This review paper is devoted to the preparation of clay-based thermoplastic nanocomposites by melt blending in a twin-screw extruder. The influence of the main processing parameters (screw speed, feed rate, barrel temperature, screw profile) on the state of the clay dispersion at the micro-and nanoscale is characterized. The change of dispersion state along the screws and the corresponding mechanisms are presented. The interest of the process modelling to predict the state of dispersion is evaluated and, finally, the main modifications of the twin-screw extrusion process to improve the clay dispersion are reviewed.

Introduction

In the early nineties, the Toyota team developed a pioneering work that proved that introducing a small amount of layered silicate into a polyamide could significantly improve its mechanical properties [START_REF] Fukushima | Synthesis of an intercalated compound of montmorillonite and 6-polyamide[END_REF][START_REF] Usuki | Synthesis of nylon 6-clay hybrid[END_REF][START_REF] Kojima | One-pot synthesis of nylon-6-clay hybrid[END_REF][START_REF] Okada | The chemistry of polymer-clay hybrids[END_REF].

While, historically, polyamides have been the first matrices used for the development of clay-based nanocomposites, many other polymers have since been tested. It has been reported that clay dispersion at a few nanometers may induce a significant improvement, not only in mechanical properties, but also in flam resistance and barrier properties (LeBaron et al., 1999;[START_REF] Alexandre | Polymer-layered silicate nanocomposites: preparation, properties and uses of a new class of materials[END_REF][START_REF] Ray | Polymer/layered silicate nanocomposites: a review from preparation to processing[END_REF]Tsong, 2006). Moreover, these improvements were obtained at very low clay loading (typically less than 5 wt.%), compared to 20-30% for traditional fillers.

Originally produced in solution or by in-situ polymerization, the nanocomposites are now prepared preferentially by melt-mixing, essentially using twin-screw extrusion. However, if the dispersion of layered silicates (essentially montmorillonite, MMT) is easy in polar polymers such as polyamide, it becomes much more difficult in non-polar matrices, such as polyolefins. To improve the compatibility between an organophobic clay and an organophilic matrix, the clay is usually modified by replacing the inorganic cations with organic ones (usually quaternary alkylammoniums), giving what is called an organoclay (abbreviated OMMT in what follows). However, even with OMMT, a perfect dispersion of the clay is quite impossible in a non-polar polymer without a compatibilizer, usually, a polymer grafted with maleic anhydride [START_REF] Hasegawa | Preparation and mechanical properties of polypropylene-clay hybrids using a maleic anhydride-modified polypropylene oligomer[END_REF][START_REF] Lertwimolnun | Influence of compatibilizer and processing conditions on the dispersion of nanoclay in a polypropylene matrix[END_REF][START_REF] Wang | Shear rheology and melt compounding of compatibilized-polypropylene nanocomposites: Effect of compatibilizer molecular weight[END_REF]. Among the huge literature devoted to clay-based nanocomposites, articles on the impact of the process on the level of dispersion remain limited. However, the choice of a suitable screw profile and adequate processing conditions to optimize clay exfoliation and platelet dispersion into the matrix remains a challenge. In this review, we will present the state of the art of understanding the development of the nanocomposite structure during twin-screw extrusion. The topic is focused on twin-screw extrusion, clay and thermoplastic matrices.

Morphology and Characterization of Polymer Nanocomposites

Presentation and Morpholgy of Polymer Nanocomposites

The most commonly used organoclays (OMMT) are derived from montmorillonite, naturally present in a powder form. This powder is composed of compact aggregates of many stacked layers, called tactoids. Each tactoid consists of a few tens of individual platelets, whose thickness is of the order of 1 nm, for lateral dimensions ranging from 300 Å to several microns. There is a regular gap between them, called interlayer spacing or gallery. The sum of the thickness of one layer (~ 1 nm) and the interlayer represents the repeat unit of the multilayer material, called d-spacing or basal spacing (d001).

As explained above, the pristine OMMT is in the form of agglomerates of a few tens of microns, themselves consisting of aggregates of tactoids. During compounding with the matrix, the scale will gradually change from that of the agglomerates to that of the platelets, hence from micrometer to nanometer. Depending on the efficiency of the dispersion, different structures can be observed (Figure 1) [6]. If the size of the agglomerates is reduced without modifying the tactoids, a microcomposite is obtained, without particular properties given the small amount of filler used. When chains of the matrix can penetrate between the platelets, thus increasing the interlayer spacing, an intercalated structure is obtained. Finally, if all platelets are individualized, an exfoliated structure is reached. The best properties are, of course, related to a fully exfoliated structure, but, in practice, a mixed intercalated/exfoliated structure is generally observed.

Characterization of the Dispersion State

The size of the entities present in the nanocomposites can vary from a few tens of microns for large agglomerates to 1-10 µm for aggregates, and about ten nanometers for tactoids [START_REF] Vaia | Kinetics of polymer melt intercalation[END_REF].

Therefore, these different characteristic scales must be considered to quantify the dispersion state, and it is essential to use appropriate and complementary techniques. In many cases, off-line measurements are performed to characterize nanocomposites, but on-line and in-line techniques have also been developed.

Off-Line Measurements

The larger scale can be easily characterized using Scanning Electron Microscopy (SEM), which allows observation of the remaining aggregates. Despite, in many cases, the authors limit themselves to visual observations, figures can be extracted from the SEM pictures by image analysis, to better quantify the level of micrometric dispersion. For example, for nanocomposites filled with multiwall carbon nanotubes (CNT), [START_REF] Villmow | Influence of twin-screw extrusion conditions on the dispersion of multi-walled carbon nanotubes in a poly(lactic acid) matrix[END_REF] have defined a dispersion index by:
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where ACNT is the area occupied by CNT agglomerates, A0 is the total investigated area,  is the volume fraction of CNT and f is a factor related to the density of CNT agglomerates. In another paper [START_REF] Villmow | Influence of screw configuration, residence time, and specific mechanical energy in twin-screw extrusion of polycaprolactone/multi-walled carbon nanotube composites[END_REF], the same authors proposed to use the area ratio, which is more simply the ratio of the area of the aggregates to the area of the observed sample:
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This last equation was then used by [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF] and Normand et al. (2017a, b) to characterize polypropylene (PP)-based nanocomposites.

The second widely used observation technique is Transmission Electron Microscopy (TEM). It provides a detailed observation at the nanoscale, but over a very small area. Generally, it does not allow to quantify the dispersion but permits to check the local morphology and to confirm a possible exfoliation of the clay. However, [START_REF] Dennis | Effect of melt processing conditions on the extent of exfoliation in organoclay-based nanocomposites[END_REF] and [START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF] have defined a dispersion index from a series of TEM pictures, such as the number of particles per µm 2 divided by the clay mass fraction. This index was later used by [START_REF] Médéric | Influence of melt-blending conditions on structural, rheological, and interfacial properties of polyamide-12 layered silicate nanocomposites[END_REF][START_REF] Médéric | Structural and rheological properties as a function of mixing energy for polymer/layered silicate nanocomposites[END_REF] and [START_REF] Beuguel | Comparative study of the structural and rheological properties of PA6 and PA12 based synthetic talc nanocomposites[END_REF] to quantify the dispersion of PA12-based nanocomposites.

X-Ray diffraction (XRD) is also widely used to measure the interlayer spacing between platelets in the tactoids, and thus to quantify the eventual intercalation of the OMMT by polymer chains. From the angle of the diffraction peak, the basal spacing d001 can be calculated using the Bragg's law. It is generally admitted that a broadening of the diffraction peak and a reduction in its height indicate a reduction in the number and size of the tactoids. The absence of a diffraction peak may correspond to a fully exfoliated structure, but may also result from an insufficient amount of diffracting entities or an inappropriate orientation of the tactoids with respect to the incident beam.

Finally, one of the most sensitive techniques to quantify the dispersion state of nanocomposites is the rotational rheometry in small amplitude oscillatory shear (SAOS). Indeed, as shown in Figure 2, the partial exfoliation of the platelets leads to the onset of a plateau of the storage modulus G' at low frequency and a corresponding sharp increase in the complex viscosity *. This is explained by the gradual increase of the interactions between the platelets when the exfoliation develops and the progressive establishment of a percolated network [START_REF] Ren | Linear viscoelasticity of disordered polystyrene-polyisoprene block copolymer based layered-silicate nanocomposites[END_REF][START_REF] Vermant | Quantifying dispersion of layered nanocomposites via melt rheology[END_REF][START_REF] Durmus | Linear low density polyethylene (LLDPE)/clay nanocomposites. Part I: Structural characterization and quantifying clay dispersion by melt rheology[END_REF][START_REF] Cassagnau | Melt rheology of organoclay and fumed silica nanocomposites[END_REF][START_REF] Eslami | Linear and nonlinear rheology of polymer/layered silicate nanocomposites[END_REF][START_REF] Domenech | Formation of fractal-like structure in organoclay based polypropylene nanocomposites[END_REF].

The rheometry thus makes it possible to accurately quantify the level of exfoliation for a fixed clay concentration. The slope of G' [START_REF] Vermant | Quantifying dispersion of layered nanocomposites via melt rheology[END_REF][START_REF] Durmus | Linear low density polyethylene (LLDPE)/clay nanocomposites. Part I: Structural characterization and quantifying clay dispersion by melt rheology[END_REF] or * [START_REF] Wagener | A rheological method to compare the degree of exfoliation of nanocomposites[END_REF] at low frequency was used as an exfoliation index, although these values depend on the frequency considered. As the behavior depicted in Figure 2b can be perfectly described by a Carreau-Yasuda law with a yield stress [START_REF] Lertwimolnun | Influence of compatibilizer and processing conditions on the dispersion of nanoclay in a polypropylene matrix[END_REF][START_REF] Vergnes | The use of apparent yield stress to characterize exfoliation in polymer nanocomposites[END_REF], we strongly recommend using this expression to evaluate the melt yield stress 0, which is a good descriptor of exfoliation:

  1 0 0 *( ) 1 n a a               ( 3 
)
where  is the angular frequency, 0 is the melt yield stress, 0 is the zero shear viscosity,  is a characteristic time, a is the Yasuda parameter, and n is the dimensionless power law index. In fact, 0 is a plateau modulus, but it is called melt yield stress by analogy with the behavior that could be observed in continuous shear. The use of 0 to quantify exfoliation has now been adopted by many authors (Lertwimolnun andVergnes, 2006, 2007;[START_REF] Khosrokhavar | Effect of processing parameters on PP/EPDM/organoclay nanocomposites using Taguchi analysis method[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF][START_REF] Klitkou | Effect of multiple extrusions on the impact properties of polypropylene/clay nanocomposites[END_REF]Barbas et al., 2013a[START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF][START_REF] Ghanbari | Morphological and rheological properties of PET/clay nanocomposites[END_REF][START_REF] Watzeels | Optimization of extrusion parameters for preparing PCL-layered silicate nanocomposites supported by modeling of twin-screw extrusion[END_REF]Normand et al., 2017a, b;) 2.2.2. On-Line and In-Line Measurements Beside off-line measurements which are often time-consuming and necessitate a certain delay, people have tried to develop direct methods, which could be directly used on an extrusion line. Without entering into details, some of these techniques are presented in the following. For example, [START_REF] Villanueva | Study of the dispersion of nanoclays ina LDPE matrix using microscopy and in-process ultrasonic monitoring[END_REF] proposed to use ultrasound waves to characterize the dispersion level of PE-based nanocomposites. Transit time and attenuation were found to be possible indicators of dispersion. Ultrasounds, in complement with near infrared (NIR) and Raman spectrometry, were also used by [START_REF] Fischer | Real time monitoring of morphologic and mechanical properties of polymer nanocomposites during extrusion by near infrared and ultrasonic spectroscopy[END_REF][START_REF] Al Malaika | Influence of processing and clay type on nanostructure and stability of polypropylene-clay nanocomposites[END_REF]. Coupled to a chemometrics approach, ultrasound attenuation and NIR spectra were directly correlated to the quality of dispersion. In-line NIR spectroscopy and chemometrics were also implemented by Barbas et al. (2013b[START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF] in the case of PP-based nanocomposites. The same team proposed later specific tools to perform on-line small amplitude oscillatory rheometry [START_REF] Mould | Monitoring the production of polymer nanocomposites by melt compounding with on-line rheometry[END_REF][START_REF] Mould | Preparation of polymer-clay nanocomposites by melt-mixing in a twin-screw extruder: using on-line SAOS rheometry to assess the level of dispersion[END_REF] and also shear rheometry and small angle light scattering [START_REF] Teixeira | Multi-parameter in-process monitoring of clay dispersion during melt compounding with PLA[END_REF]. Figure 3 shows the experimental set-up of this last measurement technique.

Influence of Processing Conditions on the Final Dispersion

There are numerous papers trying to quantify the influence of processing conditions on the structure of nanocomposites. However, in many cases, the results are difficult to interpret due to the lack of 2)), defines the macroscale dispersion. SAOS allows to measure the melt yield stress (Eq. ( 3)), quantifying exfoliation. Finally, TEM may visually confirm a certain level of exfoliation, which can be estimated by the specific density of particles [START_REF] Dennis | Effect of melt processing conditions on the extent of exfoliation in organoclay-based nanocomposites[END_REF][START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF].

Even though polymer nanocomposites have been sometimes prepared in internal mixers, single screw extruders and counter-rotating twin-screw extruders, this review is limited to the case of intermeshing corotating twin-screw extruders.

Influence of Screw Speed

The first paper on the effect of screw speed was published by [START_REF] Davis | Effects of melt-processing conditions on the quality of poly(ethylene terephtalate) montmorillonite clay nanocomposites[END_REF]. They reported that a higher screw speed resulted in a lower quality of PET/OMMT nanocomposites, but this unexpected result was only based on TEM observations. In fact, in an usual range of variation (typically, 50-350 rpm), all the authors agree that an increase in screw speed at constant flow rate improves the state of dispersion of the clay, whatever the matrix and the type of OMMT [START_REF] Modesti | Effect of processing conditions on morphology and mechanical properties of compatibilized polypropylene nanocomposites[END_REF][START_REF] Modesti | Thermal behavior of compatibilised polypropylene nanocomposite: Effect of processing conditions[END_REF][START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF][START_REF] Hasook | Preparation of nanocomposites by melt compounding polylactic acid/polyamide 12/organoclay at different screw rotating speeds using a twin screw extruder[END_REF][START_REF] Cassagnau | Melt rheology of organoclay and fumed silica nanocomposites[END_REF][START_REF] Kracalik | Advanced compounding: Extrusion of polypropylene nanocomposites using the melt pump[END_REF][START_REF] Khosrokhavar | Effect of processing parameters on PP/EPDM/organoclay nanocomposites using Taguchi analysis method[END_REF][START_REF] Fischer | Real time monitoring of morphologic and mechanical properties of polymer nanocomposites during extrusion by near infrared and ultrasonic spectroscopy[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Besco | Influence of processing parameters on the structure of melt blended polyethylene/organoclay nanocomposites produced by a masterbatch route[END_REF][START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF]Normand et al., 2017a). Concerning the macroscale, increasing the screw speed reduces the number and the size of the large agglomerates [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Al Malaika | Influence of processing and clay type on nanostructure and stability of polypropylene-clay nanocomposites[END_REF][START_REF] Besco | Influence of processing parameters on the structure of melt blended polyethylene/organoclay nanocomposites produced by a masterbatch route[END_REF]Normand et al., 2017a), as it can be seen in Figure 4. In parallel, the nanoscale dispersion is also improved, with a noticeable increase of the exfoliation (Lertwimolnun andVergnes, 2006, 2007;[START_REF] Khosrokhavar | Effect of processing parameters on PP/EPDM/organoclay nanocomposites using Taguchi analysis method[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Al Malaika | Influence of processing and clay type on nanostructure and stability of polypropylene-clay nanocomposites[END_REF]Normand et al., 2017a), often characterized by the melt yield stress.

With the recent development of high speed extruders, tentatives were made to check the possible improvement of clay dispersion in the range of 400-4000 rpm. To our knowledge, [START_REF] Peltola | Effect of rotational speed of twin screw extruder on the microstructure and rheological and mechanical properties of nanoclay-reinforced polypropylene nanocomposites[END_REF] were the first to elaborate PP/OMMT composites at 500 and 1000 rpm. Unfortunately, the samples were not characterized in SAOS. XRD showed an intercalated structure whatever the screw speed, and TEM observations could only present a slightly improved exfoliation. [START_REF] Lin | Nylon 66/clay nanocomposite structure development in a twin screw extruder[END_REF] observed also by XRD and TEM a better exfoliation at 1000 rpm compared to 400 rpm, for PA66/OMMT nanocomposites, but without real quantification. [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF] were the first to clearly put in evidence the positive effect of a high screw speed. By quantifying the exfoliation level of PP/OMMT nanocomposites by the melt yield stress measured in SAOS, they showed that, for a fixed formulation and a fixed screw profile, the exfoliation increased quite linearly with the screw speed until a certain value (here, 500 rpm), and then stabilized (Figure 5). [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites. Influence on filler dispersion[END_REF] repeated these experiments with a more severe screw profile and observed an increase in melt yield stress up to 400 rpm, followed by a slight decrease. This was explained by a degradation of the matrix at high speed, leading to a drop of viscosity and a less efficient exfoliation. Such degradation was also reported by [START_REF] Pistor | Influence of screw speed on the mechanical and rheological properties of poly(ethylene-co-vinyl acetate)-organomodified montmorillonite nanocomposites[END_REF] and, in the domain of very high speeds (1000 -4000 rpm), by Farahanchi et al. (2017aFarahanchi et al. ( , b, 2018)). Chain scissions, reducing the molecular weight and the viscosity, occurred above 400 and 1000 rpm, depending on the severity of the screw profile.

To summarize, the clay dispersion at both macro-and nanoscale can be improved by increasing the screw speed, up to a certain level which depends on the screws profile and on the stability of both the matrix and the organic cations used to modify the pristine clay.

Influence of Feed Rate

In the literature, the influence of feed rate has been less studied than that of screw speed. In 2005, Ryu and Chang (2005), using only XRD and TEM, reported a better exfoliation at low fed rate (3 kg/h instead of 9 kg/h, at 120 rpm) for LLDPE/OMMT nanocomposites. Similar conclusions were drawn by [START_REF] Khosrokhavar | Effect of processing parameters on PP/EPDM/organoclay nanocomposites using Taguchi analysis method[END_REF] but, once again, only an accurate quantification based on area ratio and melt yield stress could validate these affirmations [START_REF] Lertwimolnun | Effect of processing conditions on the formation of polypropylene/organoclay nanocomposites in a twin screw extruder[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF]. It can be seen in Figure 6 that a decrease in feed rate improves the clay dispersion at the macroscale (area ratio and agglomerate surface density) and at the nanoscale (melt yield stress). [START_REF] Watzeels | Optimization of extrusion parameters for preparing PCL-layered silicate nanocomposites supported by modeling of twin-screw extrusion[END_REF] reported also an increase in melt yield stress with a decrease in feed rate (from 3 to 0.5 kg/h). In contrast, [START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF] measured on PP/OMMT nanocomposites an increase in 0 between 9 and 3 kg/h, followed by a sharp decrease at 1.5 kg/h. This unexpected result can perhaps be explained by a very long residence time in the latter condition (around 6 min), which, at temperatures in the range 210-240°C, could lead to the degradation of the organic cations [START_REF] Shah | Organoclay degradation in melt processed polyethylene nanocomposites[END_REF][START_REF] Cui | Effect of organoclay purity and degradation on nanocomposite performance. Part 1: surfactant degradation[END_REF][START_REF] Stoeffler | Thermal decomposition of various alkyl onium organoclays: effect on polyethylene terephtalate nanocomposites properties[END_REF] and thus to a less efficient exfoliation mechanism.

Influence of Barrel Temperature

The barrel temperature is another parameter which attracted low attention. [START_REF] Cho | Nylon 6 nanocomposites by melt compounding[END_REF] found out that the exfoliation of OMMT in a PA6 matrix was quite independent of the barrel temperature in the range 230-280°C. However, for PP/OMMT nanocomposites, [START_REF] Modesti | Effect of processing conditions on morphology and mechanical properties of compatibilized polypropylene nanocomposites[END_REF][START_REF] Modesti | Thermal behavior of compatibilised polypropylene nanocomposite: Effect of processing conditions[END_REF] reported better results (characterized by XRD, SEM and TEM) at a lower barrel temperature (180°C instead of 210°C). Same type of results was cited by [START_REF] Solarski | Designing polylactide/clay nanocomposites for textile applications: effect of processing conditions, spinning, and characterization[END_REF] on PLA/OMMT nanocomposites.

Rheological measurements by different authors on different systems [START_REF] Khosrokhavar | Effect of processing parameters on PP/EPDM/organoclay nanocomposites using Taguchi analysis method[END_REF][START_REF] Fischer | Real time monitoring of morphologic and mechanical properties of polymer nanocomposites during extrusion by near infrared and ultrasonic spectroscopy[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF]Normand et al., 2017a) allowed to confirm that a low barrel temperature permits to improve the clay dispersion at all scales. To our knowledge, [START_REF] Watzeels | Optimization of extrusion parameters for preparing PCL-layered silicate nanocomposites supported by modeling of twin-screw extrusion[END_REF] were the only ones to report a small increase of exfoliation with the barrel temperature for a PCL/OMMT system. In all cases, the influence of this parameter is much lower than those of screw speed and feed rate.

Influence of Feeding Protocol

When preparing a nanocomposite by melt-blending in a twin-screw extruder, a polymer matrix (eventually completed with a compatibilizer) and an OMMT have to be introduced into the machine.

For a fixed screw profile and fixed processing conditions (screw speed, feed rate, barrel temperature), the way the various materials are fed may have an influence on the resulting state of dispersion. Let us consider for example the case of a PP-based material, compatibilized with a polypropylene grafted with maleic anhydride (PP-g-MA). Typically, three conditions may be encountered. First, the three components are mixed together in the solid state and introduced simultaneously in the hopper (one-shot). Second, PP and PP-g-MA are introduced in the hopper and melted in the first part of the extruder and the OMMT is introduced later, in the molten mixture (side feeding). Third, a masterbatch is prepared in a first extrusion step with a high amount of OMMT, and it is then diluted with the matrix in a second extrusion step to reach the desired formulation. This last method is preconized to optimize the clay dispersion, as the masterbatch is usually prepared with the compatibilizer only, which is assumed to improve exfoliation. However, it necessitates two successive extrusion steps, what could be economically restrictive. OMMT concentration in a masterbatch is typically between 10 and 50 wt%, compared to a few percent in the final formulation [START_REF] Zhang | Nanocomposites of ethylene-vinyl acetate copolymer (EVSA) and organoclay prepared by twin-screw melt extrusion[END_REF][START_REF] Zhu | Effects of process conditions and mixing protocols on structure of extruded polypropylene nanocomposites[END_REF][START_REF] Shah | Nylon 6 nanocomposites prepared by a melt mixing masterbatch process[END_REF][START_REF] Ton-That | Polyolefin nanocomposites: Formulation and development[END_REF][START_REF] Lee | TPO based nanocomposites. Part 1: Morphology and mechanical properties[END_REF]Li et al., 2007a;[START_REF] Treece | Twin-screw extrusion of polypropylene-clay nanocomposites: Influence of masterbatch processing, screw rotation mode, and sequence[END_REF][START_REF] Da Silva | Effect of extrusion processing variables on the polyethylene/clay nanocomposites rheological properties[END_REF][START_REF] Labidi | Organo-modified montmorillonite / poly(-caprolactone) nanocomposites prepared by melt intercalation in a twin-screw extruder[END_REF]Chaidz et al., 2011;[START_REF] Silvano | Effect of reprocessing and clay concentration on the degradation of polypropylene/montmorillonite nanocomposites during twin screw extrusion[END_REF]. [START_REF] Wang | Twin-screw extrusion compounding of polypropylene / organoclay nanocomposites modified by maleated polypropylenes[END_REF] compared the three modes of introduction for a PP/PP-g-MA/OMMT formulation. They showed that masterbatch dilution provided a better exfoliation than side feeding, side feeding being itself better than one-shot. On PA6/OMMT nanocomposites, [START_REF] Chavarria | Effect of melt processing conditions on the morphology and properties of Nylon 6 nanocomposites[END_REF] confirmed that side feeding led to an enhanced exfoliation compared to one-shot.

Influence of Polymer Viscosity

Another parameter which can impact the clay dispersion during extrusion is the viscosity of the matrix or, in other words, its molecular weight distribution. By using PA6 of high, medium and low molecular weight, [START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF] were the first to show that the best exfoliation was obtained with the high molecular weight material. This was confirmed by different authors [START_REF] Shah | Nylon 6 nanocomposites prepared by a melt mixing masterbatch process[END_REF][START_REF] Yang | Effects of processing parameters on the preparation of nylon 6 nanocomposites[END_REF][START_REF] Xu | Tailored nanocomposites of polypropylene with latyered silicates[END_REF]Normand et al., 2017a) and explained by the fact that a higher viscosity would increase the stresses applied to the clay platelets and thus favor exfoliation. In contrast, [START_REF] Liaw | Twin-screw compounding of poly(methylmethacrylate)/clay nanocomposites: effects of compounding temperature and matrix molecular weight[END_REF] did not found an effect of molecular weight on PMMA-based nanocomposites, but the morphologies were only intercalated, without any exfoliation.

Influence of Screw Profile

Besides the processing conditions, the screw profile plays also a major role in the dispersion of OMMT in a polymer matrix. Usually, two or three profiles are compared, which differ essentially by the number and the configuration of the mixing zones (blocks of kneading discs (KD) with various thicknesses and staggering angles). In some cases, the real screw profiles are not described, but only quantified as "high shear" or "low shear", what cannot be really useful for the reader [START_REF] Mehrabzadeh | Melt processing of PA-66/clay, HDPE/clay and HDPE / PA-66 / clay nanocomposites[END_REF][START_REF] Borse | Melt processing effects on the structure and mechanical properties of PA-6/clay nanocomposites[END_REF][START_REF] Villanueva | Study of the dispersion of nanoclays ina LDPE matrix using microscopy and in-process ultrasonic monitoring[END_REF]. In other cases, the profiles are correctly described but the processing conditions are missing or incomplete [START_REF] Furlan | Effect of processing conditions on the mechanical and thermal properties of high-impact polypropylene nanocomposites[END_REF][START_REF] Farahanchi | Extreme shear processing for exfoliating organoclay in nanocomposites with incompatible polymers[END_REF]. When comparing two screw profiles in the same conditions, it is usually reported that the most severe (higher number of KD, left-handed staggering) provides a better exfoliation [START_REF] Dennis | Effect of melt processing conditions on the extent of exfoliation in organoclay-based nanocomposites[END_REF][START_REF] Kracalik | Advanced compounding: Extrusion of polypropylene nanocomposites using the melt pump[END_REF]. In particular, Da Silva et al. ( 2010) explained that the staggering angle and the disc thickness were the most important parameters controlling the clay dispersion. In some cases, no difference is observed between two screw profiles. This can be explained by different reasons. For example, [START_REF] Delva | Influence of twin-screw configuration on the mechanical and morphological properties of polypropylene-clay nanocomposites[END_REF] only changed the location of the blocks of KD, keeping the same configuration for the blocks. [START_REF] Lin | Nylon 66/clay nanocomposite structure development in a twin screw extruder[END_REF] only modified the first mixing zone, where melting occurred. For a one-shot feeding, this had no impact on the final dispersion. [START_REF] Zhu | Effects of process conditions and mixing protocols on structure of extruded polypropylene nanocomposites[END_REF] reported also no difference between two profiles, but their samples presented no exfoliation at all. More detailed studies were published by Barbas et al. (2013a) and [START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF], considering three profiles. They showed that the most severe profile was not necessary the best one in terms of dispersion. In fact, the geometry of the screws cannot be optimized independently of the processing conditions. It is the whole thermomechanical treatment imposed to the material during the flow along the extruder which has to be considered, as we will see in the next paragraph.

Synthesis and Interpretations

We have seen in the previous paragraphs that screw profile and processing conditions (screw speed, feed rate, barrel temperature) have a great influence on the morphology of nanocomposites at different scales. Of course, the choice of an adequate OMMT (i.e. with an organic cation compatible with the matrix) and an eventual compatibilizer is essential, but it is out of the scope of this review.

For a fixed formulation, it has been shown that the state of dispersion of the clay at the die exit is improved when the temperature is low (i.e. when the viscosity is high), when the feed rate is low (i.e.

when the residence time is high enough), and when the screw speed is high (but not too high to avoid degradation). To describe the morphological changes of an OMMT during a melt-mixing process, [START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF] and [START_REF] Dennis | Effect of melt processing conditions on the extent of exfoliation in organoclay-based nanocomposites[END_REF] proposed the schema presented in Figure 7. In a first step, the OMMT aggregates are broken by shear, leading to a dispersion of tactoids. Then, the applied shear stresses break these tactoids, with a reduction in size (length and thickness). Finally, the polymer chains intercalate in the clay galleries and contribute to the exfoliation by a peeling mechanism. This scenario was later confirmed by [START_REF] Wu | Effect of steady shear on the microstructural evolution of melt-intercalated polymer/clay nanocomposites[END_REF], who observed these morphological changes in a rheometer under steady shear.

The break-up of clay tactoids under shear has also been observed by [START_REF] Homminga | Influence of shear flow on rhe preparation of polymer layered silicate nanocomposites[END_REF] using a rheo-optic set-up. To summarize, a high level of shear is required at the beginning of the melt-mixing process, but only a residence time long enough may allow the following intercalation and exfoliation. However, if the mechanisms of structural changes are correctly described, there is a lack of figures to completely understand the role of processing conditions. [START_REF] Lertwimolnun | Effect of processing conditions on the formation of polypropylene/organoclay nanocomposites in a twin screw extruder[END_REF] proposed to correlate the level of exfoliation, characterized by the melt yield stress, to the ratio of feed rate to screw speed (Q/N). It can be clearly seen in Figure 8, both through yield stress values and TEM pictures, that the exfoliation is improved when Q/N decreases (i.e. low feed rate and high screw speed).

In fact, on a twin-screw extruder, Q/N is representative of the global filling ratio. It can also be used to define the total strain  experienced by the material during the process [START_REF] Lertwimolnun | Effect of processing conditions on the formation of polypropylene/organoclay nanocomposites in a twin screw extruder[END_REF]:

N A B Q    (4)
where A and B are two parameters depending only on the screw profile. Figure 9 shows that, for a fixed screw profile, the melt yield stress is strictly proportional to the total strain for a PP/OMMT nanocomposite. Identical results were reported by Jiang and Huang (2011) on PP-based nanocomposites and by [START_REF] Watzeels | Optimization of extrusion parameters for preparing PCL-layered silicate nanocomposites supported by modeling of twin-screw extrusion[END_REF] on polycaprolactone-based nanocomposites. [START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF] showed that, beside the total strain, the specific mechanical energy (SME) could be used to quantify the morphology of nanocomposites prepared by melt-mixing. A link between SME and quality of dispersion has been evoked by many authors [START_REF] Fasulo | Extrusion processing of TPO nanocomposites[END_REF][START_REF] Chiou | Effects of processing conditions on nanoclay dispersion in starch-clay nanocomposites[END_REF][START_REF] Besco | Influence of processing parameters on the structure of melt blended polyethylene/organoclay nanocomposites produced by a masterbatch route[END_REF]Barbas et al., 2013b[START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF], but rarely quantified. [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF] were the first to clearly demonstrate that, for a fixed formulation and screw profile, the clay dispersion at macro-and nanoscale could be described by the SME. For example, Figure 10 shows the change in area ratio (size of agglomerates) and melt yield stress (exfoliation) with the SME, for different PP-based nanocomposites prepared by changing the screw speed, the feed rate and the barrel temperature. Whereas the area ratio decreases regularly when increasing the SME, the melt yield stress increases first linearly, then stabilizes above a certain level (here, 600 kWh/t). Similar results were presented by Méderic et al. (2006Méderic et al. ( , 2009) ) and Mattausch et al.

(2013) using internal mixers and by [START_REF] Villmow | Influence of screw configuration, residence time, and specific mechanical energy in twin-screw extrusion of polycaprolactone/multi-walled carbon nanotube composites[END_REF] for the dispersion of carbon nanotubes.

They were also confirmed by the recent work of [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites. Influence on filler dispersion[END_REF]Normand et al. ( , 2017a)).

To summarize, according to the mechanisms depicted in Figure 7, the state of dispersion of the clay at the exit of the extruder can be directly described by the specific mechanical energy received during the extrusion process. SME is the parameter that should be considered when working on the link between processing parameters and dispersion quality.

Change in Dispersion State along the Screws

In order to better understand the development of the morphology of a nanocomposite during the compounding process, it is now important to follow the state of dispersion all along the screws. For that, different techniques are available. The most common is to perform dead-stop experiments [START_REF] Wang | Processing and properties of polymeric nano-composites[END_REF]Lertwimolnun andVergnes, 2006, 2007;[START_REF] Lin | Nylon 66/clay nanocomposite structure development in a twin screw extruder[END_REF][START_REF] Jiang | Microstructure and rheologic development of polypropylene / nano-CaCO3 composites along twin-screw extruder[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF]Normand et al., 2017a): once in steady-state, screw rotation and feeding are suddenly stopped and the barrel is open or the screws extracted to collect samples, eventually after a rapid cooling. It is also possible to collect samples directly along the extruder in the areas under pressure [START_REF] Cho | Morphology and rheology of polypropylene/polystyrene/clay nanocomposites in batch and continuous melt mixing processes[END_REF]Barbas et al., 2013a[START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF], using specific devices developed at the University of Minho [START_REF] Machado | Evolution of morphology and of chemical conversion along the screw in a corotating twin-screw extruder[END_REF]. Finally, in-line measurements at different locations (without sampling) can be performed, using the techniques presented in Section 2.2.2 [START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF].

Influence of Processing Conditions

The first example of dead-stop experiment for nanocomposites was proposed by [START_REF] Wang | Processing and properties of polymeric nano-composites[END_REF].

Unfortunately, it was for a blend of PP and PA6 reinforced by a nanoclay, and the results are essentially focused on the blend morphology. The first accurate description of the change in morphology of a PP-based nanocomposite along the extruder was given by [START_REF] Lertwimolnun | Effect of processing conditions on the formation of polypropylene/organoclay nanocomposites in a twin screw extruder[END_REF]. With the screw profile used, exfoliation remained more or less similar after the melting, except at high screw speed and low feed rate, where an increase was observed (Figure 11). It was also reported that the intercalation, quantified by XRD, appeared very quickly, as soon as the matrix was molten, and remained similar until the die exit. Under high shear, a long residence time is thus not necessary for obtaining an intercalated structure. The Figure 11 shows also that the respective effects of screw speed and feed rate presented in Section 3 are visible all along the screws.

These results were confirmed later and completed at a macroscale [START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF]Normand et al., 2017a). It can be seen in Figure 12 that the area ratio (number and size of large agglomerates) decreases regularly along the screws, whatever the screw speed. However, some discrepancies were reported by [START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF]. By direct sampling at four different locations, they observed an increase of melt yield stress along the screws at 50 and 100 rpm, but a decrease at 200 and 300 rpm. This was explained by the increase in temperature due to viscous dissipation and the degradation of the organic cations, leading to a collapse of the tactoids.

Influence of Screw Profile

The modifications of the clay dispersion along the screws are influenced by the processing conditions, but also by the screw profile. For PA6/OMMT nanocomposites, [START_REF] Lin | Nylon 66/clay nanocomposite structure development in a twin screw extruder[END_REF] compared two profiles, each with two mixing zones, but only the first melting section was changed.

Based on XRD, SEM and TEM analyses, they did not see differences between the two configurations, but concluded that agglomerates were first broken up in the first mixing zone, followed by exfoliation in the second one. Barbas et al. (2013a) tested three different profiles for PP-based nanocomposites, once again by changing only the first mixing zone. By on-line rheometry (see Section 2.2.2), they obtained the results shown in Figure 13. The exfoliation increased rapidly along the first mixing zone, but decreased thereafter, whatever the screw configuration. The effect of the screw profile was not clearly explicated, but re-agglomeration of the platelets related to the degradation of the matrix was evoked. Indeed temperatures above 200°C and residence times around 2.5 min could lead to the degradation of the organic cations and/or the compatibilizer. [START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF] compared also three profiles of increasing severity, obtained by increasing the number and the configurations of the blocks of kneading discs. At 200 rpm, the melt yield stress depended on the feed rate, as already seen, but also on the screw profile (Figure 14). In some cases (Profile 2, 30 kg/h), a decrease was observed along the screws, like in the results of Barbas et al. (2013a). Contrarily to what could be expected, the most severe profile was not the best one. In terms of exfoliation, Profile 3 appeared as the less efficient when Profile 1 was a little bit better than Profile 2.

Synthesis and Interpretations

The influences of screw speed and fed rate seen in Section 3 remain valid along the screws. It was previously demonstrated that the specific mechanical energy (SME) was a good parameter to describe the clay dispersion at the die exit, both at macro-and nanoscale (see Figure 10). Figure 15a shows that this remains true for the area ratio, which appears as essentially controlled by the SME. However, it is more complicated for the exfoliation, for which the temperature seems to play also a major role (Figure 15b): for a PP-based nanocomposite, as soon as the temperature remains lower than approximately 200°C, the melt yield stress is proportional to SME. When the temperature increases, the melt yield stress continues to increase with SME, but with a lower slope. The process becomes then less efficient, perhaps due to the degradation of the organic cations, the compatibilizer, or the clay itself. In all cases, a stabilization is observed above a certain level of SME.

Area and melt yield stress are the two parameters which allows to describe the state of dispersion of the clay. They are function of the SME. But if the area ratio is plotted as function of the melt yield stress for samples prepared in different conditions and collected along the screws, a scenario of morphological evolution appears (Figure 16). In the first mixing zones, the area ratio decreases rapidly, whereas the melt yield stress is very low: the corresponding mechanism is the break-up of the large agglomerates and tactoids, related to the high level of stress [START_REF] Borse | Estimation of stresses required for exfoliation of clay particles in polymer nanocomposites[END_REF]. Then, in the following zones, the area ratio remains low (below 3%), when the melt yield stress increases a lot:

this corresponds to the progressive exfoliation of the platelets, probably by a peeling mechanism as initially proposed by [START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF] (see Figure 7). In any case, intercalation detected by XRD is very fast. It occurs as soon as the melting of the matrix is achieved and usually is not affected by the processing conditions, except in the case of high temperatures leading to the degradation of the organic cations.

Interest of Process Modelling

It has been shown in the previous sections that the state of dispersion at micro-and nanoscale, at the die exit or along the screws, can be described by the SME. Therefore, a model providing the flow conditions along a twin-screw extruder can be used to calculate the changes in nanocomposite morphology during the compounding process. This approach has been used by different authors (Lertwimolnun andVergnes, 2006, 2007;[START_REF] Watzeels | Optimization of extrusion parameters for preparing PCL-layered silicate nanocomposites supported by modeling of twin-screw extrusion[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF][START_REF] Delva | Influence of twin-screw configuration on the mechanical and morphological properties of polypropylene-clay nanocomposites[END_REF]Normand et al., 2017a;Farahanchi et al., 2017b), using the software Ludovic © developed by [START_REF] Vergnes | A global computer software for polymer flows in corotating twin screw extruders[END_REF]. From data from Figures 10 or 15, evolution laws relating area ratio and melt yield stress to SME can be derived. Then, by coupling these evolutions laws to a flow model, results like those presented in Figure 17 can be obtained. The comparison between experimental results and modelling shows that, despite slight differences, the model predicts correct tendencies, for different processing conditions.

Once validated, such model may be very useful to optimize the processing conditions and/or the screw profile. Optimization can be performed using dedicated tools like Genetic Algorithms or Evolutionary Algorithms (Gaspar-Cunha and Covas, 2011). Attempts have been made a few years ago at the University of Minho, but the results were often difficult to interpret [START_REF] Gaspar-Cunha | Optimization of processing conditions for polymer twin-screw extrusion[END_REF], 2005;[START_REF] Teixeira | Application of evolutionary algorithms to the definition of the optimal twin-screw extruder configuration for starch cationization[END_REF]. Consequently, it is often more efficient to perform directly various computations and to select the best solution. To illustrate this aspect, for a fixed screw profile, we want to define the best processing conditions leading to an optimized dispersion. For that, a SME of 300 kWh/t (providing the expected exfoliation, see Figure 15) and a maximum temperature of 210°C (to limit degradation) are required. The flow conditions in the extruder are calculated for a series of screw speeds (300 to 600 rpm) and feed rates (2 to 15 kg/h). From the resulting computed data, isovalues of the maximum temperature and the SME are plotted on a "screw speed / feed rate" map (Figure 18a). It is clear that the objective is reached at the crossing point of the iso-temperature 210°

and the iso-SME 300 kWh/t. The optimum is thus obtained at 4.2 kg/h and 425 rpm. If different limiting conditions were selected, the optimization would be easily and directly obtained from the same plot.

Such approach can also be used for the optimization of the screw profile or the scale-up from lab-scale to industrial scale. In the last example, a maximum flow rate of 4.2 kg / h could be reached with the imposed constraints (210 °C and 300 kWh/t) on an extruder of diameter 24 mm. Now, for an extruder with a diameter of 88 mm, which flow rate could be expected, with the same quality criteria?

These extrapolations are usually made from simple geometric rules, based on the available volume between screw and barrel [START_REF] Kohlgrüber | Co-Rotating Twin-Screw Extruder, Fundamentals, Technology, and Applications[END_REF]. However, for complex materials like nanocomposites, the results are not always satisfactory and the modelling may bring more significant answers. First, the screw profile must be defined. It is chosen similar to that of the lab-scale extruder, i.e. with the same number and same type of restrictive elements (left-handed elements, blocks of kneading discs), located at the same relative positions along the screws. Then, a set of range of variation in screw speed and flow rate is selected and the calculations are performed. As previously, a "screw speed / feed rate" map is derived (Figure 18b) and the objective is characterized: in the present case, 170 kg/h at 250 rpm. The interest of the simulation is thus to provide rapidly accurate extrapolation data, which allows then to evaluate the profitability of the process through a reliable economic approach.

Process Modifications to Improve Dispersion

It has been shown in the previous sections that the dispersion of OMMT in a polymer matrix using a melt-blending process remains a difficult task, even though the compatibility of the two components has been correctly taken into account, by the chemical modification of the OMMT or the choice of an adequate compatibilizer. Therefore, different modifications or improvements of the basic extrusion process have been proposed, to ameliorate and facilitate the exfoliation of the platelets. In the following paragraphs, the main techniques are rapidly reviewed.

Water Assisted Extrusion

As clays are easily dispersed in water, [START_REF] Hasegawa | Nylon 6/Na-montmorillonite nanocomposites prepared by compounding Nylon 6 with Na-montmorillonite slurry[END_REF] were the first to propose to use a slurry (2 wt% of Na-MMT in water) to prepare PA6 nanocomposites with a twin screw extruder. The slurry was incorporated after the melting of the matrix and the water was removed through a vent port before the die (Figure 19). This would allow one to obtain exfoliated nanocomposites with pristine MMT (Na-MMT), without any surfactant or additive.

If slurry injection is still used [START_REF] Lee | Water-assisted extrusion of polypropylene/clay nanocomposites in high shear condition[END_REF], the method was improved by [START_REF] Kato | Development of a new production method for a polypropylene-clay nanocomposite[END_REF], who prepared the slurry into the extruder by injecting directly water after the melting of PP and PP-g-MA and the mixing with Na-MMT. Same quality of exfoliation was obtained with Na-MMT and water injection as with OMMT without water. Since these preliminary works, water-assisted extrusion has largely developed, essentially to prepare PP-and PA-based nanocomposites with Na-MMT [START_REF] Yu | Water-assisted melt compounding of nylon-6/pristine montmorillonite nanocomposites[END_REF][START_REF] Mainil | Morphology and properties of SAN-clay nanocomposites prepared principally by water-assisted extrusion[END_REF][START_REF] Molajavadi | Water assisted exfoliation of PA6/clay nanocomposites using a twin screw extruder: effect of water contact time[END_REF][START_REF] Rousseaux | Water-assisted extrusion of polypropylene/clay nanocomposites: A comprehensive study[END_REF][START_REF] Rousseaux | Polypropylene/clay nanocomposites: an innovative one-pot process[END_REF]Touchaleaume et al., 2011a;[START_REF] Stoclet | Relations between structure and property of polyamide 11 nanocomposites based on raw clays elaborated by water-assisted extrusion[END_REF][START_REF] Stoeffler | Polyamide 12 (PA12)/clay nanocomposites fabricated by conventional extrusion and water-assisted extrusion processes[END_REF]. Beside the improvement of the exfoliation, it has been shown that the presence of water prevents the degradation of PA6 by a cryoscopic effect (decrease of the melting temperature, allowing to reduce the extrusion temperature) (Touchaleaume et al., 2011b). In some cases, water is replaced by steam injection, but the interest of this last method is not clearly established [START_REF] Dini | Effect of water-assisted extrusion and solid-state polymerization on the microstructure of PET/clay nanocomposites[END_REF].

Use of Supercritical Gases

Some attempts have been made to use supercritical carbon dioxide (scCO2) to improve the dispersion of OMMT in a polyolefin matrix. The idea, which appeared at the beginning of this century [START_REF] Tomasko | Supercritical fluid applications in polymer nanocomposites[END_REF], is to use the unique properties of scCO2 (gas-like diffusivity and viscosity, and liquid-like density) to facilitate first intercalation, then exfoliation of the clay platelets. To our knowledge, [START_REF] Zerda | Highly concentrated, intercalated silicate nanocomposites: synthesis and characterization[END_REF] were the first to apply this technique for nanocomposites, using a batch process with a pressurized vessel. First applications in extrusion are reported by the team of Baird [START_REF] Nguyen | An improved technique for exfoliating and dispersing nanoclay particles into polymer matrices using supercritical carbon dioxide[END_REF]Chen and Baird, 2012;Chen et al., 2012), but in the case of a two-stage single screw extruder. [START_REF] Zhao | Dynamic rheology and microstructure of polypropylene/clay nanocomposites prepared under Sc-CO2 by melt compounding[END_REF] developed this technique for PP-based nanocomposites prepared in twin-screw extrusion, as shown in Figure 20. scCO2 was injected in a pressurized section of the extruder, after the melting of the matrix, and removed through a vent port before the screw end. [START_REF] Hwang | Development of polypropylene-clay nanocomposite with supercritical CO2 assisted twin screw extrusion[END_REF] and [START_REF] Lee | Rheology of PP/clay hybrid produced by supercritical CO2 assisted extrusion[END_REF] developed a two-step process, where the scCO2 was injected in a first pass and removed in a second one. In all cases, the authors reported mainly an improved intercalation, and, sometimes, a better exfoliation. Similar results were obtained with other matrices, including bio-based polymers (Jiang et al., 2011;[START_REF] Su | Microstructure and mechanical properties of polypropylene /poly(ethylene-co-octene copolymer)/clay ternary nanocomposites prepared by melt blending using supercritical carbon dioxide as a processing aid[END_REF][START_REF] Jang | Effect of supercritical carbon dioxide as an exfoliation aid on bio-based polyethylene terephthalate glycol-modified/clay nanocomposites[END_REF].

Use of Ultrasounds

The use of ultrasounds (US) in nanocomposites preparation was initiated by [START_REF] Lee | Exfoliation and dispersion enhancement in polypropylene nanocomposites by in-situ melt phase ultrasonication[END_REF], who treated extruded pellets on a stationary cup. It was shown that ultrasounds treatment during 10 to 20 min could help filler dispersion, but at the detriment of a substantial degradation of the matrix. This technique was applied to an internal mixer [START_REF] Ryu | Characteristics of polystyrene/polyethylene/clay nanocomposites prepared by ultrasound-assisted mixing process[END_REF], then to the extrusion process, both in single screw [START_REF] Swain | Effect of ultrasound on HDPE/clay nanocomposites: rheology, structure and properties[END_REF][START_REF] Lapshin | Ultrasound-aided extrusion process for preparation of polypropylene-clay nanocomposites[END_REF][START_REF] Lapshin | Ultrasound aided extrusion process for preparation of polyolefin-clay nanocomposites[END_REF] and twin-screw extruders [START_REF] Kim | Ultrasonic effects on PP/clay nanocomposites during continuous melt compounding process[END_REF]Li et al., 2007b;[START_REF] Martinez-Colunga | Simultaneous polypropylene functionalization and nanoclay dispersion in PP/clay nanocomposites using ultrasound[END_REF], 2018). The location (at the die or along the barrel) and the characteristics of the US generator (power and frequency) vary from one case to the other. An example is shown in Figure 21 and we refer the reader to the review of Avila-Orta et al. ( 2019) for more information. Usually, an improvement of clay dispersion is obtained with US treatment, i.e. an augmented intercalation and a better exfoliation.

However, feed rates and screw speeds are generally low because a long residence time is needed.

Other Modifications

Beside the previous techniques, some original processes can be found in the literature for preparing nanocomposites using twin-screw extruders. For example, [START_REF] Utracki | Melt compounding of polymeric nanocomposites[END_REF] and [START_REF] Tokihisa | Extensional flow mixer for polymer nanocomposites[END_REF] proposed to add an extensional flow mixer (EFM) at the end of the twin-screw extruder, with or without a gear pump. The EFM, shown in Figure 22, obliges the material to flow in successive sections where it receives elongation (converging part), high shear (gap) and randomization (diverging part). It was used for preparing PA6-and PP-based nanocomposites, but the state of dispersion was only characterized through XRD and TEM observations, and the results are not always convincing. The main advantage seems that an EFM fitted to a single screw extruder provides similar dispersion than a twin-screw extruder. The use of a gear pump at the extruder end is also recommended by [START_REF] Kracalik | Advanced compounding: Extrusion of polypropylene nanocomposites using the melt pump[END_REF] to increase the residence time, but the results in terms of dispersion are not convincing.

Another original technique has been proposed by the team of Lee in Korea (Kim et al., 2006a, b;[START_REF] Park | Time-electric field superposition in electrically activated polypropylene/layered silicate nanocomposites[END_REF]. It consists in using an electric melt pipe at the end of the extruder, able to create an electric field superimposed to the flow field (Figure 23). According to the authors, an AC field will help to exfoliate whereas a DC field will align the platelets. However, once again, a full characterization of the clay dispersion is missing and the efficiency of the process difficult to evaluate.

Conclusions

The influence of the processing conditions on the preparation of polymer/organoclay nanocomposites by direct melt intercalation has been reviewed in this paper. First of all, independently of the processing conditions, thermodynamics requirements must be fulfilled to obtain the desired intercalated and/or exfoliated morphology. For non-polar polymers like polyolefins, the use of a compatibilizer is absolutely necessary. But the choice of the modified organoclay (type of organic cation, number and length of alkyl tails...) is also of primary importance.

Once the formulation has been selected, it remains possible, by optimizing the processing conditions, to improve the dispersion of the organoclay and to develop different levels of exfoliation.

In extrusion conditions, intercalation appears as a rapid mechanism, generally observed as soon as the matrix is melted. The level of intercalation is quite independent of the processing conditions and, except in the case of severe conditions (high speeds, high temperatures, long times) remains identical all along the process. In contrast, exfoliation may be partially controlled by processing conditions.

Generally speaking, an increase in rotation speed and in residence time tends to improve the dispersion at different scales, i.e. to reduce the number and size of large agglomerates (quantified by the area ratio) and to increase the exfoliation of single platelets (quantified by the melt yield stress).

For a fixed screw profile, the area ratio and the melt yield stress are controlled by the specific mechanical energy. However, there are some limitations and this is no more true when different screw profiles are compared: indeed, the most severe profile or the most severe conditions are not necessarily the most efficient, indicating that other parameters, and particularly the temperature, have to be taken into account in the dispersion mechanism.

Finally, if classical twin screw extrusion remains the most used process for nanocomposite preparation by melt mixing, other techniques have appeared, among which water-assisted extrusion seems to be the most promising. 
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