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Attempts to optimize the dispersion state during twin-screw extrusion of polypropylene/clay nanocomposites
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Polypropylene/organoclay nanocomposites were prepared by melt-mixing in a twin-screw extruder. Polypropylene grafted with maleic anhydride was used as compatibilizer. The evolution of the microstructure along the screw profile was characterized through dead-stop experiments. In order to quantify the multi-scale dispersion state of the nanocomposites, different techniques have been used: scanning electronic microscopy (SEM) to observe the large remaining aggregates, X-Ray diffraction measurements to characterize the intercalation state by measuring the interlamellar distance, and finally rheological characterizations in the molten state to assess the dispersion state at nanoscale. The effects of low barrel temperatures and high matrix viscosity were tested, in order to improve exfoliation by an increase in shear stresses.

Introduction

The preparation of organoclay based nanocomposites has been the concern of many researches over the past twenty years. Several methods have been studied, including in situ polymerization [START_REF] Ma | Synthesis and characterization of polypropylene/clay nanocomposites[END_REF] or the use of solvents [START_REF] Ogata | Poly (vinyl alcohol)-clay and poly (ethylene oxide)-clay blends prepared using water as solvent[END_REF], but the melt blending, and especially by twin-screw extrusion, has proven to be the most efficient and interesting solution [START_REF] Vergnes | Impact of processing conditions on the morphology, structure and properties of polymer-organoclay nanocomposites[END_REF].

Regarding the clay-polypropylene nanocomposites, one of the main issue is the chemical affinity between the matrix and the filler, since the hydrophilic clay does not disperse well in a hydrophobic matrix, resulting in poor dispersion states. Therefore, the introduction of a compatibilizer, generally polypropylene grafted with maleic anhydride (PP-g-MA), enhances widely the chemical compatibility between the clay and the matrix, resulting in nanocomposites with improved dispersion states with the presence of individual clay sheets [START_REF] Kawasumi | Preparation and mechanical properties of polypropylene-clay hybrids[END_REF][START_REF] Lertwimolnun | Influence of compatibilizer and processing conditions on the dispersion of nanoclay in a polypropylene matrix[END_REF]. Moreover, pristine clays can be chemically modified by cation exchange, leading to organoclays, which are much easier to disperse in a non-polar matrix.

Another issue encountered during the preparation of clay-based nanocomposites is the degradation of the components, and especially the organic modifier present between the clay lamellae [START_REF] Vanderhart | NMR measurements related to clay-dispersion quality and organic-modifier stability in Nylon-6/Clay nanocomposites[END_REF][START_REF] Xie | Thermal degradation chemistry of alkyl quaternary ammonium montmorillonite[END_REF][START_REF] Médéric | Influence of melt-blending conditions on structural, rheological, and interfacial properties of polyamide-12 layered silicate nanocomposites[END_REF]. This surfactant is generally sensitive to temperature, and viscous dissipation can be important during twinscrew extrusion, causing significant temperature increase. The compatibilizer can also be degraded, impacting the compatibility between the clay and the matrix. Finally, the thermomechanical degradation of the polymer matrix can provoke a decrease in viscosity which can then impact the shear stresses necessary for clay dispersion during melt-mixing [START_REF] Barbas | Processing conditions effect on dispersion evolution in a twin-screw extruder: polypropylene-clay nanocomposites[END_REF][START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF].

The evolution of the dispersion state along the screw profile has been characterized by a few authors. Lertwimolnun andVergnes (2006, 2007), [START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF], [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF] have performed dead-stop experiments in order to better understand the phenomena involved during twin-screw extrusion. Barbas et al. (2013a,b) published similar observations based on direct sampling and in-situ measurements. These experiments have shown that intercalation of the clay is reached early along the screw profile and does not change significantly afterwards. The exfoliation of the clay is more complex as, depending on processing conditions, it can increase linearly along the screw profile before reaching a plateau [START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF], or being reached early and then decrease until the die exit (Barbas et al., 2013a). In that case, the authors evoke a degradation of the clay surfactant.

Regarding the improvement of the dispersion state, we have shown recently [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF] that high screw speeds were inefficient, because of the degradation of the matrix.

Another approach can consist in lowering the barrel temperature. This could prevent the degradation of the products and at the same time increase the shear stresses during extrusion, possibly resulting in better dispersion states. Several authors have reported good results with lower barrel temperatures [START_REF] Modesti | Effect of processing conditions on morphology and mechanical properties of compatibilized polypropylene nanocomposites[END_REF][START_REF] Shah | Organoclay degradation in melt processed polyethylene nanocomposites[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF], but rarely with a barrel temperature below the matrix melt temperature.

Another solution for improving the dispersion state could be to use a more viscous matrix, the purpose being again to improve the shear stresses during melt blending, necessary to separate individual clay layers. This solution has been tested by several authors [START_REF] Fornes | Nylon 6 nanocomposites : the effect of matrix molecular weight[END_REF][START_REF] Kim | Effect of interlayer structure, matrix viscosity and composition of a functionalized polymer on the phase structure of polypropylenemontmorillonite nanocomposites[END_REF][START_REF] Xu | Tailored nanocomposites of polypropylene with layered silicates[END_REF], generally resulting in improved properties. However, [START_REF] Gianelli | Effect of matrix features on polypropylene layered silicate nanocomposites[END_REF] reported better dispersion states with a lower viscosity matrix, stating that intercalation of the clay sheets by the surfactant is a thermally driven phenomenon and that increasing mechanical shear stresses does not impact this process.

In the present paper, we tested two methods to improve the dispersion state, such as low barrel temperature and high matrix viscosity. In each case, we characterized the evolution of the microstructure along the screw axis and tested also the influence of screw speed on the dispersion state of PP/clay nanocomposites.

Materials and methods

Materials

The polypropylene (PP) was supplied by LyondellBasell (Houston, Texas, USA) under the reference Moplen HP400R. It is an homopolymer isotactic PP, with a density of 0.905 g/cm 3 , a melting temperature of 165°C and a melt flow index (MFI) of 25 g/10 min (2.16 kg, 230°C).

A second PP was used, also supplied by LyondellBasell, under the reference Moplen HP400H. Its properties are similar to those of the first one, except that its MFI has a value of 2 g/10 min (2.16 kg, 230°C), i.e. ten times lower than the first PP. During this study, it will be called high viscosity polypropylene (HVPP) as opposed to the Moplen HP400R which will be named low viscosity polypropylene (LVPP). The PP-g-MA used as compatibilizer was supplied by Eastman Chemicals (Kingsport, Tennessee, USA) under the name Epolene G-3015. It contains 3.1 wt% of MA and has a MFI of 40g/10 min (2.16 kg, 230°C). It is thus less viscous than the Moplen HP400R. The corresponding matrix (HP400R + PP-g-MA) has a Newtonian viscosity of 780 Pa.s at 180°C, for more than 10 000 Pa.s for the second matrix (HP400H + PP-g-MA). Finally, the organomodified montmorillonite (OMMT) Cloisite 20, supplied by BYK additives (Wesel, Germany, formerly Southern Clay Products), was chosen as lamellar clay. It was modified with quaternary ammonium (dimethyl di(hydrogenated tallowalkyl ammonium). It has a cation exchange capacity (CEC) of 95 meq/100g and an interlamellar distance of 3.28 nm.

Twin-screw extrusion

All the nanocomposites were prepared with the same formulation: 85/10/5 in weight for PP/PP-g-MA/OMMT. The samples were compounded using a laboratory scale twin-screw extruder ThermoFisher Rheomex PTW24 (Waltham, Massachusetts, USA), with a diameter of 24 mm and a L/D ratio of 40. The screw profile is described in Figure 1. It consists in a first combination of left-handed and kneading elements for matrix melting, followed by a series of five mixing zones with various configurations. Before extrusion, the PP-g-MA pellets and the OMMT were dried in an oven under vacuum for 15 hours at 80°C. The matrix pellets (pre-blend of PP and PP-g-MA) were introduced in the hopper through a gravimetric feeder (Brabender DDW-MD3-DDSR20-10, Duisburg, Germany) with a feed rate of 2.47 kg/h. After the melting zone, the OMMT was introduced via a second feeder (Brabender DDW-MD1-MT-1), at a feed rate set at 0.13 kg/h. The clay and polymers were then mixed and conveyed along the screws. Dead-stop experiments were performed to study the evolution of the microstructure along the screws: once the extrusion was stabilized, the feeders and the extruder were both stopped at the same time; then the barrel was opened, and the samples were collected in the molten state at the locations defined on Figure 1, referenced as A to E. Zone A refers to the first mixing section encountered by the nanocomposite and zone E to the last one.

The specific mechanical energy (SME) supplied by the extruder can be obtained from the torque measurement. However, it is only possible to measure the global value of SME, for the whole process. Therefore, in order to correctly estimate the SME supplied to the nanocomposite after the clay introduction, we must use a theoretical approach. In this work, we used the Ludovic © software that simulates the twin-screw extrusion process [START_REF] Vergnes | A global computer software for polymer flows in corotating twin screw extruders[END_REF]. It is a 1D modelling software, which makes it possible to calculate the main flow parameters (temperature, pressure, shear rate, viscosity, residence time, specific energy, filling ratio, etc.) along the screws. Computation of the various parameters is done separately for each type of screw element (partially or totally filled right-handed screw elements, lefthanded screw elements and blocks of staggered kneading disks) and for the die components.

The data for the simulation can be split into three main parts: first, a description of the extrusion configuration, such as screw and barrel profiles and die geometry; second, the rheological and thermal properties of the polymer; third, the processing conditions (feed rate, screw speed, barrel temperatures, heat transfer coefficients). This software has already been largely used in previous studies for understanding the compounding of nanocomposites. (Lertwimolnun andVergnes, 2006, 2007;[START_REF] Bahloul | Reactive extrusion processing of polypropylene/TiO2 nanocomposites by in situ synthesis of the nanofillers: Experiments and modeling[END_REF][START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF][START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF].

Characterization

In the nanocomposites, clay can be present in form of aggregates, of a size of several micrometers, but also of tactoids and individual layers, with a size closer to the nanometer. In order to characterize this multi-scale dispersion state, several complementary techniques are necessary.

Before any characterization, samples were disk-shaped with a Carver M 3853-0 hydraulic press (Wabash, Indiana, USA) at a temperature of 200°C, during 8 minutes under a pressure of 20 MPa. The disks have a diameter of 25 mm and a thickness of 1.5 mm.

Scanning electron microscopy (SEM) observations were performed to characterize the largest clay aggregates that have not been dispersed more finely. The microscope was a Philips XL30 ESEM (Amsterdam, The Netherlands). For each sample, a total area of 25 mm 2 was observed, under an acceleration voltage of 15 kV. The software Visilog 6 (FEI, Hillsboro, Oregon, USA) enabled us to calculate the clay area ratio (in %), defined by:
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where Aclay is the area of the clay agglomerates and Atotal the total area analyzed.

This parameter was already used in the literature to assess the quality of the dispersion at the microscale [START_REF] Villmow | Influence of screw configuration, residence time, and specific mechanical energy in twin-screw extrusion of polycaprolactone/multiwalled carbon nanotube composites[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] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF]. In our case, aggregates with an equivalent diameter less than 5 μm were not considered due to the microscope resolution.

The intercalated state was studied through X-ray diffraction measurements (XRD). The device used was a X'Pert Pro MRD (PAN'alytical, Lelyweg, The Neterlands) (Cu Kα radiation; λ = 1.540456 Å). The Bragg's law was used to calculate the interlamellar distance from the angular position of the diffraction peak. A 2θ range between 1.5° and 10° was analyzed for each sample.

Dynamic rheology was used to assess the dispersion state at nanoscale. Small amplitude oscillatory shear measurements were performed in the linear regime (strain = 1%) under nitrogen atmosphere at a temperature of 180°C with a parallel plate rheometer (Anton Paar MCR-302, Graz, Austria). Frequency sweep measurements (0.01-100 rad/s) allow to identify an eventual storage modulus plateau at low frequency, characteristic of the presence of a network formed by the clay nanoparticles [START_REF] Cassagnau | Melt rheology of organoclay and fumed silica nanocomposites[END_REF]. The presence of this network also appears on the complex viscosity curves, with a large increase of the viscosity at low frequency. This behavior can be characterized by the Carreau-Yasuda model with a yield stress (Eq. ( 2)) [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]):
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where σ0 is the melt yield stress, η0 the Newtonian viscosity, λ a characteristic relaxation time, a the Yasuda parameter, and n the shear-thinning index. Classically, we consider that the melt yield stress 𝜎 0 is directly correlated with the exfoliation level of the clay particles [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF][START_REF] Domenech | Formation of fractal-like structure in organoclay based polypropylene nanocomposites[END_REF]Barbas et al., 2013a).

Results and discussion

We start with the results concerning the experiments with the less viscous PP, with a classical barrel temperature, i.e. 180°C. Considering the previous results on the effect of high screw speeds [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF], we restricted the extrusion conditions to the screw speeds of 100 and 300 rpm, at a constant total feed rate of 2.6 kg/h.

Evolution of the dispersion state along the screws

The samples were first observed by SEM. Figure 2 presents the images obtained for the nanocomposite extruded at 300 rpm. For zones A, B and C, we observe that some large agglomerates are still present. In zone D, their number is reduced and their size is less important. Qualitatively, we do not observe significant differences in the microstructure between zones D and E. It appears that the major reduction in agglomerates size and number happens early on the screw profile, in the first kneading zones.

A quantitative analysis of these images is presented in Figure 3, which shows the evolution of the area ratio along the screws for two screw speeds. For N = 100 rpm, the area ratio is relatively high in zone A (1.8%), then it drops sharply in zone B (0.8%). From zone D to E, the area ratio remains around 0.45%. The shape of the curves is similar at 300 rpm, with a significant drop between zone A and zone B and a final dispersion state reached early in area C or D. This indicates that, at this scale, large agglomerates are broken very quickly along the screw profile, in the first mixing zones. Zones B and C continue to erode the remaining agglomerates, but they become too small to be further dispersed by the last mixing areas.

The basal distance was calculated from the X-ray diffractograms using Bragg's law. For each screw speed, we did not notice any particular evolution of basal distance along the screw profile. For all mixing zones, the interlamellar distances were comprised between 3.4 and 4 nm, and therefore superior to that of pristine OMMT, which was 3.28 nm. Regardless of screw speed, the intercalation is thus already achieved in the first mixing zone and does not change afterwards. These results are in agreement with those of [START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF], but different from the ones obtained by [START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF], who observed a decrease in the basal distance from the first kneading zone to the die exit, assigning it to a degradation of the organic modifier. Barbas et al. (2013a) also observed a decrease of interlayer distance between the first mixing zones and the die exit. The authors explained that the surfactant degradation occurred even at low speed in the first kneading zones, thus creating a collapse in interlayer galleries.

The melt yield stress was obtained from the complex viscosity curves by applying the Carreau-Yasuda model (Eq. ( 2)). The evolution of this parameter along the screw profile is shown in Figure 4. For N = 100 rpm, we observe a regular evolution of the yield stress from zone A to zone D, which increases from 40 Pa to 200 Pa. For N = 300 rpm, the evolution of the yield stress between zones A and D is significantly greater, the yield stress evolving from 80 Pa to 500 Pa. Then, there is a plateau of the yield stress up to zone E. Unlike intercalation, the clay exfoliation is thus a mechanism that evolves gradually along the screw profile, before reaching a plateau. This trend has already been observed by [START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF]. [START_REF] Lertwimolnun | Influence of screw profile and extrusion conditions on the microstructure of polypropylene/organoclay nanocomposites[END_REF] showed that this evolution is also depending a lot on the feed rate and on the severity of the screw profile.

In order to analyze the different clay dispersion mechanisms involved along the screw profile, we plotted the evolution of the melt yield stress as function of the area ratio (Figure 5), as suggested by [START_REF] Domenech | The importance of specific mechanical energy during twin screw extrusion of organoclay based polypropylene nanocomposites[END_REF]. This helps to better understand the relationship between these two parameters and assess the prevalence of each one, depending on the sample position along the screw profile. ). The second one is an erosion mechanism, similar to "onion peeling", described by [START_REF] Shiga | Processability of EPR in an internal mixer. II. Morphological changes of carbon black agglomerates during mixing[END_REF] as the detachment of small particles from the surface of large aggregates. We assume that these mechanisms also take place in the case of lamellar clays. Figure 5 shows that the dispersion of clay particles is indeed separated into two phases. At the beginning of the screw profile (zones A to B), a decrease of the area ratio, while the yield stress does not evolve significantly, reflects the breakage of large agglomerates. Then, an increase of the yield stress appears, while the area ratio no longer evolves, corresponding to an improvement of the level of exfoliation. This trend corresponds to sections B to E, which rather contribute to erosion and delamination of tactoid sheets. A partially exfoliated structure is thus reached at the extruder outlet.

Effect of a low barrel temperature

We have seen previously that the dispersion of the clay could be limited by the high temperatures reached within the extruder at high screw speeds [START_REF] Normand | Matrix degradation during high speed extrusion of polypropylene/clay nanocomposites -Influence on filler dispersion[END_REF]. These high temperatures impact the matrix by decreasing sharply the viscosity and limiting shear stresses during extrusion. We also noticed that high screw speeds (above 600 rpm) did not help to improve the dispersion state, whatever the considered scale. Therefore, we propose to work at a barrel temperature lower than the melting temperature of the matrix (Tbarrel = 150°C) and at low screw speed (300 rpm). We hope to provide higher levels of stress during melt-mixing and thus to improve the state of dispersion, while limiting the degradation of the matrix. The samples prepared at 150°C will be referred to as low temperature nanocomposites, as opposed to the high temperature nanocomposites prepared at 180°C.

First of all, it must be indicated that it is not so easy to work with a barrel temperature lower than the melting temperature of the matrix. Indeed, it is not possible to start the extrusion process in these conditions. Therefore, we have to start with a barrel temperature higher than the targeted one and, once steady state conditions have been reached, we can progressively reduce the barrel temperature. Experiments are thus long and, in some cases, particularly at low screw speed, can be unstable. Indeed, when the barrel temperature is lower than the melting temperature and when the viscous heating is too low to compensate the heat transfer towards the barrel, the flowing polymer can start to solidify, inducing a global instability of the extrusion conditions, leading sometimes to the blocking of the extruder. In the following, we focus on the results obtained at 300 rpm and 2.6 kg/h.

If we compare the experimental processing conditions at 150°C and 180°C, we obtain at low barrel temperature a lower temperature at the die exit (175 °C compared to 200°C) and a slightly higher SME (470 kWh/t compared to 400 kWh/t). These conditions seem thus favorable to a better dispersion.

Figure 6a shows the evolution of the area ratio of the nanocomposites collected along the screw profile for both regulation temperatures, 150°C and 180°C. It is observed that the barrel temperature (in this temperature range) does not have a significant impact on the area ratio.

Indeed, the values are similar or very close, especially in the final part of the extruder. After the clay introduction, the dispersion is worse at the lower temperature, probably because the incorporation of the clay into the matrix is more difficult, due to the higher viscosity of the latter. Thus, at a micrometric scale, a too low barrel temperature does not have the desired effect and the higher stresses induced by the lower melt temperature do not improve the dispersion at this scale.

The evolution of the melt yield stress along the screw profile for the two series of samples is

shown in Figure 6b. The low temperature has a notable impact on the yield stress, especially in the first mixing zones. From zone C and onward, there remains a positive influence of low barrel temperature on exfoliation, although less important: we observe a difference of 100 Pa for the melt yield stress at the end of the extruder (600 Pa at Tbarrel = 150°C against 500 Pa at Tbarrel = 180°C). Contrarily to the micrometric scale, a decrease of the barrel temperature seems thus to be an interesting way to improve the dispersion at nanoscale and to limit viscous dissipation.

Effect of a high viscosity matrix

Reducing the barrel temperature may help the dispersion of clay, if the speed and hence the temperature are not too high. We propose as an alternative to use a more viscous PP, in order to increase the stresses in the extruder during melt mixing. Once again, we focus on the results of the samples prepared at 300 rpm and 2.6 kg/h, with a barrel temperature of 180 °C.

Concerning the extrusion parameters for the two matrices, we measured with the viscous PP a higher temperature at the die exit (211 °C compared to 200 °C) and a much higher SME (610 kWh/t compared to 400 kWh/t). If a larger SME would be favorable to a better dispersion, this could be compensated by the increase in temperature.

Figure 7a shows the influence of matrix viscosity on the evolution of the area ratio along the extruder. The behavior is similar for both nanocomposites, but the more viscous material is systematically below the less viscous one. Even though weak, the effect is clear and we can consider that a more viscous matrix favors the dispersion of the largest agglomerates.

The evolution of the yield stress as a function of position is shown in Figure 7b. The yield stress of the more viscous nanocomposite is much greater than that of the less viscous one, especially for zone A (250 Pa against 80 Pa). Then, as the material progresses along the extruder, the difference between the yield stresses of the two nanocomposites reduces. The higher shear stresses resulting from the viscosity of the matrix during extrusion thus allowed to slightly improve the exfoliation of the clay in these conditions (N = 300 rpm). [START_REF] Fornes | Nylon 6 nanocomposites : the effect of matrix molecular weight[END_REF] observed, for a screw speed of 280 rpm, that a more viscous matrix allowed a better exfoliation in the preparation of PA/clay nanocomposites. They attributed the improved exfoliation to greater shear stresses. This trend was also observed by [START_REF] Xu | Tailored nanocomposites of polypropylene with layered silicates[END_REF] on PP/clay nanocomposites using TEM observations.

Interpretation

We have analyzed the influence of screw speed on the evolution of the dispersion state along the screw profile. We have also studied that of the barrel temperature and of the viscosity of the matrix on the dispersion of the clay. In this section, we want to verify if we can describe these different effects under a single processing parameter such as the specific mechanical energy, as it has often been suggested in the literature [START_REF] Médéric | Structural and rheological properties as a function of mixing energy for polymer/layered silicate nanocomposites[END_REF][START_REF] Domenech | Influence of twin-screw processing conditions on structure and properties of polypropylene-organoclay nanocomposites[END_REF]Barbas et al., 2013a).

The area ratio is plotted as a function of the calculated SME in Figure 8. The evolution of the area ratio versus the SME appears to be consistent for all the samples, regardless of the screw speed and the processing conditions. Despite some dispersion between the different points, we can establish a relationship between area ratio and SME, in the form of a decreasing exponential law:

Ar = (A0 -A∞) exp(-k SME)+ A∞ (3)
where A0 is the initial area ratio, A∞ is the limit value of the area ratio at high levels of energy, k is a constant and SME is the specific mechanical energy.

The best fit was obtained for A0 = 6 %, A∞ = 0.08 %, and k = 0.013 for a SME expressed in kWh/t. The evolution of the area ratio is correctly described by this law, with a satisfactory correlation factor (R 2 = 0.9).

The evolution of the melt yield stress appears to be more complex (Figure 9). The average values of the product temperature along the screw profile, calculated by Ludovic © software, have been displayed on the graph for each processing condition. A linear evolution is observed for the energy range comprised between 0 and 350 kWh/t if the product temperature remains below 200-210°C. In this range, the yield stress reaches a maximum value of 550 Pa.

Then a rupture of this linear portion is observed above 400 kWh/t, with a slower evolution and/or stabilization of the yield stress. A deviation of the linear portion appears when the product temperature reaches higher values. Indeed, we see on the graph that all the points that depart from the initial linear trend between melt yield stress and SME show temperatures around 230°C and above. [START_REF] Shah | Organoclay degradation in melt processed polyethylene nanocomposites[END_REF] extruded PE/clay nanocomposites at temperatures ranging from 150°C to 240°C. They observed a gradual decrease in the interlamellar distance when the barrel temperature increased and confirmed a significant loss of the surfactant at higher temperatures. This was also reported by other authors (Yoon et al., 2003;Scaffaro et al., 2003;La Mantia et al., 2003). Degradation of the matrix can also be a plausible explanation for these results [START_REF] Touati | The effects of reprocessing cycles on the structure and properties of isotactic polypropylene/cloisite 15A nanocomposites[END_REF], considering the temperatures around 245°C for the highest levels of energy (above 600 kWh/t). This degradation could lead to a decrease in shear stresses during extrusion and prevent the matrix to adequately separate the clay sheets. The lower exfoliation can also be derived from the degradation of the PP-g-MA. Degradation of the compatibilizer can interfere with the interaction between polypropylene and clay and can then limit the dispersion. This would require larger energy levels to achieve the same level of exfoliation, which would explain the deviations observed in Figure 9. We can finally suggest a possible degradation of the clay sheets to explain this complex evolution of the yield stress. The high levels of energy could cause the breakage of the clay platelets, which would then limit the interactions between them, resulting in a smaller value of melt yield stress, at an equivalent degree of exfoliation. We can thus conclude that the SME is a good parameter to describe the dispersion of the clay, including breakage of the agglomerates at microscale, intercalation of the clay tactoids and exfoliation, but that it is not sufficient in itself. The temperature also seems to be a key parameter that must be controlled at any time during the process.

Conclusion

We have investigated in this paper the relationships between the twin-screw extrusion process and the dispersion state of the nanocomposites. The study of the evolution of the dispersion state along the screw profile confirmed that a sharp decrease in the size of the micrometric aggregates is observed in the first kneading zones, but is less marked on the end of the screw profile. The intercalation takes place very quickly along the screw profile and does not change significantly thereafter. Finally, the clay exfoliation seems to evolve gradually before stabilizing at the end of the screws.

The use of a quite low barrel temperature (below the melting temperature of the matrix) to increase the stress had various effects on the dispersion state. There was a limited effect on the microstructure, but an improvement in the state of exfoliation.

The use of a viscous matrix in order to bring more stress to the dispersion did not show a very spectacular effect. A slight improvement of the dispersion state at micrometric scale was observed, while a larger one was noted on the exfoliation.

SME appears to be a very useful parameter to describe the evolution of the microstructure of samples prepared by twin-screw extrusion, in various conditions and with various products.

However, this parameter is not sufficient to fully describe the exfoliation of the clay. Other parameters have to be taken into account, in particular the material temperature.

Yoon, P.J., Hunter, D.L., and Paul, D.R., "Polycarbonate nanocomposites: Part2. Degradation and color formation", Polymer, 44, 5341-5354 (2003). 
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-The subject is not original as described by the authors and through for example the works published by Barbas et al. However, the authors in this study focused on two mains parameters to improve the cloisite 20 dispersion in a polypropylene matrice such as the extruder barrel temperature and the matrice viscosity.

Response to Reviewer Comments -The discussion is clear and the results well detailed. Nevertheless, the authors should add the following complementary informations:

-Viscosity and amount of the MA used on the grafted PP-g-MA and if possible the viscosity of the pure blend without the OMMT.

This information has been added to the text.

-Some TEM analysis could be added to confirm that the intercalation is achieved as soon as the first mixing zone.

We think it is not necessary. TEM is a very local analysis and results are often questionable. XRD is a more accurate technique to measure intercalation.

-That is the effect of these both parameters changes on the thermal stability of the nanocomposites;

We do not understand clearly this question. We did not study the effect of the type of PP-g-MA on the results, but we may imagine that its thermal stability plays also a role.

-The authors wrote page 11 that the decrease of the barrel temperature can lead to unstability?? What is this unstability? Flowing?

When the barrel temperature is lower than the melting temperature and when the viscous heating is too low to compensate the heat transfer towards the barrel, the flowing polymer can start to solidify, inducing a global instability of the extrusion conditions, leading sometimes to the blocking of the extruder.

This sentence was added to the text.

Taking into account these comments, this manuscript is suitable for publication 
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  Two filler dispersion mechanisms are generally proposed in the literature. A first mechanism concerns the breakage of the largest agglomerates (mechanism described and modeled by Manas-Zloczower et al. in 1982 but first observed directly in-situ during shear by Collin et al. in 2005
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