image-J (National Institutes of Health, Bethesda, Maryland, USA) to quantify the talc particle morphological characteristics. experiments per tested material.

Mechanical characterization

Tensile characterization

Mechanical properties for both virgin and recycled materials were evaluated using uniaxial tension with a servohydraulic Instron testing machine model 8031 (Norfolk, Massachusetts, USA) at the room temperature (25±1°C). Based on the standard ASTM D638, the Young's modulus and yield stress were determined at a crosshead speed of 1 mm/min and the strain at break was determined at the crosshead speed of 50 mm/min. The Young's modulus and the yield stress were calculated from the initial slop of stress-strain curves and the maximum stress of stress-strain curves during the transition between viscoelastic and viscoplastic stages, respectively. Since the tensile specimens have a gauge length of 50 mm, the corresponding strain rates are 0.0033 s -1 for 1 mm/min and 0.017 s -1 for 50 mm/min. The engineering stress ( eng  )

and strain ( eng  ) were determined from the measured load (F) and displacement ( l  )

using the original specimen cross-sectional area ( 0 S ) and length ( 0 l ). ln (1 ) true eng This is probably due to the measurement with experimental error for the numberaverage molecular weight of neat PP.

  (2-3) (1 ) true eng eng     (2-4)

Results and discussions

Molecular weight

Rheological properties

The melt flow index of each sample is shown in Table 2-2. For the nonrecycled neat PP, one notes a MFI of 12.5 g/10min that is near to the value of 12g/10min reported by the datasheet of the supplier. With increasing the content of EOC, the MFI of the non-recycled blends gradually increases from 12.5 g/10 min to 18.2 g/ 10 min, which is due to the inherent high MFI of EOC. As a consequence, the addition of EOC to PP leads to higher processability compared to neat PP. However, the addition of talc led to a continuous decrease of the MFI with increasing the talc content. This is due to the fact that the incorporation of talc hinders plastic flow and increases the viscosity of PP composites at the melt state [13]. Whatever the material, the recycling up to 6 grinding/re-extrusion procedures implies an increase of MFI. In For PP/EOC (Figure 2-4), it can be observed that EOC has a higher degradation temperature than neat PP (443 °C vs. 412 °C). This result can be explained by the fact that compared to EOC, PP has a higher density of tie molecules.

Thermal properties

Indeed, tie molecules have a high degree of stored energy and therefore are more susceptible to chain scission than the other chains [23]. We note an increase of the decomposition temperature of PP with increasing the content of EOC. Indeed, T onset varies from 412 °C for neat PP to 427 °C for PP/EOC 80/20. The same result was found by Mano et al. [24] in the case of PP blended with 20 % of EPDM for which the degradation temperature was 18 °C higher than that of neat PP. This result demonstrates that increasing the amount of EOC induces an increase of the blend thermo stability. In addition, we note that when EOC was heated up to 700 °C, a 2% residual mass is still present and is probably due to the presence of catalytic residues.

These residues can also contribute to increase the decomposition temperature of EOC compared with neat PP.

For PP/talc (Figure 2345), the addition of talc filler increased the degradation temperature of PP/talc composites because talc has a much higher decomposition temperature than PP. In addition, the decomposition temperature of PP/talc composites increases with the increase of the talc content (Table 2- the reprocessing [22,25]. However, the slight decrease of these two temperatures (around 2°C-4°C for T onset and 1°C-6°C for T 5 ) demonstrates that the recycled materials have a quite good thermal stability despite the re-extrusion-induced thermomechanical degradation [26]. Therefore, recycled neat PP and PP composites can be used in the same temperature range than the non-recycled ones. For neat PP and PP/EOC blends (Figure 2-6), recycling does not cause the formation of peak attributed to oxidation. The same result was obtained by Sarrionandia et al. [14] in a PP/EPDM/talc composite after five reprocessing procedures. Guerrica-Echevarría et al. [16] did not find any chemical structure change for PP after five injection molding cycles. Aurrekoetxea et al. [27] explained the absence of oxidation by the absence of oxygen in the polymer matrix at the melted state during the recycling. We also observed that recycling caused the disappearance of a peak centered at 1745 cm -1 . This peak, centered at 1745 cm -1 , is not present in the FTIR spectrum of EOC, which means that it is attributed to PP. According to Jansson et al. [28] and Luda et al. [29,30], this peak is attributed to ester groups and may be linked to the presence of anti-oxidants in the PP matrix that can contain such a function. After 6 recycling procedures, these residual antioxidants are partially lost as

shown by the negligible absorption around 1745 cm -1 for neat PP and PP/EOC blends 6P (see Figure 23456) resulting no remarkable different in the chemical structures between the non-recycled and recycled neat PP and PP/EOC blends. Note the disappearance of the anti-oxidant peak can be due to a chemical transformation of ester groups and/or to a physical disappearance of the anti-oxidant (evaporation, diffusion) [31]. As we see on Figure 2-6 for wavenumbers higher than 1745 cm-1, the FTIR spectra seem to be the same for recycled and non-recycled neat PP and PP/EOC blends suggesting negligible differences in the chemical structures of these materials. For PP/talc composites, attention is first focused on the talc powder. For the non-heated talc powder, the peaks situated between 3600 cm -1 and 3700 cm -1 and between 1550 cm -1 and 1700 cm -1 were assigned to the -OH stretching region and to the -OH bending region, respectively (see Figure 2 (adsorption and absorption) of water by the talc [32][33][34][35]. Although the talc powder was heated 7 hours, no significant change was noted on the spectra in comparison with the non-heated one. We however observed that the heating treatment caused the formation of new small peaks between 1700 cm -1 and 1900 cm -1 demonstrating that this treatment induced a chemical modification of talc whose origin is unknown. It is thought that the heating treatment may modify the chemical structure of some talc impurities.

When mixing PP with talc, the FTIR spectra show the presence of the -OH stretching region and the -OH bending region for the two non-recycled composites.

Furthermore, the intensity of the -OH bending significantly increases with the recycling (Figure 234567).This can probably be attributed to the modification of talc morphology during the reprocessing that is studied in the next section [32]. It is also to be noted that the absorption peak at around 1745 cm -1 was detected for PP/talc composites 6P. This indicated that the anti-oxidant was not entirely lost or that new ester groups were formed during the reprocessing [30]. It is also believed that talc particles may physically prevent the evaporation or diffusion of the anti-oxidants, indicating that the chemical transformation of ester groups may be weak or inactive without talc.
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Physical properties

The DSC results of non-recycled and recycled neat PP, PP/EOC and PP/talc composites are summarized in Table 2-4.

We found that the presence of EOC has no significant effect on the melting temperature (Tm PP), crystallization temperature (Tc PP) and crystallinity index (Xc DSC PP) of PP matrix of the non-recycled materials, which is consistent with results reported in other works [36,37]. In particular, Xc DSC PP is estimated to be of about 49 % in both neat PP and PP/EOC blends. Concerning the EOC phase, the DSC thermograms exhibit small peaks centered at 77 °C and 59 °C, corresponding to its melting and crystallization processes, respectively. The position of these peaks

For PP/talc composites, the addition of talc has no or a limited effect on the melting temperature (T m PP ) of PP matrix (about 1°C). At the same time, the presence of talc filler significantly increases the crystallization temperature (T c PP ) of PP matrix, in particular, this effect is more substantial for the high content of talc. (increase of 9°C for PP/talc 90/10 and increase of 12°C for PP/talc 80/20). Similar results are published by Velasco et al. [38], where the melting temperature (T m PP ) of PP remained almost constant with the presence of talc and the crystallization temperature (T c PP ) of PP matrix increased with the introduction of talc. The slight increase of the melting temperature could be attributed to the higher thermal conductivity of talc and may also be attributed to the development of thicker lamellae of PP dictated by an increased crystallinity [39]. The significant increase of the crystallization temperature is explained by a nucleating effect of the talc particles, which generally leads to numerous but small spherulites [40][41][42][43]. In particular, PP could be transcrystallized on the talc cleavage surface, with PP crystals oriented perpendicular to the talc surface [41,43]. At the same time, the index of crystallinity of PP increased with the addition of talc, indicating that both the nucleation and the growth PP crystal are enhanced by the addition of talc [42].

Concerning the recycling effects, for neat PP and PP/EOC composites, it can be observed that with increasing the recycling number up to 6, T m EOC and T c EOC are constant, while T m PP and T c PP gradually decrease. Note that the decrease of T m PP indicates a decrease of the average lamella thickness. In the same time, X c DSC PP slightly increases from about 49 % to about 51 % with the recycling procedures. macromolecules and a larger molecular weight distribution compared to the nonrecycled materials (Table 2-1), as well as the formation of defect groups [44] (dangling chain, voids etc. [45]). The gradual formation of a molecular network containing more defects than the initial one may explain the decrease of the crystallization temperature and melting temperature of PP with the number of recycling. However, in the same time, the reduction of the length of PP chains may increase their mobility and hence, facilitate their rearrangement during the crystallization. This higher mobility may cause the observed small increase of crystallinity with the reprocessing [16]. However, for PP/talc composites, T m PP and T c PP remained constant with the recycling number up to 6 cycles, while the crystallinity index increased slightly. These results are in good agreement with those reported by Sarrionandia et al. [14]. The stabilization of the crystallization temperature during the We also found the main reflection of the β crystalline phase centered at 16° (300) (see For PP/EOC composites, attention is focused on the amount of β phase in PP that is usually calculated by Equation (2-2) [5,6,46]. In Table 2-5, we can observe that the amount of the β phase, K β , increases from 2.5±0.4 % for neat PP to 3.7±0.4%

for PP/EOC 90/10 blend. This is because the presence of EOC has synergistic toughening effects on PP matrix [47]. For a higher content of EOC, K β decreases. We also note that recycling has no impact on K  , excepted for neat PP for which K  decreases from 2.5±0. composites are less intense (K β is not shown here). This result proves that the talc is a strong nucleation agent of the α crystalline phase of PP. Therefore, the addition of talc particles within the PP matrix results in a lower ductility of PP. Attention is focused on the ratio between the intensity of the planes (040) and (110) of α crystalline phase of PP. These ratios are listed in Table 2-6. Concerning the non-recycled materials, the addition of talc increased the degree of b-axis orientation of the PP crystal. This is due to the preferred orientation of plate-like talc fillers along the injection plane (LD-TD), and the PP lamellae growth perpendicular to the talc surface along the normal direction (ND) (see Figure 2-2). For the neat PP, after 6 recycling cycles, the b-axis orientation of the PP crystal slightly decreased from 0.65 to 0.52. This is probably due to the increase of the mobility of polymer chains inducing more PP lamellae which are parallel to the injection direction.

In Table 2-6, for PP/talc 80/20, it can be observed that I(040)/I(110) increased from 1.85 to 2.23, which is probably due to the break of talc during the multiple extrusions. Obata et al. [51] reported that the smaller the talc size, the higher was the degree of b-axis orientation of the PP crystals for a given talc content. The decrease of talc dimension may allow an increase of the interaction between talc particles and PP matrix, which may hence enhance the growth of PP lamellae perpendicular to the talc surface. SEM will be used to analyze the evolution of fillers' dimension with the reextrusion procedures.
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Morphological properties

The SEM investigation of the inclusions morphology during the recycling procedures is shown in The statistics of the image analysis procedure are reported in Figure 2-12. The diameter D i of each particle is calculated from average between the length of the major axis D major and that of the minor axis D minor of each identified object, based on equation (2)(3)(4)(5). Then, the average particle diameter D mean is obtained by equation (2)(3)(4)(5)(6) where n is the total number of objects. non-recycled state. The initial heterogeneous shape of the inclusions seems to be due to coalescence phenomena of EOC particles. The multiple extrusions tend to break these imperfect inclusions into smaller and more spherical particles due to the repeated shear and elongational flows [15,52].

For PP/talc composites, at a low magnification (Figure 2-13), the high contrast images clearly show the talc fillers appearing with a bright contrast and PP matrix appearing with a dark contrast. The SEM images observed on the three surfaces show a good dispersion of talc micro-particles within PP matrix for the non-recycled and the recycled composites. On surfaces A and B (defined in Figure 2-2), talc particles appear as sticks while on surface C, they appear as plates, demonstrating an orientation of talc major axis along the injection direction. These observations are consistent with the results provided by Frihi et al. [53]. At the low magnification, we did not observe any impact of the recycling on the morphology of talc particles. In In Figure 2-15, the major number of talc particles has a length less than 2 μm for the non-recycled and the recycled PP/talc 80/20 composites. For the non-recycled material, we found an average length of 1.9 µm that is exactly equal to the median diameter of 1.9 μm given by the talc supplier. PP/talc 80/20 6P is characterized by Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 125 more talc particles than the non-recycled material. This is due to a break of the particles with the recycling that obviously leads to an increased number of particles.

Both the averaged length and thickness of talc inclusions in the recycled composite slightly decreased compared to the non-recycled composite. Similar observations were done by Guerrica-Echevarría et al. [16] for PP/talc composite after five recycling passes. In their study, this reduction of talc size was explained by intensive shearing reprocessing condition [16]. It is thought that the decrease of talc size and the increase of talc particles number during the recycling were at the origin of the increased sorption of water molecules observed on FTIR spectra (Figure 234567). This may be explained by an increase of the surface area of talc particles and by an increase of the dispersion state of talc particles, which may facilitate the sorption of water molecules by the talc during the reprocessing. Furthermore, although both talc length and thickness slightly decreased after 6 reprocessing cycles, the mean aspect ratio of talc increases by 23% 234567). We note that recycling causes an increase of the glass transition temperature of PP (T β of PP) and a decrease of the crystalline phase relaxation temperature of PP (T α of PP), while the glass transition temperature of EOC (T β of EOC) is constant with recycling. As mentioned above, the thermomechanical degradation induces the formation of a molecular network containing shorter chains but more defective than the initial one. Such a molecular network induces a higher crystallinity index, but thinner lamellae than the non-recycled molecular network. The presence of thinner PP lamellae in the recycled materials may explain the decrease of the relaxation temperature of PP crystalline phase (Table 234567) [63]. Concerning the amorphous phase of PP, we consider that reprocessing leads to a more constrained amorphous phase due to the important defects and the higher crystallinity, which may explain the increase of the β PP Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 130 relaxation temperature of PP [64]. The glass transition temperature of EOC phase is constant with the recycling number demonstrating that the mechanical recycling has no significant effect on the EOC phase. This observation is also in line with our DSC results (Table 234). rigidity between that of talc and that of PP [65]. Different from PP/EOC composites, the storage modulus of PP/talc composites increased for the two talc concentrations with the recycling number. The reason is that the intensive shear reprocessing condition produced smaller talc particles as concluded previously. Indeed, finer talc particles led to larger PP/talc interfaces, and hence led to a higher rigidity of the composite. Furthermore, the higher aspect ratio of talc filler in PP matrix after 6

recycling passes is also one of the main reasons of the increase of the storage modulus [66].

Comparing with the glass transition temperature of PP phase for non-recycled neat PP and PP/talc composites (Table 2-7), we found that the addition of talc filler slightly decreased the glass transition temperature of PP. The talc particles acted as nucleation agents of PP, and hence, the presence of talc within PP matrix resulted in a faster crystallization rate that caused an amorphous phase with a higher motion in comparison with neat PP [65]. On the contrary, the α PP relaxation temperature of PP increased with the presence of talc. This is attributed to the fact that talc fillers increased the lamella thickness of PP.

We should note that the glass transition temperature of PP phase in PP/talc composites decreased with the reprocessing cycles. Indeed, the break of talc filler were used to calculate the true strain-true stress curves before the necking. In Figure 2-18 and 2-19, both neat PP and PP blends exhibit strain rate sensitivity, where the yield stress and the Young's modulus obtained at 50 mm/min were higher than those obtained at 1 mm/min for all materials [66]. These two mechanical parameters slightly increase after the first recycling procedure due to the increase of PP crystallinity that makes the material more stiffer [27]. For higher recycling numbers, it can be seen that the recycling produces a slight reduction of the yield stress and Young's modulus of neat PP and PP/EOC blends. This result suggests that the initial stiffening effect due to the increase of crystallinity is overcome by the important chain scission mechanisms and the increase of amorphous chain defects that soften the materials. We also measured the elongation at break of the materials as a function of the recycling number (Figure 2 According to the currently accepted toughening theories during loading, the rubbery particles act as sites of stress concentration. Therefore, as soon as the stress around the particles overcomes the yield stress of the matrix, the deformation mechanism such as crazing and/or shear yielding become active [29,67].

Consequently, the ductility behavior of neat PP is improved by the addition of EOC dispersed phase. It should be noted that the ductility behavior of PP/rubber blends is not persistent increasing with the increasing of the rubber concentration. This behavior is influenced by both the nature of matrix and the rubber volume fraction. At low volume fraction of rubber, the generation of crazing around the rubber particles eliminates the tendency of the matrix to strain hardening. The whitening of the specimen and the inconspicuous cross-sectional areas change between the yield stress Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 137 and the failure point indicate that crazing, rather than shear yielding, is the main energy dissipation mechanism [29]. For high volume fraction of rubber, the shear bands around rubber particles interact, and microcracks develop at the areas of high mechanical constraints, leading to a reduce the elongation at break [7]. On the other hand, the elongation at break appears related to the amount of  phase (Table 2345): the higher the amount of  phase, the higher the ductility of PP blends. These two mechanisms can be used to explain why the elongation at break of PP/EOC 90/10 is higher than that of PP/EOC 80/20 in our case.

For recycled materials, the elongation at break of neat PP gradually decreases with the recycling number, while that of the blends is constant during the first three recycling procedures, then it decreases. In the case of neat PP the repeated recycling procedures gradually shorten the molecular chains, which decreases both chain entanglements in the amorphous phase and tie molecules density. As a result, plasticity is limited due to reduced optimal stress transfer from amorphous chain to crystalline lamellae and the amorphous network is rapidly disentangled. In the case of PP blends, the elongation is strongly influenced by both particles size and particles distribution [8]. For recycled PP/EOC blends, the elongation at break is constant until the third recycling number. This is probable due to the homogenous distribution of the inclusions with reduced inclusions size caused by recycling as shown by SEM images in Figure 2-12 (we note that Figure 2-12 shows only the microstructure for six recyclings). For higher recycling numbers, this mechanism is overcome by the thermomechanical degradation of the PP matrix, which explains the final decrease of elongation at break for the blends.
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For PP/talc composites (Figure 2-19), the introduction of the talc filler significantly increased the Young's modulus of neat PP For the two crosshead speeds.

However, the presence of talc increased the tensile yield stress of neat PP at the lower rate (1 mm/min), but decreased the tensile yield stress at the higher rate (50 mm/min).

When the talc was mixed with PP, it may accommodate one part of macroscopic stress, with limited or delayed cavitation mechanisms by debonding. In the case of a low strain rate, the accommodation of stress by the talc particles is important, resulting in an increase of yield stress and limited cavitation. For the case of high strain rates, the accommodation of stress by the talc particles is low, which results in marked cavitation mechanisms and a low yield stress [11,[68][69][70]. Besides this, Zhou et al. [71] attributed the decrease of PP/talc composite yield stress compared to neat PP to the presence of thermal residual stresses in the case of the composite. In particular, the coefficients of thermal expansion of PP matrix and talc are quite different, which may induce important thermal residual stresses within the composites and hence may decrease the yield stress during the tensile test in comparison with neat PP. 

Conclusions

We investigated the thermomechanical degradation mechanisms of polypropylene (PP), PP/ethylene octene copolymer (EOC) and PP/talc blends resulting from recycling procedures consisting of grinding steps and re-extrusion steps. Different contents of fillers (0 wt. %, 10 wt. %, and 20 wt. %) were tested. Up to 6 recycling procedures, it is found that thermomechnical degradation induces chains scission mechanisms in PP matrix without significant oxidation.

For neat PP:

Recycling caused slight changes of different properties: 1) an increase of the melt flow index, 2) a decrease of the melting and crystallization temperatures, 3) an increase of the crystallinity, 4) an increase of the glass transition temperature and 5) a decrease of the crystalline phase relaxation temperature of PP. Young's modulus and tensile yield stress increase at the first recycling procedures, and then decrease for the rest recycling passes, while the elongation at break has a continuous decrease.

Effects of EOC:

The addition of EOC to PP induces also slight changes in properties : 1) it increases the processability of PP by decreasing its viscosity, 2) increases the thermal stability of PP, 3) enhances the formation of the ductile  crystalline phase and 4) increases the inherent low toughness of PP. The recycling does not modify the crystalline properties of EOC, nor its relaxation processes, which indicates a high resistance of EOC toward thermomechanical degradation due to mechanical recycling. However, the EOC inclusions show a narrower size distribution, a decrease of their average size, and a decrease of their average aspect ratio. As a consequence, Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 143 during the first three recyclings, the strain at break of the blends is stable, while that of PP decreases.

Effects of talc:

The addition of talc fillers to the PP matrix led to the following: 1) an increase of the thermal stability, 2) an increase of the melting temperature, crystallization temperature and crystallinity content, 3) a decrease of the β crystal phase content, 4)

an increases of b-axis orientation, 5) a decrease of the glass transition temperature, 6)

an increase of the α transition temperature, 7) an increase of the Young's modulus, 8)

an increase of the yield stress at low tensile speed and a decrease of it at high tensile speed, 9) a decrease of the elongation behavior, for non-recycled materials.

During the recycling, the addition of talc filler to the PP matrix 1) keeps the 

Experiments

Materials

The materials used in this chapter are the same the ones investigated in chapter 2. In order to investigate the impact of the reinforcement on the dynamic behavior of re-extruded PP/EOC/talc composites, we prepared a ternary-phase material by using 70 wt. % of PP, 20 wt.% of EOC and 10 wt.% of talc. We note that the material processing and reprocessing were the same as in the previous chapter.

In the following, neat PP, PP/EOC, PP/talc and PP/EOC/talc blends were denoted as PP neat, PP/EOC x/y, PP/talc x/y and PP/EOC/talc x/y/z, respectively, where x, y, z are the weight percent of each component. In this chapter, we investigated the recycling number of 0P, 3P and 6P. It is to be mentioned that the recycling cycle 1P did not markedly affect the materials properties (see Chapter 2).

For the dynamic testing, cylindrical specimens with a diameter of 8 mm and with a thickness of 3mm were cut from the injection samples by a die cutter [10]. According to the classical elastic wave propagation theory, the nominal stress ( n  ), the nominal strain ( n  ) and the nominal strain rate ( n  ) of the tested materials can be computed by the following expressions [11]: A and s A are the cross sectional area of the bars and the specimen, respectively. The nominal strain and stress can be used to derive the true ones (with the subscript t) by the following equations [12]:

Mechanical Investigation at High Strain Rates

2 () b n R C t L   (3-1) 2 () b nR C t dt L    (3-2) ( ) ( )
() () 1 ( ) n t n t t t      (3-4) ( ) ln(1 ( )) tn tt     (3-5) ( ) ( ) exp( 2 ( )) t n t t t t     (3-6)
These equations are written for compression when strains are taken positive. In equation ( 6),  is the Poisson's ratio of the tested material. In this work, a value of 0.4   is used for both neat PP and PP-based composites.

In this study, dynamic tests were carried out at various temperatures, from -30°C to 85°C (-30°C, 0°C, 25°C, 50°C and 85°C), and various strain rates from 592 s - 

 

).

Assumption of Split Hopkinson pressure bar

Split Hopkinson pressure bar technique is based on four major simplifying assumptions [10,13]: The first assumption is generally accepted when the incident wave is much longer than the length of specimens [10,14].

Applying to the second assumption, Equation (3-4) becomes correct only when the stress and strain fields are uniform in the specimen. However, it is not valid at the beginning of the impact test. Actually, when the first wave reaches the interface of the specimen and the incident bar, the interface of the specimen and the transmitted bar is not yet loaded. For a given material, the duration of the wave propagation through the specimen depends upon the sample thickness. Therefore, this effect is even more severe for thick samples [15]. In order to minimize this effect, thin specimens are more appropriated [16][17][18].

During a high strain rate compressive test, besides the axial particle velocity of the specimen, both radial and tangential particle velocities would achieve high values.

The resulting necessary accelerations require high compressive stresses in all the three directions. Therefore, the hydrostatic part of the stress tensor is high. Consequently, the specimen remains constrained, showing a greater apparent resistance to compression than that in the ideal one-dimensional compressive test [19]. Even though the inertia effect is one of the major error sources in the impact tests [20,21], some authors reported that this effect is still limited [22]. Song et al. [17] noted that the induced inertia just led to a low increase of the intrinsic yield stress of the material. Trautmann et al. [23] showed that the inertial stresses of PC were lower than 0.2 MPa for the thin specimen (0.5 mm) and lower than 1 MPa for the thick specimens (5 mm) during the acceleration phase under a strain rate of 2500 s -1 . Thus, the inertia effect on the measured yield stresses can be neglected when thin specimens are used.
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Friction effect is considered to be the largest source of error in SHPB technique [24]. During the high strain rate compression tests, friction between the surfaces of the sample and the bars tends to constrain the lateral flow of the sample.

This constraint generates a hydrostatic stress that is superimposed upon the axial stress, resulting in a triaxial stress state. Therefore, the measured mechanical responses of tested materials tend to exaggerate their apparent behaviors [24].

Moreover, this error is more marked for thin specimens than for thick specimens which results in high measured yield stresses [19]. Different lubricant layers were used to reduce the interfacial friction, such as silicone grease [22], oleamide [25],

stearamide [25], petroleum jelly [22,23,[25][26][27], molybdenum [10,23,28] and polytetrafluoroethylene [23]. Petroleum jelly is a suitable lubricant for polymeric materials which can effectively reduce the frictional effect on SHPB tests at low temperature (-60 °C) and at room temperature [16,22,23,25,29].

As discussed above, thin specimens are desirable to minimize the effects of the non-uniform stress field and inertia of specimens in SHPB approach. However, thin specimens tend to increase friction stresses.

In our previous study [30], we investigated the lubrication of polypropylene the materials to zero with experimental error at room temperature as well as high temperatures [30].

Therefore, in the present work, our samples (diameter = 8 mm, thickness = 3 mm) for dynamic tests will be lubricated by petroleum jelly at all test conditions.

Results and Analysis

Figure 3-2 shows the experimental true stress-strain curves in compression of non-recycled neat polypropylene and its composites at different temperatures and under strain rate 2 which is mentioned above. We note that non-recycled neat PP and non-recycled PP/talc composites are brittle at -30°C and 0 °C. This is due to the glass transition temperature of non-recycled PP which is about 12°C (see section 2.4.7). At -30°C, the dynamic responses of neat PP 0P and PP/talc composites 0P show a rapid decrease of stress before the yield point. However, this decrease of stress is less marked for neat PP 0P and PP/talc composites 0P at 0 °C than at -30°C. This phenomenon is probably due to the increase of mobility with increasing temperature that delays the material rupture. For PP/EOC 0P and PP/EOC/talc 0P, the dynamic response do not show a fragile behavior as PP 0P and PP/talc composites 0P at low temperatures (-30°C and 0 °C). This is due to the addition of the EOC that modifies the impact behavior of the materials. In As pointed out by previous works [31], the mechanical response of neat polymers or composite polymers is sensitive to temperature and strain rate. In particular, the yield stress and the Young's modulus increase with decreasing temperature and increasing strain rates. When the temperature rises, the distance between the structural units increases due to thermal agitation and in consequence, interaction forces decrease which imply a degradation of mechanical properties. The For the testing at 25 °C and under strain rate 4, the mechanical response of neat PP 0P shows a typical feature of stress-strain curves in which the curves can be divided into five parts: linear elasticity, non-linear transition to yield, strain softening, flow at almost constant stress and strain-hardening [32,33]. For PP/EOC 80/20 0P and PP/EOC/talc 70/20/10 0P under the same test condition, the true stress-strain curves show a limited strain softening but a significant strain-hardening. However, the dynamic behavior of PP/talc 80/20 0P at 25 °C and under strain rate 4 shows a significant strain softening after the yield point and following by a strain hardening.

By comparing the dynamic response of materials under these two strain rates (strain rate 2 and 4 in Figure 3-3), we observe that the true stress-strain curves for When polymers are subjected to high strain rates, the effects of strain hardening, strain rate and temperature sensitivity play important roles in the behavior of materials [34]. The dynamic behavior of materials is based on the competition between strengthening at high strain rates and softening with the temperature increase under adiabatic loading conditions [35]. For PP/EOC 80/20 0P and PP/EOC/talc 70/20/10 0P tested at -30 °C, and for neat PP 0P and PP/talc 80/20 0P tested at 25 °C, the adiabatic condition may induce failure by adiabatic shear banding which overcomes the high strain rate strengthening effect and result in the post-yield softening [36]. The amplitude of this phenomenon increases with the strain rate. For PP/EOC 80/20 0P and PP/EOC/talc 70/20/10 0P tested at 25 °C, the failure is mainly associated to a craze-like damage, identified as a highly shear localized type of dilatational bands. This craze-like mechanisms can occur when shear bandings coalesce with cavitated EOC particles [37,38]. Lazzeri [38] reported that for blends with good rubber/matrix adhesion, after the cavitation, a rubber layer forms which is strongly attached to the inner surface of the newly formed void. This rubber layer could stabilize dilatational band propagation by delaying strain localization and premature failure of the ligaments [38]. This may probably results in the post-yield hardening of PP/EOC and PP/EOC/talc composites at 25 °C.

For the dynamic responses of materials at high temperature (85 °C) for both strain rates, the post-yield softening and hardening phenomenon are reduced. The maximum stresses on the true stresstrue strain curves were chosen as the yield stress for the materials with a significant post-yield softening. In the case of the materials with a significant post-yield hardening, the point of the intersection of two slopes (elastic and post yield part) was selected as the yielding point. ) )
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1 2 3 4 PP Neat -30°C 0P 3493±303 3536±366 3650±560 3940±560 3P 3348±351 3463±229 3596±499 3856±333 6P 3229±151 3265±390 3459±472 3589±256 0°C 0P 2964±289 3067±225 3171±53 3279±216 3P 2876±170 2948±244 3039±253 3183±206 6P 2800±318 2838±272 2841±406 3097±259 25 °C 0P 2227±127 2362±43 2448±107 2714±231 3P 2142±163 2237±161 2422±210 2674±425 6P 2071±279 2246±114 2331±110 2499±123 50°C 0P 1381±85 1607±120 1667±97 2032±188 3P 1281±34 1449±186 1541±98 1993±126 6P 1241±124 1393±159 1609±230 1903±356 85°C 0P 649±42 796±36 958±70 1028±99 3P 598±78 716±81 908±22 990±34 6P 612±45 715±12 890±78 926±199 PP/EOC 90/10 -30°C 0P 3009±132 3093±174 3169±336 3213±541 3P 2957±135 2968±251 3105±100 3193±452 6P 2748±147 2904±174 3081±193 3135±413 0°C 0P 2375±169 2436±261 2519±224 2699±120 3P 2267±203 2362±203 2495±132 2545±64 6P 2144±411 2271±212 2334±322 2474±324 25 °C 0P 1800±142 1933±113 1954±129 2162±259 3P 1674±196 1775±231 1872±123 2005±147 6P 1716±97 1867±244 1873±197 1984±192 50°C 0P 983±56 1372±127 1430±262 1519±135 3P 1054±78 1283±42 1386±91 1501±101 6P 949±70 1150±159 1314±190 1356±322 85°C 0P 521±40 619±78 806±97 849±81 3P 528±56 566±39 785±9 832±112 6P 469±72 506±97 698±129 780±158 PP/EOC 80/20 -30°C 0P 2455±159 2485±302 2598±340 2782±405 3P 2184±132 2217±169 2344±165 2549±328 6P 2080±384 2255±270 2327±154 2649±337 0°C 0P 2058±101 2150±225 2378±158 2397±178 3P 1946±156 2063±52 2184±77 2282±187 6P 1878±285 1941±222 2027±505 2183±124 25 °C 0P 1483±71 1752±162 1814±136 1902±188 3P 1491±63 1704±279 1745±56 1913±155 6P 1371±272 1640±269 1791±305 1841±194 50°C 0P 891±67 1134±177 1243±129 1311±70 3P 857±64 1047±197 1225±193 1291±137 6P 769±72 867±235 1109±130 1243±125 85°C 0P 411±66 603±89 653±105 762±98 3P 392±60 590±81 621±91 743±108 6P 380±32 485±150 546±117 683±87
PP/EOC/Talc 70/20/10 for PP blended with 10 wt. % fillers because we believe that the results will be the same than for PP blended with 20 wt. % of fillers. In addition, we only present here the images of the extreme cases, i.e. the non-recycled case (0P) and the case corresponding to 6 recycling procedures (6P). We believe that the possible change of materials' morphology with the recycling numbers 3 (3P) has the same tendencies.

-30°C 0P 3003±441 3071±206 3295±278 3396±40 3P 3102±119 5153±166 3331±342 3422±276 6P 3032±188 3110±274 3248±248 3349±129 0°C 0P 2245±222 2500±290 2690±420 2873±560 3P 2257±170 2552±262 2677±516 2880±117 6P 2273±309 2455±328 2737±181 2904±291 25 °C 0P 1759±178 1980±101 2133±102 2349±263 3P 1748±225 2012±372 2107±112 2448±135 6P 1711±152 2008±168 2151±218 2424±235 50°C 0P 1051±71 1401±124 1517±202 1619±110 3P 1024±116 1334±264 1559±279 1662±308 6P 1075±119 1313±188 1528±114 1636±254 85°C 0P 558±76 735±221 737±76 842±198 3P 583±152 712±83 738±68 848±63 6P 592±51 741±83 748±171 860±126 PP/Talc 90/10 -30°C 0P 4135±345 4402±364 4530±316 4640±246 3P 4197±105 4523±179 4605±270 4812±258 6P 4254±294 4548±257 4657±260 4838±378 0°C 0P 3110±181 3337±404 3509±281 3698±439 3P 3189±167 3529±252 3722±128 3929±431 6P 3268±323 3589±241 3770±466 3972±340 25 °C 0P 2363±95 2814±195 2861±341 3148±178 3P 2508±331 2838±270 2884±290 3176±247 6P 2608±138 3026±314 3031±295 3288±277 50°C 0P 1604±138 1706±155 1755±85 2087±74 3P 1718±130 1756±346 1859±277 2113±193 6P 1746±265 1824±99 1898±169 2255±78 85°C 0P 764±61 916±27 1085±81 1289±96 3P 785±123 988±196 1107±214 1325±117 6P 829±123 1003±46 1155±208 1396±155 PP/Talc 80/20 -30°C 0P 4623±599 5099±405 5192±425 5261±237 3P 4680±558 5173±249 5312±171 5388±207 6P 4847±297 5236±387 5356±114 5438±320 0°C 0P 3574±212 4091±296 4339±370 4439±125 3P 3659±197 4198±242 4395±587 4558±124 6P 3771±265 4310±496 4674±351 4940±490 25 °C 0P 2572±134 2973±145 3202±363 3539±226 3P 2723±81 3115±226 3308±362 3471±376 6P 2821±145 3169±287 3420±171 3667±128 50°C 0P 1743±105 1978±157 2186±83 2470±140 3P 1772±209 2057±144 2211±103 2570±185 6P 1937±165 2116±223 2279±209 2698±13 85°C 0P 950±44 1163±57 1457±132 1490±22 3P 993±14 1205±119 1519±62 1535±142 6P 1087±69 1296±57 1613±182 1634±167
Furthermore, we only show the OM images for tested materials under strain rate 4.

OM images obtained under different magnifications for non-tested materials are shown in Figure 34567. For all considered materials, there is no significant difference between the non-recycled (0P) and recycled (6P) materials in our investigated For the dynamic mechanical testing at 85 °C and under strain rate 4, the materials deformed more homogeneously out to large compressive strains than them of -30 °C and 25 °C (Figure 3-10). No significant cracks were observed for all the considered materials in our investigated magnifications. However, the shear bandings still exist for all the materials. Note that the differences of morphology between the non-recycled (0P) and recycled (6P) materials after dynamic mechanical testing are not significant for all test temperatures in our investigated magnifications (see Figure The dynamic behaviors of the materials are correlated with their morphology by using optical microscopy (OM) (Table 3- For the modeling of the effective elastic stiffness, some existing works have reported the prediction of stiffness of polymer-based composites with a good agreement in comparison to the experimental results [1][2][3][4]. However, these models account only for the volume fraction of fillers, aspect ratio (AR), shape and orientation of the particles. They do not consider any temperature and strain rate dependence. Nevertheless, it is well known that both neat polymers and polymerbased composites are very sensitive to these factors. Recently, we extended Richeton model [5] to describe the dependence of the elastic modulus on the test temperature, frequency/strain rate, volume fraction of nanofiller and on the extent of exfoliation [6]. The predictions of the nanocomposite elastic modulus by our modified models showed a good agreement with experimental results [5].

For the modeling of the yield behavior for polymer composite, we proposed a three-phase approach to model the yield behavior of the polymer nanocomposite. This approach is based on the micromechanical formulation of the cooperative model for the yield behavior of semi-crystalline polymers combined with the effect of nanoparticles and their distribution on yielding. In this, our proposed approach accounts for strain rate and temperature effects as well as for the extent of exfoliation of the organoclay fillers. Our model predictions were compared to the experimental results and a good agreement was found [6].

However, modeling of the mechanical responses for recycled materials is less investigated. Although above mentioned stiffness model and yield model can well predict the elastic behavior and yield strength of polymer-based composites. They are used for polymer with single filler. In addition, they are used for non-recycled materials.

In this chapter, for the prediction of the Young's modulus of PP-based composites, we propose to improve the statistical stiffness model of Richeton et al. [5] by incorporating a Mori-Tanaka based approach and a two-population model by using

Mori-Tanaka model [7]. In particular, we implemented the aspect ratio of the fillers (depending on the reprocessing cycle)in the prediction of the compressive stiffnesses of neat PP. This new approach can use to estimate the effective modulus of the recycled PP-based composites with single or double fillers. The predicted elastic behavior depends on the frequency (or strain rate) and temperature as well as on the volume fraction of fillers and recycling cycles.

For the prediction of the yield stress of PP-based composites, we propose to incorporate the Pukanszhy approach and a two-population model by using Pukanszhy approach [8] into the Gueguen model [9]. It is to be noted that we assume linear Mori-Tanaka (MT) model [10] derived by the use of Eshelby's inclusion model is widely used to evaluate the effective properties of composites. Mori-Tanaka considered the behavior of composites that contain a non-dilute reinforcement consisting of many identical spheroidal particles via dilute inhomogeneities that are subjected to effective matrix fields rather than the macroscopic fields [11].

On the basis of the MT model, Tandon and Weng [7] proposed an analytical solution for the elastic modulus of an isotropic matrix filled with aligned spheroidal inclusions. In particular, Eshelby tensor takes into account the aspect ratio (AR) of ellipsoidal inclusions. In an injected polymer-based composite, the preferred orientation of filler along the injection direction results in an anisotropic microstructure [12]. In the previous study (section 2. are given by following equations [7]:

// 12 1 1 ( 2 ) / c MT m f m E E A A A    (4-1) 3 4 5 1 1 [ 2 (1 ) (1 ) 
] / 2 MT c m f m m m E E A A A A A             (4-2) 
Here, m E is the elastic modulus of the matrix, f  is the volume fraction of filler, m  denotes the Poisson ratio of PP matrix. i A and A are related to the Eshelby tensor components and the properties of the inclusions and the matrix, specifically elastic constants, inclusion volume fraction and aspect ratio (Appendices A2) [7,13]. 
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Two population models for polymer with two fillers

Mori-Tanaka and Chow model are usually used for polymer composites with single filler. However, in our study, the PP/EOC/talc composite consisted both EOC and talc reinforcements. Indeed, EOC and talc fillers have different effects on the mechanical properties of the composites. Thus, separate models are useful to predict their contributions to the properties of the composites. Paul et al. [16,17] proposed a two-population model to take into account the existence of two fillers in a single composite. In this model, two types of fillers were considered separately to get a more accurately predicted effective modulus of the materials. A two-population model can be considered to have an additive approach or a multiplicative approach.

-Additive approach:

In the additive approach, the effect of each filler on the properties of composite are computed separately and then summed together. The additive approach is given by the following equation: -Multiplicative approach:

For the multiplicative approach, there are two ways to compute the effective modulus of a ternary-phase material. The first way is to take into account the effect of talc filler at first. Then the PP/Talc composite is considered to be the matrix for the EOC inclusions. The contribution of EOC is computed using the calculated modulus of PP/talc composite as the matrix rather than those of the neat PP matrix. The first way of the multiplicative approach is described below:

/ / mult C PP Talc C m m PP Talc E E E E E E  (4-6) 
Here, mult C E is the effective modulus of PP/EOC/talc composite calculated by the multiplicative approach.

C E is the modulus of PP/EOC composite for a given filler volume fraction. Other parameters are defined as before.

The second way is to take into account the effect of EOC inclusion at first.

Then the PP/EOC blend is considered to be the matrix for the talc fillers. The contribution of talc is calculated using the modulus of PP/EOC composite as the matrix rather than those of the neat PP matrix. Other parameters are depicted as before.

Richeton model

Mori-Tanaka, Chow and the two-population models account only for the volume fraction of fillers, aspect ratio, shape and orientation of the particles. There is no temperature and strain rate (or frequency) dependence. In order to take into account these two factors, Richeton et al. [5] proposed to extended the statistical model of Mahieux and Reifsnider [18,19] with both temperature and strain rate/frequency effects (See Section 1.5.1). Richeton model is described below:
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The detailed information about Richeton model and the definition of its parameters has been reported in Section 1.5.  , can be computed from their weight fraction according to the following equation [20]. This estimated AR of talc is higher than that measured by SEM for PP/talc 80/20 0P in the previous study (Section 2.4.6). This is probably due to the measurement error for the average talc particle thickness in our previous investigation where a lower AR of talc particles was measured. Shea [25]. For the  activation energy, H  , we took the values which would be discussed in the next section (Section 4.4). we replaced the dependence on frequency f by strain rate  as shown in Equation.

f (Hz) 1 1 1 1 1 1 1 1 1 1 1 1 1 ref E (MPa) 3350 3130 - - - - - - - - - - 2 ref E (MPa) 2650 2560 - - - - - - - - - - 3 ref E (MPa) 305 295 - - - - - - - - - - ref T  (K) 173 
(4-18) below [5]. Other parameters are depicted as before.
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As reported by Richeton et al. [5], the direct relationship between the frequency of DMA and the strain rate for common mechanical tests is given by Equation (4-19):

ref ref f f    (4-19)
Consequently, the dependence on strain rate of the three transition temperatures and three instantaneous moduli can be determined by equation (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20) given below. first chosen for both non-recycled and recycled neat PP and PP-based composites. We note that a reference strain rate of 1 s -1 corresponds to a reference frequency value of 25 Hz in our case (the maximum strain of our DMA measurements is 1% ) [26].
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Furthermore, it is well known that a high strain rate/frequency leads to an increase of the three transition temperatures of the polymer [27]. Therefore, the three reference As introduced in Chapter 1, by considering the semi-crystalline polymers as a two phase material, Gueguen et al. [9] extended Richeton [28] model to describe the yield stress for semi-crystalline polymers with the strain rate and temperature dependences:
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where y  is the yield stress. T refers to the absolute temperature. 
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Here,  and  are parameters associated with the Takayanagi model. These two parameters represent the state of mixing (amorphous phase and crystalline phase in parallel-series version of the Takayanagi model [30]), but only one is independent. 

.5 yc f f y M f exp B        1 () 1 2 
Based on the Gueguen model, Matadi et al. [31] developed a new approach to describe the yield stress for polymer nanocomposite by introducing the Pukanszky [8] approach (Equation (4-26)) in the Gueguen model (Equation (4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)). This new approach can described the yield stress of the nanocomposite as a function of strain rate, temperature, filler concentration, and extent of exfoliation: The changes of the AR of EOC and talc particles with the reprocessing cycles were observed in section 2.4.6. These changes may affect the interfacial interaction, including the interphase thickness, the surface area between the fillers and the matrix and interfacial strength which is characterized by the parameter B. Thus, we assume linear evolutions of parameter B with reprocessing number as follows: 
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Here, k 4 is the reprocessing strengthening coefficient of parameter B. 0 B characterizes the interfacial interaction between the fillers and the matrix for non-recycled PP-based composite.

Modeling results and discussion

The cooperative model formulation (Equation (4-23)) for semi-crystalline polymers proposed by Gueguen [32] is first used to predict the yield behavior of neat PP 0P and neat PP 3P. Neat PP is considered as a two phase material, composed by an amorphous and a crystalline phase. indicates that the PP/talc system probably had higher exfoliated extent at low talc content corresponding to a larger specific surface area. Concerning the recycling effect, the parameter B shows less change between PP/EOC 0P and PP/EOC 3P for a given EOC content. This is probably due to the less changed aspect ratio of EOC inclusion during the reprocessing. However, the higher parameter B of recycled PP/talc composites is observed compared to that of nonrecycled one for a given talc content. It indicates that the recycled PP/talc system Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 233 probably had greater specific surface area. This observation is in accord with our morphology investigation where the break of the particles was found. The break of the particles led to an increased number of particles resulting in a larger interface between the fillers and the matrix.
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Therefore, the determination of the parameter B allows for the evaluation of the interfacial interaction between the fillers and the matrix which depends on factors including the type and amount of surfactant used for sample preparation, the polymer matrix, the presence of coupling agents, processing conditions, etc… For these raisons we chose to use the average values of the parameter B (reported in Table 4-6), for calculating the effective yield stress of the composites with recycling effect. is probably due to the assumed constant parameter B for PP/EOC composites. Besides this, the agreement between the experimental data and the modeling validates the strain rate/temperature superposition principle for reduced yield stress within the investigated range of temperatures and strain rates. This good agreement obtained with the GP and GM models validates our assumption for the linear evolution of the parameter B with the reprocessing number.

Conclusions

We proposed to extend the statistical stiffness model of Richeton et al. [5] by incorporating a Mori-Tanaka based approach and a two-population model by using

Mori-Tanaka model [7]. By considering the initial compressive stiffnesses of neat PP and the aspect ratios of fillers with reprocessing dependences, the predicted elastic behavior depended on the frequency (or strain rate) and temperature as well as on the volume fraction of fillers and the recycling cycles. We also suggested incorporating the Pukanszhy model and a two-population model by using Pukanszhy approach [8] into the Gueguen model [9] to model the yield behavior of PP-based composites. In this, we computed the internal stress for neat PP and the parameter B for PP-based composites with reprocessing dependences. The predicted yield stress by our new approach depended on the strain rate and temperature as well as on the filler content and reprocessing numbers.

Our proposed models for the stiffness and the yield behaviors yield fair predictions of the experimental data within the investigation range for the considered PP-based composites by taking the filler content and recycling effects.

Conclusions and future works

There are three main objects of this study:

1. Identification the degradation mechanisms of polypropylene-based composites with the impact of the fillers' content.

2. Characterization the impact of the degradation mechanisms on the rheological, thermal, physical, and mechanical properties of the materials.

3. Prediction the elastic modulus and the yield stress of dynamic behavior of the recycled materials.

In this PhD thesis, commercial polypropylene (PP) was compounded with different concentration of talc and ethylene octene copolymer (EOC) filler (0 wt.%, 10 wt.% and 20 wt.%). Neat PP and PP-based composites were then subjected to upto-six extrusion cycles for the purpose of studying the degradation mechanisms of PPbased composites and the effects of filler content on the latters.

We found that the molecular weight of the recycled materials slightly decreased after six reprocessing passes. The decrease of molecular weight of materials can be attributed to the chain scissions mechanism because the recycled materials were underwent high temperature and intensive shearing reprocessing condition. This decreased molecular weight resulted in a decreasing viscosity of materials. Therefore, a continuous increase of MFI with the recycling number was measured for all the materials. In the same time, the reduction of the length of PP chains may increase their mobility and hence, facilitate their rearrangement during the crystallization. This higher mobility caused a small increase of crystallinity with the reprocessing.

Although the process induced material degradation, the change of decomposition temperature was limited. It indicated that the recycled materials could be used in the same temperature range as well as the non-recycled ones. In addition, due to the presence of the anti-oxidant, no significant oxidation was observed.

For quasi static tensile properties, we found that the EOC inclusions stabilized the tensile elongation at break up to 3 recycling cycles due to a decrease of their size and a homogenization of their shape during the reprocessing. Otherwise, the talc fillers increased the tensile stiffness and the tensile strength of composite with the number of recycling cycle due to a decrease of their size and an increase of their aspect ratio.

Dynamic compressive behaviors of PP-based composites were investigated by using split Hopkinson pressure bars at five temperatures and under four strain rates.

The results showed that the considered materials are strain-rate, temperature and recycling sensitive. With the increasing of recycling number, the dynamic behaviors Since this study was conducted on lab-made materials, we did not consider the effects of pollutants and ageing which exist in the plastics from end-of-life car bumpers. The reprocessing effect on the materials properties was not significant.

However, we characterized and modeled the thermomechanical behavior of polypropylene-based composites with recycling and filler content effects in this present work.

The perspectives of this thesis are many. From my point of view, it might include the following:

1. Performing the quasi static compressive test at different temperatures and under different strain rates for non-recycled and recycled materials to validate and optimize our proposed yield and stiffness models. By supposing that the exfoliation process occurred at θ°, the adhesive fracture energy was given by [2]: 

)

)( 1 )( 1 ( 1 S S S m f m f                (A2-33) i m f i b k k K ) 1 )( 1 ( 1      (A2-34) i m f i c G ) 1 )( 1 ( 1        (A2-35)
where 

R I Q b ) 1 ( 2 3 2 1    (A2-36) R I Q b ) 1 2 ( 2 3 2 3    (A2-37) R I Q a I c ) 1 ( 4 1

  -BASED COMPOSITES ........................................................................................................ 2.1. INTRODUCTION ................................................................................................................ 2.2. MATERIALS AND PROCESSING ........................................................................................ 2.2.1. MATERIALS .................................................................................................................... 2.2.2. PROCESSING ................................................................................................................... 2.3. EXPERIMENTAL CHARACTERIZATION ........................................................................... 2.3.1. MOLECULAR WEIGHT CHARACTERIZATION ................................................................... 2.3.2. RHEOLOGICAL CHARACTERIZATION .............................................................................. 2.3.3. THERMAL CHARACTERIZATION ..................................................................................... 2.3.4. CHEMICAL CHARACTERIZATION .................................................................................... 2.3.5. PHYSICAL CHARACTERIZATION ..................................................................................... 2.3.6. MORPHOLOGICAL CHARACTERIZATION ...................................................................... 2.3.7. MECHANICAL CHARACTERIZATION ............................................................................. 2.4. RESULTS AND DISCUSSIONS .......................................................................................... 2.4.1. MOLECULAR WEIGHT ................................................................................................... 2.4.2. RHEOLOGICAL PROPERTIES ......................................................................................... 2.4.3. THERMAL PROPERTIES ................................................................................................. 2.4.4. CHEMICAL PROPERTIES ................................................................................................ 2.4.5. PHYSICAL PROPERTIES ................................................................................................. 2.4.6. MORPHOLOGICAL PROPERTIES .................................................................................... 2.4.7. MECHANICAL PROPERTIES ........................................................................................... 2.4.7.1. VISCOELASTIC PROPERTIES ...................................................................................... 2.4.7.2. TENSILE PROPERTIES ................................................................................................ 2.5. CONCLUSIONS ................................................................................................................ REFERENCES......................................................................................................................... 3. DYNAMIC MECHANICAL ANALYSIS OF THE RECYCLED POLYPROPYLENE-BASED COMPOSITES ................................................................. 3.1. INTRODUCTION .............................................................................................................. 3.2. EXPERIMENTS ................................................................................................................ 3.2.1. MATERIALS .................................................................................................................. 3.2.2. MECHANICAL INVESTIGATION AT HIGH STRAIN RATES ............................................. 3.2.2.1. SPLIT HOPKINSON PRESSURE BAR TECHNIQUE ......................................................... 3.2.2.2. ASSUMPTION OF SPLIT HOPKINSON PRESSURE BAR ................................................. 3.3. RESULTS AND ANALYSIS ............................................................................................... 3.4. CONCLUSIONS ................................................................................................................ REFERENCES.........................................................................................................................

  General introduction Kui Wang, University of Strasbourg, Strasbourg, 2013 25 have a wide range of performance characteristics, the use of plastic materials for automobile application shares 8 wt.%-13 wt.% of whole plastic market [1]. The use of polymer in cars steadily increased from 1978 to 2000 as shown in Figure 0-1.

  -6). The plastomers were produced with a metallocene catalyse which inserted comonomers uniformly along State of the art Kui Wang, University of Strasbourg, Strasbourg, 2013 41the ethylene backbone, such that at relatively low comonomer incorporation level[16].
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 1617 Figure 1-6: Ethylene-based polymers product regions [17].

Mg 3 Figure 1 - 8 :

 318 Figure 1-8: Molecular structure of talc [2].

Figure 1 - 9 :

 19 Figure 1-9: micrograph of talc [2].

  They are generally soft and have a low resistance to temperature. The reinforced plastics were first used for structural and semi-structural products, but now appear in different markets particularly since the 1940s [21]. These materials have been developed to produce exceptionally strong materials that can be used in different environments (Figure 1-10).

Figure 1 - 10 :

 110 Figure 1-10: Strength vs. temperature of plastics and typical steel [21].

  tested thermoplastic olefins which included PP, high density polyethylene (HDPE) and EPDM. Zebarjad et al. performed comparison of mechanical properties between neat polypropylene and polypropylene with different weight percentages of EPM [24, 25]. The results show that the impact strength increases with increasing of EPM content and test temperatures (Figure 1-12). In particular, the increase of EPM content shifts the brittle-ductile transition temperature (BDTT) to lower positions.

Figure 1 - 12 :

 112 Figure 1-12: Variation of impact resistance against temperature according to the

Figure 1 -

 1 Figure 1-13 shows the effects of EPM content on the mechanical properties of

Figure 1 - 13 :

 113 Figure 1-13: Influence of EPM content (a) quasi static tensile stress-strain curves (b)Young's modulus (c) Yield stress (d) fracture toughness (strain rate 0.03 s -1 )[24].

Figure 1 -

 1 Figure 1-14 shows micrograph of the tensile fracture surface of PP/EPM

Figure 1 - 15 :

 115 Figure 1-15: Comparison of the stress strain curves of unreinforced and reinforced polypropylene with 40 wt.% talc at 21.5 °C and 100 °C under strain rate 5 min -1 [26].

Figure 1 - 16 :

 116 Figure 1-16: Effect of talc content on (a) yield strength (b) elastic modulus (c) tensile

Figure 1 -

 1 17 exhibits stressstrain curves of semi-crystalline polymers and amorphous polymers at different temperatures. On the left side of this figure, high density polyethylene (HDPE) samples are tested at 8 different temperatures from -75 °C to 100 °C under compressive strain rate of 10 -2 s -1 . On the right side of figure 1-17, polyamide-imide (PAI) samples are tested at 6 different temperatures from -55 °C to 200 °C under compressive strain rate of about 2500 s -1 . It can be noted that increasing the test temperature in the case of quasi static and dynamic tests decreases the Young's modulus, yield stress and the tensile strength of the two materials. When the temperature rises, the distance between the structural units increases due to the thermal agitation. Consequently, interaction forces decrease which implies an increase of chain mobility and hence, a lower resistance of the molecular network State of the art Kui Wang, University of Strasbourg, Strasbourg, 2013 54 toward deformation in the elastic stage (decrease of the elastic modulus) and in the viscoplastic stage (decrease of tensile strength). Concerning yield stage, the activation of plasticity, dictated to the shear slip mechanisms of crystalline lamellae, is activated by temperature, explaining the decrease if yield stress with increasing temperature.
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 117 Figure 1-17: Mechanical response of (a) HDPE and (b) PAI as a function of

Figure 1 -

 1 18 shows the comparison of experimental data among three researchers for the increase of temperature of PC during dynamic compression tests.
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 118 Figure 1-18: Temperature change during dynamic compression test for PC [48].

Figure 1 -

 1 19 (a) (b). Plastic deformation work, W py , is calculated by using the curve (a) and Equation 1-2: where  is the true stress and  is the true strain.
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 1 Figure 1-19: (a) True stress -true strain curve and temperature for PC under uniaxial

Figure 1 - 20 :

 120 Figure 1-20: True tensile behaviours as a function of the true strain rate in the case of

Figure 1 - 21 :

 121 Figure 1-21: Mechanical response of TPOs (blended of PP, EPDM and HDPE) (a)

Figure 1 - 22 :

 122 Figure 1-22: Recycling options for managing plastic wastes [59].

Figure 1 - 23 :

 123 Figure 1-23: Mechanical recycling process for plastic materials [67].

Figure 1 - 24 :

 124 Figure 1-24 : MFI of PP-based materials processed as a function of the number of

Figure 1 - 26 :

 126 Figure 1-26: Experimental and theoretical results for the storage modulus of PEEK

1 ref C and 2 refC

 12 ref f represents the reference frequency, ref i T means the transition temperatures for a given reference frequency, k refers to the Boltzmann constant, H   is the  activation energy and are the Williams-Landel-Ferry (WLF) equation parameters for a given reference frequency. In Equation (1-11), ref i E represents the instantaneous stiffness at a reference frequency and s represents sensitivity coefficient of the stiffness to frequency.

Figure 1 - 27 :

 127 Figure 1-27: Experimental and theoretical results for the compressive modulus of PC

E

  with i from 1 to 3 represent the instantaneous storage moduli of the PMMA and the organoclay, respectively. By using this extended Richeton model, Matadi et al. [82] successful predicted the storage moduli of two PMMA-based nanocomposites, for different frequencies, temperatures and for different clay concentrations (Figure 1-28).
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 128 Figure 1-28: Model prediction and experimental data of the storage modulus as

1

 1 

  of their random orientation dispersion system is calculated according to Equation(1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13) where ic E , im E and if E are the instantaneous elastic moduli of the nanocomposite, the matrix and the fillers, respectively. is the interphase thickness, f  is the volume fraction of the nanoparticles. Moreover, of the interphase modulus on the surface of the particle, -Ji model took account of the temperature, frequency/strainrate, volume fraction of filler and exfoliation extent of filler in the matrix.Figure 1-29 shows predictions by Richeton-Ji (RJ) model of the compressive modulus of PP/organoclay nanocomposites with different organoclay content.
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 129 Figure 1-29: Experimental data and theoretical predictions for compressive modulus

Figure 1 - 30 :

 130 Figure 1-30: Strain rate dependence of the compression yield stress for PC and

V

  are the effective activation energy and effective activation volume, respectively. These two parameters were obtained from the activation parameters of amorphous phase Takayanagi micromechanical model [83]:
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 131 Figure 1-31: Variation of the tensile yield stress/temperature with strain rate for PE

Figure 1 - 32 :

 132 Figure 1-32: Yield stress/temperature versus strain rate of PMMA/organoclay

- 28 .

 28 The simulated results are in good agreement with experimental measurements of the yield stress of PP/organoclay nanocomposites with the effect of exfoliation extent.

Figure 1 - 33 :

 133 Figure 1-33: Master curve of PP/organoclay nanocomposites with different

  Our work is focused on the impact of recycling on the properties of PP/ethylene octene copolymer (EOC)/talc composites that are novel composite systems for car bumper application. To understand the impact of recycling on these composites, we decided to investigate the effect of recycling on the neat PP, PP/EOC and PP/talc. Thus, the elementary degradation mechanisms of the PP-based materials induced by EOC and talc could be easily assessed by this material decoupling.The purpose of this chapter is to identify the thermomechanical degradation mechanisms of PP/EOC and PP/talc blends, as a function of fillers' content, occurring during recycling procedures consisting of grinding steps and re-extrusion steps. To this end, gel permeation chromatography (GPC) was used to measure the molecular weight of materials. Melt flow index measurements (MFI) were conducted to obtain information about the rheological properties of composites. The thermal stability of the materials was characterized by thermogravimetric analysis (TGA). Fourier transform infrared spectroscopy (FTIR) was used to analyze the chemical properties of the materials. The crystalline properties of composites were identified by differential scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS).The morphology of the materials was analyzed by scanning electron microscopy (SEM). Finally, the mechanical behavior of PP blends was investigated by dynamic mechanical analysis (DMA) and tensile testing. Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 93

ⅠFigure 2 - 1 :

 21 Figure 2-1: Reprocessing of PP-based composites.

Fourier

  transform infrared spectroscopy (FTIR) measurements were done with a Bruker Tensor 27 (Ettlingen, Germany). Tests were conducted with the reflection mode and with a resolution 4 cm -1 . A total of 50 scans was conducted for each material, and the results are shown by the average representative scans. To verify the Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 97

  of 10 ± 1 mg were first heated from 25 °C to 200 °C with a heating rate of 10 °C/min, then were cooled from 200 °C to 25 °C at -10 °C/min, and last were subjected to a second heating step with the same conditions than the first one. The first heating step was done to eliminate the thermal history of the materials, while the crystallization peaks observed during cooling step were analyzed to calculate the crystallization temperature of PP (T c, PP ) and EOC (T c, EOC ) and the crystallization enthalpy of PP ( , c PP H 

  w is the EOC or talc weight fraction and 100% H  is the heat of fusion for a pure crystalline isotactic polypropylene, 209J/g [1]. The melting peaks occurring during the second heating step were analyzed to determine the melting temperatures of PP Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 98 and EOC phase (T m,PP and T m,EOC , respectively). Each DSC measurement was repeated on 3 samples, and hence, we report here averaged values. To get complementary information about the crystalline properties of the materials, we performed wide-angle X-ray scattering (WAXS) experiments using a Panalytical X'Pert Pro MPD diffractometer (Almelo, Netherlands). We utilized the Kα radiation of Copper (wavelength λ = 1.54 Å) generated at 40kV and 40mA. The diffractometer was configured with its transmission mode. Diffractograms were recorded at room temperature and in the 2 theta (2) range 7°-45°. As incident optics, we used a focusing mirror, as sample holder we used a spinner, and as secondary optics we used the PIXcel detector (Panalytical, Almelo, Netherlands). The diffractograms were analyzed by means of the software PeakFit (Systat, San Jose, USA) that enabled to perform the deconvolution the scattered intensity I -2 curves.
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 22 Figure 2-2: Sample preparation for the WAXS and SEM observation: (a) a half of

Figure 2 - 3 :

 23 Figure 2-3: Definition of the b-axis orientation index.

  -2). The areas of interest were carefully polished down to a roughness of about 1 µm and then the Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 101

  -2 a), and were subsequently cut in their middle to get two samples (Figure2-2 b). The areas of interest, namely TD-ND, TD-LD and ND-LD, were carefully polished with a roughness of about 1 µm and observed. On each area of interest, 4 representative images were recorded from the center to the edge of the area.

  to determine the true stress ( true  ) -true strain ( true  ) curves from equations (2-2) and (2-3) below. At least 5 tests were performed per strain rate, which allows determining the averaged values of each mechanical parameter.

  Representative TGA curves of EOC, neat PP, PP/EOC and PP/talc composites (non-recycled and recycled) are shown in Figure2-4 and Figure 2-5. All curves exhibit one-step degradation that can be attributed to the radical random scission Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 107mechanism of the thermal degradation of the polyolefins[20][21][22]. This mechanism occurs in PP and EOC since these two materials have a similar chemical composition and structure[20, 21]. The decomposition temperature (T onset ) and the 5% weight lost temperature (T 5 ) of the materials were listed in Table2-3.
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 24 Figure 2-4: TGA curves of neat PP, neat EOC and PP/EOC composites (0P: virgin,

Figure 2 - 5 :

 25 Figure 2-5: TGA curves of neat PP and PP/talc composites (0P: virgin, 6P: 6

2 %

 2 3). Thus, the talc addition can improve the thermal stability of PP. When PP/talc composites were heated up to 700 °C, the residual weight fraction was 8.8 % for PP/talc 90/10 and 19.for PP/talc 80/20. Therefore, a small quantity of talc powder was lost during the compounding and extrusion steps of the processing.Comparing with the non-recycled PP, PP/EOC and PP/talc composites, the degradation temperatures and the 5% weight fraction lost temperature of recycled Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 109 materials were slightly lower due to chain scission mechanisms of PP matrix during

2. 4 . 4 .

 44 Chemical propertiesThe possible changes in the chemical functions of the materials due to the recycling procedures are shown in Figure2-6 and Figure 2-7 where FTIR curves are Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 110displayed. We only present here the curves of the extreme cases, i.e. the non-recycled case and the case corresponding to 6 recycling procedures, because chemical function changes are quite limited.

Figure 2 - 6 :

 26 Figure 2-6: FTIR spectra of EOC, neat PP and PP/EOC blends (0P: virgin, 6P: 6

  -7). These spectral peaks correspond to the presence of water molecules induced by sorption mechanisms Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 112
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 27 Figure 2-7: FTIR spectra of talc powder, neat PP and PP/talc composites (0P: virgin,

  Figure 2-8 and Figure 2-9.
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 28 Figure 2-8: WAXS diffractograms of neat EOC, non-recycled and recycled neat PP

Figure 2 - 9 :

 29 Figure 2-9: WAXS diffractograms of non-recycled and recycled neat PP and PP/talc

Figure 2 -

 2 Figure 2-8 and Figure 2-9). In Figure 2-9, the diffraction peaks at a 2θ angle of 9.4°

Figure 2 -

 2 Figure 2-9 because they exhibit the same characteristics than those of PP/talc 80/20.

Figures 2 -

 2 10 to Figure 2-12 in the case of PP/EOC 80/20 and is shown in Figure 2-13 to Figure 2-15 in the case of PP/talc 80/20. We selected to show the result for PP blended with 20 wt. % fillers only because we believe the results will be the same for PP blended with 10 wt. % fillers.
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 210 Figure 2-10: SEM micrographs of non-recycled (0P) and recycled (6P) PP/EOC 80/20

Figure 2 - 11 :

 211 Figure 2-11: SEM micrographs of non-recycled (0P) and recycled (6P) PP/EOC 80/20

Figure 2 - 12 :

 212 Figure 2-12: Statistical investigation of the EOC inclusions size distribution in the

  average aspect ratio of the particles was assessed as the average ratio length of major object axis to length of minor object axis based on the following of PP/EOC 80/20, 6 recycling procedures induce a narrower inclusions size distribution, a decrease of the average inclusions size from 0.27 µm to 0.22 µm, and a decrease of the average aspect ratio from 1.42 to 1.27, compared to the Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 124

Figure 2 -

 2 Figure 2-14, high magnification SEM images were recorded and analyzed to obtain

from 3 .

 3 06 to 3.77. We measured the complex viscosity of the PP/talc 80/20 0P using the Physica MCR Rheometer and found the viscosity at this value, we estimated the applied shear stress in the extruder and we found a value about 0.5 MPa. This applied shear stress is enough to break the talc particles with a peeling angle larger than 6 ° (see detailed estimation in Appendix A1)[16,[54][55][56][57][58][59]. These changes of talc dimensions are expected to impact the mechanical properties of the PP/talc composites that are studied in the next section. Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 126
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 213 Figure 2-13: SEM micrographs of non-recycled (0P) and recycled (6P) PP/Talc 80/20

Figure 2 - 14 :

 214 Figure 2-14: SEM micrographs (plane A) of non-recycled (0P) and recycled (6P)
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 215216 Figure 2-15: Statistical investigation of the talc particle size distribution in the case of

Figure 2 - 17 :

 217 Figure 2-17: Storage modulus of non-recycled and recycled neat PP and PP/talc

18 and Figure 2 -

 182 produced greater interfaces for the nucleation of PP resulting in more amorphous phase with greater motion. Concerning the α PP transition temperature of PP, it decreased from the non-recycled to recycled materials in PP/talc composites. Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 132 2.4.7.2. Tensile properties The nominal stress-strain curves with the zoomed true stress -true strain curves of the non-recycled PP, PP/EOC and PP/talc blends are shown in Figure 2-19 for two strain rates. Because we are interested only in the elastic and yield behaviors of the materials, the tensile tests under 1mm/min stopped after the yield stress. In addition, under tensile speed of 50mm/min, equations (2-3) and (2-4)
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 218 Figure 2-18: Tensile stress strain curves of non-recycled neat PP and PP/EOC

Figure 2 - 19 :

 219 Figure 2-19: Tensile stress strain curves of non-recycled neat PP and PP/talc

Figure 2 - 20 :

 220 Figure 2-20: Tensile modulus of neat PP and PP/EOC composites as a function of the

Figure 2 - 21 :

 221 Figure 2-21: Tensile yield stress of neat PP and PP/EOC composites as a function of

Figure 2 - 22 :

 222 Figure 2-22: Elongation at break of neat PP and PP/EOC composites as a function of

Figure 2 - 25 :

 225 Figure 2-25: Elongation at break of non recycled and recycled neat PP and PP/talc

  melting temperature and the crystallinity temperature of PP constant, 2) continuously increases b-axis orientation of PP, 3) continuously decreases the glass transition temperature of PP, 4) continuously increases the Young's modulus, 5) slightly increases the yield stress of PP/talc 90/10 and keeps the yield stress of PP/talc 80/20 constant. reprocessing on the properties of PP-based composite are now partially studied. In this, most of the investigations characterized the evolution of rheological, chemical, physical and quasi-static mechanical properties of materials with reprocessing cycles[1][2][3][4][5][6][7][8]. In the previous chapter, we characterized the impact of the reinforcements on the degradation of re-extruded polypropylene-based composites. The considered fillers consisted of EOC and talc. The degradation mechanisms of the composites were studied by a multiphysical approach[9]. To the best of our knowledge, the influence of mechanical recycling on the dynamic behavior of PP-based composites is less investigated. In automotive industry, PP-based composites are generally used in the manufacturing of bumpers[15,18,19]. In such a case, a detailed study of high strain rate and temperature sensitivities of PP-based composites is essential since the bumpers undergo compressive impact loading in a wide range of temperatures.The aim of this chapter is to study the impact of the reinforcements on the dynamic compression behavior of re-extruded PP-based composites. The dynamic compression behavior is investigated by using split Hopkinson pressure bars in a wide range of temperatures and strain rates. The mechanical properties are correlated with the morphology of the studied composites by using the optical microscopy (OM). Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 153

3. 2 . 2 . 1 .

 221 Split Hopkinson pressure bar technique A split Hopkinson pressure bar (SHPB) set-up is an apparatus which typically consists in a striker bar, an incident bar and a transmitted bar (Figure 3-1). The incident and the transmitted bars of our home made SHPB are made of 316L steel with the same length of 3 m and a diameter of 22 mm. Strikers 0.5m and 1m in length are made of the same steel. The strain gages are glued on the middle of the incident and the transmitted bars with a distance of 1.5m from the interface of specimen and Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 154 bars. A furnace with two symmetrical resistance heaters is installed for hightemperature tests. Liquid nitrogen is used for low temperature tests. Cylindrical specimens are sandwiched between the incident bar and the transmitted bar to determine their dynamic responses under compression. The striker is used to generate a longitudinal compressive wave. Once this compressive wave reaches the incident bar, strain gages cemented on this bar record an incident wave () I t  . The difference in the mechanical impedances at the interface between the incident bar and the specimen results in the fact that a part of the incident wave reflects back along the incident bar while the other part transmits through the specimen and then in the transmitted bar. The reflected wave () R t  is measured by the same strain gages cemented on the incident bar. The transmitted wave () T t  can be obtained by the same type of strain gages glued on the transmitted bar. In addition, two speed sensors are used to measure the velocity of the striker. Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 155

Figure 3 - 1 :

 31 Figure 3-1: Schematic representation of a typical compression split Hopkinson

  of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 156 Here, b C is the elastic wave speed in the incident and the transmitted bars (bars are made of the same materials); E is the Young's modulus of the bars; L represents the initial thickness of specimen;

( 1 )

 1 The waves in elastic bars propagate in one-dimension ; (2) In the axial direction, the stress and strain fields in the specimen are uniform; (3) The inertia effect on the specimen is neglected; (4) The friction effect on the interface between the specimen and bars is neglected. Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 157

  and polypropylene based composite in split Hopkinson pressure bar at high temperatures. In this study, the samples with two different geometries of neat PP, PP-Nanocor (rigid fillers) and PP-EPR (soft fillers) were used to investigate the frictional effect on SHPB under two strain rates ( , 40°C and 60°C). The experimental responses for all the materials without lubricant shown evident frictional effects on the impact tests. The lubricant of petroleum jelly can effectively reduce the friction effect on the dynamic behavior of Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 159

Figure 3 - 2 ,

 32 for PP/EOC composites 0P, the Young's modulus and the yield stress decrease with the content of EOC due to the increased amount of soft rubber phase. For PP/talc composites 0P, the Young's modulus increases with the increasing of talc content due to the presence of rigid talc fillers. However, the yield stresses of PP/talc 90/10 0P at 25°C and 85°C are higher than those of PP/talc 80/20 0P at the same temperatures. This is probably due to the damage mechanisms by matrix/filler debonding during the dynamic test in PP/talc Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 160 80/20 0P is more important than that in PP/talc 90/10 0P. In addition, we note that the Young's modulus of PP/EOC/talc 70/20/10 0P is slightly higher than that of PP/EOC 90/10 0P whereas the yield stress of PP/EOC/talc 70/20/10 0P is lower than that of PP/EOC 90/10 0P for our investigated test conditions.
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 32 Figure 3-2: True stress -true strain curves in compression of non-recycled neat PP

Figure 3 - 3 .

 33 Figure 3-3. The zoom-in view of the initial parts of the true stress -true strain curves

  The true stress-strain curves of neat PP 0P and PP/talc 80/20 0P under strain rate 4 exhibit a Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 163 very small strain softening and then a flow at almost constant stress. For PP/EOC 80/20 0P and PP/EOC/talc 70/20/10 0P, the true stressstrain curves show a less important post-yield strain hardening compared to 25 °C. These observations are mainly attributed to the softening of the material at high temperatures. We do not show the dynamic responses of PP/EOC 90/10 0P and PP/talc 90/10 0P here, because they have similar behavior as PP/EOC 80/20 0P and PP/talc 80/20 0P, respectively.
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 3334 Figure 3-3: Experimental true stress versus true strain curves under uniaxial
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 35 Figure 3-5: The dependence of Young's modulus in dynamic compression on strain

Figure 3 - 6 :

 36 Figure 3-6: The dependence of yield stress in dynamic compression on strain rate at

Figure 3 - 7 :

 37 Figure 3-7: OM images of non-recycled and recycled neat PP and PP-based

Figure 3 -Figure 3 - 8 :Figure 3 - 9 .Figure 3 - 9 :

 3383939 Figure 3-8 shows the morphology of materials after the dynamic mechanical

Figure 3 - 10 :Table 3 - 3 :

 31033 Figure 3-10: OM images of non-recycled and recycled neat PP and PP-based

  3). At low temperature (-30 °C), neat PP and PP/talc composites shown explosive failure where other materials shown partial failure by peripheral or internal fragmentations. These failures were caused by crack and shear banding mechanisms. At room temperature (25 °C), these failures were less marked where neat PP and PP/talc shown partial fragmentations. At high temperature (85 °C), the materials deformed more homogeneously without significant cracks. The observed failures of materials by OM are in good accordance with the dynamic responses of our considered materials.

4 . 2 . 4 . 3 . Modeling of the elastic modulus of materials 4 . 3 . 1 .

 4243431 evolutions of the internal stress of neat PP and the parameter B with reprocessing cycles. The modified model can estimate the effective yield stress of the recycled PPbased composite with one or two inclusions. The predicted yield stress depends on the strain rate and temperature as well as on the filler content and reprocessing number. Our proposed models were validated on PP-based composites with different weight percentage of fillers and with different recycling number. In our approach, we compared the predicted results with experimental ones. The experimental tests Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 194 consisted in both dynamic mechanical analysis (Section 2.4.7) and dynamic mechanical compressive tests by the split Hopkinson pressure bars (Section 3.3). Materials and experiments used for the modeling Dynamic mechanical analysis (DMA) was conducted to investigate the elastic behavior of neat PP and PP-based composites as mentioned in Section 2.3.7. In order to study the frequency sensitivity of non-recycled and recycled PP-based composites, materials were subjected to deformation at the frequency of 1 Hz and 10 Hz. Previous results from high strain rate uniaxial compression tests (split Hopkinson pressure bar) are also used in this chapter. Composite models for elastic modulus 4.3.1.1. Mori-Tanaka and Chow models with filler content effect -Mori-Tanaka model:

4 . 6 )

 46 , our scanning electron microscope (SEM) micrograph for PP/talc 80/20 demonstrated an orientation of talc major axis along the injection direction. Given this oriented microstructure of the considered polymer composite, the TW model can be used to estimate the effective elastic properties. The longitudinal and transverse Young's moduli, //
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 41 Figure 4-1: Physical representations and coordinate system for (a) PP/EOC, (b)



  are the shear moduli of the inclusions and matrix, respectively. Other parameters ( and  ) related to the Eshelby tensor components and the properties of the inclusions and the matrix are defined in Appendices A2. Taking the same reason for the loading direction, Equation (4-3) of Chow model is used to estimate the effective stiffness of our materials.



  are the densities of the fillers and PP matrix, respectively, and f w is the filler weigh fraction.
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 42 Figure 4-2 and Figure 4-3 compare the predicted effective modulus by the MT

Figure 4 - 2 :

 42 Figure 4-2: Comparison of the predicted effective modulus by the MT and Chow

Figure 4 - 3 :

 43 Figure 4-3: Comparison of the predicted effective modulus by the MT and Chow

Figure 4 - 8 :E

 48 Figure 4-8: DMA results for non-recycled materials for two frequencies.

E

  for computing the effective storage modulus of the non-recycled and recycled PP/EOC/talc composite. In the following, this model is denoted as Richeton-Multiplicative model (RM) model.
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 49 Figure 4-9: Comparison between the theoretical and the experimental (from DMA

Figure 4 - 1 g C and 2 gC

 412 Figure 4-9 shows the predicted results of the storage modulus as a function of

  20) Equation (4-18) can be used for predicting the Young's modulus of neat PP. For extending the application to PP-based composites, MT and multiplicative models Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 214 were incorporated to calculate the reference instantaneous stiffnesses ref i E of the composites as described in Section 4.3.3.3.For the determination of the parameters, a reference strain rate

C 1 s - 1 .

 11 temperatures of neat PP and PP-based composites increase slightly (Equation (4-9) to Equation (4-11)). The resulting shift of the glass transition temperature between the DMA and compressive test (CT) leads to a change in the WLF parameters which can be expressed as follows [corresponds to the WLF equation parameters associated to DMA g T of the DMA measurements at a reference frequency of 1Hz. Similarly, CT i C are the parameters of WLF equation for the compressive test at a reference strain rate of The initial compressive stiffnesses ref i E and the three reference temperatures ref i T of neat PP 0P and neat PP 6P are computed from the storage modulus of neat PP 0P and neat PP 6P with a frequency of 25 Hz by using Equation (4-9) to Equation (4-Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 215 12), respectively. In the RMT model, the ARs for EOC inclusions and for talc particles in PP/EOC (0P and 6P) and PP/talc (0P and 6P) composites are taken the same value as those used for the storage modulus predictions (
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 410 Figure 4-10: Comparison between the experimental data (obtained by SHPB) and the
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 411 Figure 4-11: Experimental data (obtained by SHPB) and theoretical predictions for
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 412413 Figure 4-12: Experimental data (obtained by SHPB) and theoretical predictions for
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 4441 Composite models for yield stress

  is the volume fraction of the crystalline phase (Equation (4- 25)).

mf

  is the volume fraction of the amorphous phase. , ,

( 4 - 27 )

 427 In Equation, , yc  , , yM  are the yield stresses of the composite and the polymer matrix, respectively, f  the fillers' volume fraction. B is a parameter characterizing
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 4 Figure 4-23 shows the master curve of neat PP built at a reference temperature
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 4234411 Figure 4-23: Master curve of neat PP build at a reference temperature of 298K (left

Figure 4 -

 4 Figure 4-24 and Figure 4-25 represent the master curve of PP-based
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 424 Figure 4-24: Master curve of PP-based composites 0P build at a reference temperature

Figure 4 - 25 :

 425 Figure 4-25: Master curve of PP-based composites 3P build at a reference temperature

Figure 4 - 26 :

 426 Figure 4-26: Master curve of PP-based composites 6P build at a reference temperature

Figure 4 -

 4 Figure 4-26 shows comparisons of strain rate dependency for the compressive
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(

  the yield stress and Young's modulus) of neat PP and PP/EOC composite decreased due to the chain scission mechanism. The dynamic responses (the yield stress and Young's modulus) of PP/talc increased with increasing of reprocessing cycle due to a more important self-reinforcement mechanism by talc particle size reduction. For PP/EOC/talc composites, the dynamic responses were not significantly modified by the reprocessing cycles, because of the equilibrium between the above two mechanisms. For modeling the elastic and the yield behaviors of non-recycled and recycled PP-based composites, we proposed to extend the Richeton model and the Gueguen model. In these new approaches, the mechanical responses of PP-based composites depended on the strain rate and temperature as well as on the filler content and Conclusions and future works Kui Wang, University of Strasbourg, Strasbourg, 2013 246 reprocessing cycles. Good agreement between the model predictions and the experimental data were found for all non-recycled and recycled PP-based composites.

2 . 4 . 5 .

 245 Studying in mode details the cavitation and more generally the damage of the materials after the dynamic compressive test by taking the temperature and strain rate in consideration.3.Measuring the increase of temperature during the dynamic test for nonrecycled and recycled materials. Investigating the different morphology evolutions between the non-recycled and recycled materials by in-situ tensile testing. Incorporating the proposed new approaches into the constitutive model to predict the true stress-strain curves for both non-recycled and recycled materials.6. Integrating the models in the finite element simulation to predict the behavior of semi or finite structure such as car bumper.

Figure A1- 2 :

 2 Figure A1-2: Exfoliation process (left) peeling (right) lap shearing [2].

  force required to break the talc particles E: Young's modulus of talc (12000 MPa [4]) b: Platelet width of talc If the adhesive facture energy is equal to the interaction energy of talc particles (using Equation (A1-2) and Equation (A1-3)), it is possible to estimate the required shear stress to break talc particles depending on the gallery spacing, d, of talc particles and on the peeling angle, θ.

Figure A1- 3 :

 3 Figure A1-3: Required shear stress to break different thick talc particles with the

Figure A1- 4 :

 4 Figure A1-4: Required shear stress to break 0.33 um thick talc particles with different

  the case of fibers where a > 1.The bulk and shear moduli for isotropic materials are related to the Young's modulus and the Poisson's ratio by

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 

	Physical properties	
	Density (kg•m -3 )	890 to 910
	Thermal properties	
	Melting temperature (℃)	130 to 170
	Glass transition temperature (℃)	-25 to -15
	Thermal conductivity (W•m -	

It has the highest melting temperature of all commodity thermoplastics and higher heat resistance than other low cost thermoplastics. PP is prepared by polymerizing propylenes (monomer) that are joined together to form one macromolecule of PP. Its chemical structure consists of a linear carbon chain in which the bonds are covalent. Links between chains are Van der Waals physical interactions. The molecular structure of PP is shown in Table 1-1: Table 1-1: Structure of polypropylene. Monomer Polymer Abbreviation PP Because of different structures and standardized methods, the properties of PP are not the same. Table 1-2 summarizes the main characteristics of PP. 2: Characteristics of polypropylene [11].

  C 5 ~ C 11 is gasoline fractions, C 12 ~ C 20 is diesel oil, C 1 ~ C 4 is flammable gas.

	State of the art	
	The first option means directly use. Waste plastics are cut and chopped into small
	Plastic flakes, washed contaminants, separated to get different types of plastics and put into
	wastes	
	an extruder to product new pellets. Finally, these new pellets are molded to
	Feedstock manufacture new objects (Figure 1-21). However, the physical and mechanical Mechanical Energy Landfill recycling recycling recovery properties of recycled materials are hardly controlled by this way. Therefore, the first
	Shredding, option just uses to make simple productions with low requirement of mechanical Municipal waste indentification, separation combustion properties.
	Pelletized and new products	Alternative Fuel
	Kui Wang, University of Strasbourg, Strasbourg, 2013	63

Mechanical recycling or named physical recycling is the simplest and relatively cheap recycling method for thermoplastics. It generally contains 2 options.

  Hz and with a constant static force of 0.5 N. During this procedure, the materials were tested from -100 °C to 140 °C with a heating rate of 2°C/min. For DMA, we report averaged values and representative curves resulting from 3

	2.3.7.1.Viscoelastic characterization
	The viscoelastic properties of the materials were characterized by dynamic
	mechanical analysis (DMA) using a NETZSCH DMA 242C instrument (Selb,

Germany). Specimens of dimensions of 16 mm × 10 mm × 3 mm were carefully cut from the tensile specimens, tested with the singlecantilever bending mode at the Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 102 frequency of 1

Table 2 -

 2 demonstrated by the low PDI indicates that EOC has a high degree of chain-to-chain uniformity of composition. This property makes it possible to produce polymers with relatively low molecular weight (high melt index) without a significant low molecular weight tail[12]. For non-recycled PP/EOC 80/20, the molecular weights of PP in PP/EOC 80/20 composite are lower than them in nonrecycled neat PP and PP/talc 80/20. This is probably due to the difficulty of separation of the PP and EOC during the GPC measurements. The molecular weight of EOC overlapped the molecular weight of PP and resulted in a lower apparent molecular weight of PP.

	1: Molecular weight of the non-recycled materials (0P) and recycled materials
	(0P and 6P).				
		Mn	Mw	Mz	PDI
	EOC	24700±0	68550±780	144150±210	2.8
	PP neat 0P	44550±1200 214000±5230 653050±34290 4.8
	PP neat 6P	46450±212 192300±2550 542600±2120 4.1
	PP/EOC 80/20 0P 35300±3540 189550±500 636150±8130 5.4
	PP/EOC 80/20 6P 28000±1700 157300±420 493900±16260 5.6
	PP/talc 80/20 0P 44300±1270 206900±3540 637400±5091 4.7
	PP/talc 80/20 6P 42600±1700 203900±2400 622150±13220 4.8
	The possible changes of molecular weight of the non-recycled materials (0P)
	and recycled materials due to the recycling procedures are shown in Table 2-1. We
	only present here the measurements of the extreme cases, i.e. the non-recycled case
	and the case corresponding to 6 recycling procedures. In Table 2-1, EOC shows lower
	number-average (Mn), weight-average (Mw), and z-average (Mz) molecular weights
	and narrower molecular weight distribution (polydispersity index (PDI)) compared to

PP. The lower molecular weight of EOC allows having lower peak melting points and free flowing pellets for continuous compounding. The narrow molecular weight Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 104 distribution of EOC Comparing with the non-recycled PP, PP/EOC 80/20 and PP/talc 80/20 composites, the molecular weight of the recycled materials slightly decreased after six reprocessing passes. The decrease of molecular weight of materials can be attributed to the chain scissions mechanism because the recycled materials were underwent high temperature and intensive shearing reprocessing condition. However, the numberaverage molecular weight for neat PP increased after six reprocessing passes. This increase is probably due to the experimental error. Attention is also focused on the change of PDI between the non-recycled and recycled materials. The molecular weight distribution of PP matrix in the recycled PP/EOC and PP/talc composites is larger than the non-recycled one, as shown by the increase of PDI. This is due to the reprocessing results in more molecules with different chain lengths. However, the molecular weight distribution of recycled neat PP is narrower than the virgin neat PP.

Table 2 -

 2 

	Therefore, PP composites suffer from continuous thermo-mechanical degradation
	during the recycling (according to the Newtonian viscosity, η=A•(Mw) a , where η is
	the viscosity, Mw is the molar weight, A is a constant and a is a power equal to 3.4,
	we can see that a small decrease of molecular weight normally leads to a large
	increase of viscosity of materials. This can explain the more significant increased MFI
	values). It is to be mentioned that thermal degradation of PP is characterized by
	random chain scission mechanisms, followed by radical transfer process, without
	involving chain branching or crosslinking mechanisms as in polyethylene [19].
	MFI (g/10min) 0P	1P	3P	6P
	Neat PP	12.5±0.2 12.8±0.1 14.9±0.4 18.6±0.4
	PP/EOC 90/10 13.9±0.7 14.9±0.4 18.6±0.4 27.6±0.6
	PP/EOC 80/20 18.2±0.3 19.4±0.7 22.7±0.1 31.6±0.3
	PP/talc 90/10	12.3±0.03 12.6±0.1 13.9±0.2 15.3±0.2
	PP/talc 90/10	11.8±0.12 12.1±0.1 12.4±0.1 13.6±0.7

particular, a 49 % increase of MFI is noted for neat PP. For PP/EOC composites, a 99 % increase of MFI is noted for PP/EOC 90/10, and a 74 % increase of MFI is noted for PP/EOC 80/20. For PP/talc composites, it is in a less marked manner. A 24% increase of MFI is noted for PP/talc 90/10, and a 15 % increase of MFI is noted for PP/talc 80/20. It is supposed that the presence of talc does not significantly influence the degradation mechanisms of the matrix, as shown previously

[19]

. The less marked increase of MFI of PP/talc composites compared to neat PP may be due to a gradual increase of delamination and dispersion of talc particles or agglomerates during the successive extrusions. This mechanism would result in an increased number of particles and a decreased particle size, hindering the melt flow of the PP. The evolution of talc particle dimensions with the re-extrusion procedures is investigated in a next section of the present chapter. The continuous increase of MFI with the recycling number indicates a decrease of molecular weight due to chain scissions mechanisms of PP during multiple extrusions which is in agreement with the GPC Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 106 measurements although the decrease of molecular weight are quite weak [14-18]. 2: Melt flow index (MFI) of the non-recycled materials (0P) and recycled materials (1P to 6P).

Table 2 -

 2 3: Decomposition temperature (T onset ) and 5% weight lost temperature (T 5 ) for virgin and recycled neat PP, PP/EOC and PP/talc composites.

		T onset (°C) T 5 (°C)
		0P 6P 0P 6P
	EOC Neat	443 -421 -
	PP Neat	412 410 348 346
	PP/EOC 90/10 419 417 357 355
	PP/EOC 80/20 427 424 360 359
	PP/talc 90/10 424 420 356 350
	PP/talc 80/20 429 426 377 376

Table 2 -

 2 5: Amount of β phase in non-recycled and recycled neat PP, PP/EOC blends obtained by WAXS.

	EOC content (wt. %) K  (%)
	0	0P	2.5±0.4
		6P	1.9±0.2
	10	0P	3.7±0.4
		6P	3.9±0.1
	20	0P	3.1±0.1
		6P	3.1±0.4

We found the characteristic peaks of the α crystalline phase of PP centered at the 2θ angles of 14.1° (110), 16.9° (040), 18.5° (130), 21.4° (111) and 21.8° (-131).

Table 2 -

 2 Effects of fillers content on the recycled polypropylene-based composites KuiWang, University of Strasbourg, Strasbourg, 2013 119 spherulites allow the initiation and propagation of plasticity, while  spherulites are much more brittle and have a limited plasticity. As a result, increasing the content of  spherulites is suitable to increase the ductility of PP, which indicates that the blends probably have a higher ductility than neat PP. Tensile testing of the material are reported in the next section to verify this hypothesis.  metastable phase generally forms under specific thermal, nucleation/crystallization or rheological conditions [48-50]. The most common way to form  phase is the use of -nucleating agents [49, 50]. The most stable phase of PP is the  phase that is favored above a crystallization temperature of 132°C and is characterized by a low growth rate. The  phase is a metastable phase that is favored below a crystallization temperature of 132 °C and is characterized by a high growth rate [50]. It appears that the addition of EOC to PP facilitates the nucleation of  phase, this phenomenon being more important in the case of PP/EOC 90/10 than in the case of PP/EOC 80/20.

			I(040)/I(110)
		0P	6P
	Neat PP	0.65±0.02 0.52±0.01
	PP/Talc 80/20 1.85±0.06 2.23±0.15
	For PP/talc composites, the diffractograms of PP/talc 90/10 are not shown in

4 % to 1.9 ±0.2 %. As shown by Aboulfaraj et al.

[48]

, β 6: Intensity ratio I (040)/I (110) for non-recycled and recycled neat PP, PP/talc 80/20 composite obtained by WAXS.

Table 2

 2 

	-7: Relaxation temperatures of PP matrix and EOC reinforcement in the case
	of non-recycled and recycled blends at 1Hz.		
		T β of EOC (°C) T β of PP(°C) T α of PP(°C)
	Neat PP 0P -	12.2±0.2	94.9±0.9
		6P -	13.0±0.4	91.6±0.7
	PP/EOC	0P -43.5±0.8	12.2±0.1	92.5±0.1
	90/10	6P -43.6±0.9	13.0±0.1	87.3±0.9
	PP/EOC	0P -43.3±0.3	12.2±0.6	92.5±0.9
	80/20	6P -43.4±0.4	13.1±0.5	87.0±0.9
	PP/talc	0P -	11.7±0.6	99.4±1.5
	90/10	6P -	11.4±0.5	96.0±1.1
	PP/talc	0P -	11.3±0.6	101.6±0.7
	80/20	6P -	10.5±0.3	98.0±0.2
	For PP/talc composites (Figure 2-17), concerning the non-recycled materials,
	the storage modulus increased with the addition of talc due to the presence of rigid

talc fillers. The increase in rigidity was also explained by the formation of an interphase between the PP matrix and the rigid talc fillers, having an intermediate Effects of fillers content on the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 131

  Dynamic mechanical analysis of the recycled polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 162 PP/EOC 80/20 0P and PP/EOC/talc 70/20/10 0P at -30 °C under strain rate 2 have a smaller amplitude of strain softening than at strain rate 4 at the same temperature. A similar result is obtained for PP/talc 80/20 0P and neat PP 0P at 25 °C where the true stress-strain curves of strain rate 4 has a more significant strain softening.

Table 3

 3 

	-1

Table 3 -

 3 1: Strain-rate, filler content, temperature and recycling effects on the yield stress of materials.

	Materials	Temperature	Recycling Number Yield stress (MPa)
		(°C)	Strain rate (s	-1

Table 3 -

 3 

		°C	0P	112.0±1.4 120.0±0.8 131.0±1.7 138.7±0.5
			3P	113.0±1.0 123.0±0.7 134.9±2.7 143.1±1.2
			6P	114.5±0.7 127.1±1.3 140.0±2.0 148.2±0.6
		50°C	0P	72.4±1.3	81.3±0.6	90.0±0.8	95.0±1.0
			3P	74.0±0.8	84.0±1.0	92.9±1.7	101.0±0.7
			6P	74.9±1.1	85.8±0.3	95.0±0.1	105.0±1.4
		85°C	0P	42.6±0.4	47.1±1.0	49.3±1.2	53.4±0.6
			3P	43.5±0.4	48.6±0.4	51.8±1.6	57.6±1.1
			6P	44.5±0.8	50.7±1.4	55.3±0.1	62.6±1.0
	Materials	Temperature				
		(°C)				

2: Strain-rate, filler content, temperature and recycling effects on the Young's modulus of materials.

Recycling Number Young's modulus (MPa) Strain rate (s -1

  

  is the modulus of PP/talc composite for a given filler volume fraction.

	Micromechanical modeling of polypropylene-based composites
	Here, C					
						The second way of the multiplicative
	approach is shown as below:
	mult					
	C E		E	/ PP EOC		C E	(4-7)
	m E			m E	E	PP EOC /
	Kui Wang, University of Strasbourg, Strasbourg, 2013	199

E

3.3. Modeling results and discussion

  1. 

	Micromechanical modeling of polypropylene-based composites
	4.3.2. Recycling effect on the elastic modulus
	As shown in chapter 2, the compressive Young's modulus, E, of neat PP had a
	continuous decrease with the reprocessing cycles. Therefore, we assumed linear
	evolution of Young's modulus for neat PP with reprocessing dependences:
	10 () PP E N k N E 					(4-13)
	where N p is the number of reprocessing. k 1 is the reprocessing strengthening
	coefficient of Young's modulus. 0 E is the Young's modulus for non-recycled neat PP.
	For PP/EOC and PP/talc composites, we observed the changes of AR of EOC
	and talc particles with the reprocessing cycles (See Section 2.4.6). Therefore, we also
	assumed linear evolutions of fillers' AR with the reprocessing number as follows:
	20 () PP AR N k N AR 				(4-14)
	Here, k 2 is the reprocessing strengthening coefficient of fillers' AR.	0 AR is the aspect
	ratio of fillers in non-recycled PP-based composites.
	4.3.3.1. Mori-Tanaka and Chow models comparisons
	Table 4-1 lists the elastic modulus, density and Poisson's ratio of EOC and
	talc. For neat PP,	m  	0.4	and	m  	3 g cm 0.9 /	are used in this study (see Section
	2.2.1 and Section 4.3.1.1) The volume fraction of the fillers, f
	Kui Wang, University of Strasbourg, Strasbourg, 2013	200

4.

Table 4

 4 

		-1: Inclusion properties for composite modeling [16, 21-24].
	Inclusion	Modulus (GPa)	Density (g/cm 3 )	Poisson's ratio
	EOC	0.0076	0.882	0.499
	Talc	170	2.78	0.22

Table 4 -

 4 2: Parameters for the modeling of storage modulus of non-recycled (0P) and recycled (6P) materials by the Richeton, RMT and RM models.

	PP neat		PP/EOC		PP/EOC		PP/EOC/talc	PP/talc		PP/talc	
			90/10		80/20		70/20/10	90/10		80/20	
	0P	6P	0P	6P	0P	6P	0P	6P	0P	6P	0P	6P
	ref											

Table 4 -

 4 2).

	For neat PP 3P, we suggest computing the initial compressive stiffnesses ref i E
	with reprocessing dependences where the linear evolution of the compressive
	modulus is described based on Equation (4-13):	
	i ref E N () P	i P 10 k N E 	i	(4-22)
	where k 1i are the reprocessing strengthening coefficients of the three initial
	compressive stiffnesses.		

0i E are the three compressive moduli for non-recycled neat PP. Similarly, the reprocessing dependent fillers' ARs were calculated by using Equation

(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)

. Other parameters like the sensitivity factor of the Young's modulus, s, was kept the same as those of materials 0P. We also assumed that g i C , i m and H  were the same as those of non-recycled neat PP. All the parameters for modeling the Young's modulus are summarized in Table

4

-3 for different recycling number.

Table 4 -

 4 4 shows the reprocessing parameters in Equation(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22) and Equation(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14).

	4-3: Parameters
	Table

Table 4 -

 4 4: Reprocessing parameters for modeling the Young's modulus of materials. In this figure, we also show the results from the modeling where the Richeton model yields satisfactory predictions of the Young's modulus of neat PP with recycling effect. Furthermore, the RMT and RM models yield reasonably good predictions of the Young's modulus of non-recycled and recycled PP/EOC 80/20, PP/talc 80/20 and PP/EOC/talc composites, respectively.

	Reprocessing parameters	
	E 01	3434 MPa
	E 02	2717 MPa
	E 03	313 MPa
	k 11	-37.5
	k 12	-15.5
	k 13	-1.83
	AR 0 talc	17
	k 2 talc	3
	AR 0 EOC	1.42
	k 2 EOC	-0.037
	The modeling curves were compared with the experimental data of neat PP
	and PP-based composites with different recycling number in Figures 4-10 to 4-13.
	The experimental data were obtained by the SHPB apparatus at four different strain
	rates and five different temperatures (See Chapter 3). The Young's modulus of neat
	PP was predicted by Richeton model whereas those of the PP/EOC and PP/talc
	composites were estimated by the RMT model. For PP/EOC/talc composite, the
	Young's modulus was predicted by RM model using MT approach. In Figure 4-10,

the experimental compressive modulus of neat PP, PP/EOC 80/20, PP/EOC/talc 70/20/10 and PP/talc 80/20 under strain-rate-2 with different recycling number are Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 219 plotted.

Table 4 -

 4 The Gueguen model [32] parameters obtained from the master curves for neat PP 0P, neat PP 3P and neat PP 6P are given in Table4-5. 5: Gueguen models parameters.

	31)

Table 4 -

 4 6 shows the evolution of the parameter B as a function of EOC and talc content for different strain rates. The parameter B was averaged from different temperatures. The recycling effect on the parameter B is also shown in this table. As expected the parameter B decreases with increasing filler content. This decrease of parameter B for PP/talc composites is more important than that of PP/EOC. It Micromechanical modeling of polypropylene-based composites Kui Wang, University of Strasbourg, Strasbourg, 2013 232

Table 4 -

 4 6: the averaged values of parameter B of materials 0P and 3P for different strain rates, filler contents.

	Recycling	Filler content	Averaged B from different	Averaged	B	from
	number	wt. %	temperatures			different strain rate
				1		2		3		4
	EOC 0P	10	0.96	0.93	1.12	1.25	1.07±0.15
		20	0.29	0.41	0.50	0.80	0.5±0.22
	3P	10	0.69	0.96	1.11	1.38	1.04±0.29
		20	0.07	0.41	0.52	0.76	0.44±0.29
	Talc 0P	10	9.92	9.04	9.01	9.35	9.33±0.42
		20	5.97	5.64	5.57	5.70	5.72±0.17
	3P	10	11.06	10.67	11.25	11.77	11.19±0.46
		20	6.45	6.38	6.68	6.98	6.62±0.27

Table 4 -

 4 6).Because the parameter B for PP/EOC is less changed with the recycling cycles, for simplicity, we assume that the parameter B for PP/EOC 90/10 6P and PP/EOC 80/20 6P keep constant as those for PP/EOC 80/20 3P and PP/EOC 90/10 3P, respectively.

Table 4 -

 4 7 shows the reprocessing parameters of the parameter B for PP/talc 90/10 and PP/talc 80/20. By using the predicted parameter B for PP/talc 90/10 6P and PP/talc 80/20 6P, The GP and GM models can be used to estimate the compressive yield stress for PP-based composites 6P.

Table 4 -

 4 7: Reprocessing parameters for modeling the yield stress of PP/talc composites.

	B 0	k 4
	PP/talc 90/10 9.33 0.62
	PP/talc 80/20 5.72 0.3

Kui Wang, University of Strasbourg, Strasbourg, 2013
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In order to show the strain rate dependence of yield stress and Young's modulus, the Young's modulus and yield stress versus strain rates curves of nonrecycled neat PP and non-recycled PP-based composite are plotted for the five temperatures ( Figure 3-5 and Figure 3456). Note that the recycled materials have similar strain rate dependencies of yield stress and Young's modulus compared to non-recycled materials. In Figure 3-5, the variations of Young's modulus are not perfectly linear with the strain rate. This effect is more significant with increasing temperature. In Figure 3-6, plots of yield stress/T against log(strain rate) gives for all the materials a series of parallel straight lines showing that the yield can be considered as an activated rate process [39][40][41]. For all the materials these lines decrease with decreasing strain rate tests and with increasing temperature as a consequence of two rate processes being involved in the yield behavior.

Kui Wang, University of Strasbourg, Strasbourg, 2013 204 the interfacial interaction, including the interphase thickness, the surface area between the fillers and the matrix and interfacial strength [8]. For poor interfacial bonding, the particles do not carry any load, so that B=0. Therefore, it is expected that B should be decreasing with increasing filler content, since the low content generally leads to a higher exfoliation microstructure where interfacial adhesion between the fillers and the polymer matrix is expected to be high. In contrast, high filler concentrations always lead to agglomeration and therefore to a poor interfacial adhesion.

In previous chapters, we found that the compressive yield stress of PP-based composites did not decrease or increase in the same proportion with the increasing content of EOC or talc fillers, respectively (See Section 3.3). In addition, the morphology characterization of materials had shown an increased AR of talc filler and a decreased aspect ratio (AR) of EOC inclusion with recycling cycles. These experimental results indicate that although the fillers such as EOC and talc have their dimensions in micro-scale, the filler content and recycling have important effects on the microstructure and the properties of materials. Under this condition, Equation (4-27) will be used to describe the temperature and strain rate effects on the yield stress of PP/EOC and PP/talc composites. In the following, this model will be called GP model (Gueguen-Pukanszky model).

For  is calculated at first by using Equation . Then, the contribution of talc on the yield stress of PP/EOC/talc composite is obtained by considering the PP/EOC as the matrix. In the following, this model is denoted as GM model (Gueguen-Multiplicative model).

Recycling effect on the modeling of the yield stress

As mentioned in section 2.5.4, chain scission mechanisms are active in PP blends and induce smaller macromolecules and a larger molecular weight distribution during the reprocessing, as well as the formation of defect groups. In Gueguen model (Equation (4-23)), the internal stress,  

, is a structural parameter which depicts the arrangement of defects inherited from past thermal history [9]. Therefore, we assume linear evolution of the internal stress for neat PP with reprocessing dependences:

where N p in the number of reprocessing. k 3 is the reprocessing strengthening coefficient of the internal stress .   0 0 i  is the internal stress at 0 K for non-recycled neat PP.

A. Appendices A1. Evaluation of the shear stress of BUSS extruder and the critical shear stress to break talc particles

In order to verify whether the applied shear stress of extruder can break the talc particles during the processing, we need to check whether the shear stress in the extruder exceeds the critical shear stress to break talc particles. The detailed estimation is reported below:

(1) Shear stress in the BUSS extruder

We measured the complex viscosity of our material (PP/talc 80/20 (20 wt. % of talc)) by using the Physica MCR Rheometer at 200°C (our process temperature).

The complex viscosity of the PP/talc 80/20 is reported in Figure A1-1: The shear rate for the Buss kneader,  , is about 200 s -1 with a screw speed of 50 rpm [1]. Therefore, the applied shear stress of the extruder is calculated by using the complex viscosity of the PP/talc 80/20 and the shear rate of the Buss kneader for a given screw speed: * / 2413 200 482600

(2) Critical shear stress to break talc particles:

For talc particles, if the thickness of the platelet is δ and the interplatelet distance or gallery spacing is d, then the interaction energy, U, is given below [2]:

A 11 : Hamaker constant (19.3x10 -20 J for talc [3])

The exfoliation of talc particles can be schematically represented as shown in platelet thickness (see figure 3). For 0.66 µm thick talc particle (measured by SEM), the highest required shear stress was used to break talc particle into two halves (δ=0.33 µm). With δ=0.33 µm, the applied shear stress of extruder can break the talc particle with gallery spacing higher than 7nm. In addition, in Figure A1-3, we can see that the applied shear stress during processing can break the talc particle with talc particle thinner than 7 nm.

In Figure A1-4, we calculated the required shear stress to break 0.33 µm thick talc particle with different gallery spacing as function of the peeling angle, θ. For the gallery spacing d=1 nm, we can see that the shear stress during processing is enough to break the 0.33 µm thick talc particle with the peeling angle larger than 6 °.

Based on the above calculations, we believed that the applied shear stress in the extruder is possible to delaminate talc particles with peeling angle larger than 6 °.

A2. The Mori-Tanaka and Chow equations

Pertinent relationships used in the Mori-Tanaka and Chow models are [5]: