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Volume instabilities in capillary flow of pure SBR and SBR compounds

The flow instabilities of pure styrene-butadiene-rubber (SBR) and SBR compounds filled with silica were characterized in capillary rheometry. Above a critical shear stress, volume defects develop leading to products of unacceptable quality. Unlike other polymers (polystyrene, low density polyethylene), the onset of these defects is concomitant with a transition from no slip (or weak slip) to strong slip conditions. Volume instabilities are affected by the silica content and the type of additives (coating or coupling agents) present in the compounds. A method based on image analysis is proposed to quantify volume defects, which can help to compare the different compounds in terms of extrusion quality.

I. INTRODUCTION

In the tire industry, the production rate of treads in extrusion process is often limited by the onset of volume instabilities, which are known in the literature as the general term of "gross melt fracture". If the extrusion defects are now well known and correctly understood for the molten polymers [START_REF] Hatzikiriakos | Polymer Processing Instabilities[END_REF][START_REF] Vergnes | Extrusion defects and flow instabilities of molten polymers[END_REF][START_REF] Koopmans | Polymer Melt Fracture[END_REF], this is not the case for elastomer compounds, for which the publications are more rare. There is much literature on the rheological behavior of pure elastomers including in-depth studies on flow instabilities. The main part concerns Polybutadiene (PB) [START_REF] Vinogradov | Viscoelastic properties and flow of narrow distribution polybutadienes and polyisoprenes[END_REF][START_REF] Yang | Fast flow behavior of highly entangled monodisperse polymers. 1 Interfacial stick-slip transition of polybutadiene melts[END_REF][START_REF] Yang | Fast flow behavior of highly entangled monodisperse polymers. 2. Barrel correction, hysteresis and self-oscillation in capillary flow of PB melts[END_REF][START_REF] Zhu | Wall slip and extrudate instability of 4-arms star polybutadienes in capillary flow[END_REF][START_REF] Wise | Surface mobility and slip of polybutadiene melts in shear flow[END_REF][START_REF] Piau | Slip flow of polybutadiene through fluorinated dies[END_REF][START_REF] Park | Wall slip and spurt flow of polybutadiene[END_REF][START_REF] Lim | Wall slip of narrow molecular weight distribution polybutadienes[END_REF][START_REF] Inn | Visual observations of development of sharkskin melt fracture in polybutadiene extrusion[END_REF][START_REF] Barone | Rheo-optical observations of sharkskin formation in slit die extrusion[END_REF], but papers on Styrene-Butadiene Rubber (SBR) can also be found [START_REF] Goutille | Molecular structure and gross melt fracture triggering[END_REF][START_REF] Zhu | Exploring shear yielding and strain localization at the die entry during extrusion of entangled melts[END_REF]. However, as soon as the compounds filled with carbon black or silica are concerned, studies are much more seldom. Of course, there are many papers on the global flow behavior of rubber compounds, particularly regarding wall slip conditions (see for example [START_REF] Crié | Rheological behavior of Styrene-Butadiene Rubber at low temperatures, pure and filled with carbon black[END_REF][START_REF] Malkin | Experimental estimation of wall slip for filled compounds[END_REF][START_REF] Mongruel | Nonlinear rheology of styrene-butadiene rubber filled with carbon-black or silica particles[END_REF]).

However, despite its industrial importance, the number of studies on the flow instabilities of highly filled rubber compounds remains very limited. Leblanc [START_REF] Leblanc | Factors affecting the extrudate swell and melt fracture phenomena of rubber compounds[END_REF] presented some generalities, but unfortunately without any further details. Hopper [START_REF] Hopper | Effect of oil and black on SBR rheological poperties[END_REF], Cotten [START_REF] Cotton | Influence of carbon black on processability of rubber stocks. V. Extrusion[END_REF], Liang [START_REF] Liang | Investigation on unsteady flow during capillary extrusion of rubber compounds[END_REF], Sombatsompop and Wood [START_REF] Sombatsompop | Flow analysis of natural rubber in a capillary rheometer. 2: Flow patterns and entrance velocity profile in the die[END_REF] cited the occurrence of volume defects for extruded compounds based on natural rubber (NR) or SBR, but without systematic investigation. To our knowledge, the only available papers on the instabilities of rubber compounds are from Vergnes et al. [START_REF] Vergnes | Wall slip and instabilities in the flow of EPDM compounds[END_REF] and Lim [START_REF] Lim | Capillary extrusion of composite materials[END_REF] on the EPDM-carbon black compounds and Gierlowski et al. [START_REF] Gierlowski | Flow instabilities of pure SBR and SBR compounds[END_REF] on the SBR-silica compounds. These studies have shown that the compounds behave globally as the pure rubber, but with higher stresses. They are affected by volume instabilities at low shear rates often associated with strong wall slip.

The present work focuses on the understanding of the development of volume instabilities that occur during capillary extrusion of SBR-based elastomer compounds, used in the production of low rolling resistance tread bands. Starting from the characterization of pure SBR, the behavior of various compounds, made of SBR, silica and additives was studied by capillary rheometry, focusing on the influence of the amount of silica and the type of additive (coupling and covering agents). A characterization of the volume instability is proposed in order to classify the different compounds in terms of flow properties.

II. EXPERIMENTAL A. Materials

A Styrene-Butadiene Rubber (SBR) and four SBR-based compounds were supplied by Michelin. The SBR is a pure elastomer, composed of 27% styrene, 17.5% 1,2-butadiene, 22% 1,4-cis-butadiene and 33,5% 1,4-trans-butadiene. Its main characteristics are shown in Table 1.

Table 1. Main characteristics of SBR Molecular weight 1 Mw (kg mol -1 ) 243

Polydispersity index 1.85 Density (g cm -3 ) 0.94

Glass transition temperature (°C) -48 1 determined by size-exclusion chromatography (SEC)

The SBR compounds are semi-industrial compounds formulated with different amounts of silica and two additives: diphenylguanidine (DPG) as vulcanization activator, and N-(1,3dimethylbutyl)-N'-phenyl-phenylenediamine (6PPD) as an antioxidant. The silica is a Zeosil MP1165, supplied by Solvay, with a specific surface area of 160 m 2 /g and a density of 2.06 g/cm 3 .

Two different silane additives were used to evaluate their effect on the rheological behavior. The first is a coupling agent called bis-(triethoxysilylpropyl) tetrasulfure, now simply referred to as "silane". The second is a coating agentcalled triethoxy(octyl)silane, called from now on "octeo". Both are provided by Sigma Aldrich. Their main characteristics are presented in Table 2. Two amounts of silica were selected: 20 and 50 phr. They correspond to conventional formulations in the tire industry. The amount of additives has also been chosen according to the conventional formulations for the tire treads. The nomenclature used for each compound was established as follows: percentage of silica (20 or 50 phr)type of additive used ("silane" or "octeo"). In the case of the elastomer/silica compounds, the "silane" makes possible to couple the silica with the elastomer chains, but it also contributes to the increase of the dispersion of silica aggregates. The "silane" has six ethyl functions (CH3CH2O-), potentially reactive with the silica surface, and a sulfur chain which can vary from 2 to 9 sulfur atoms (3.8 atoms on average). Above 140°C, the "silane" can be grafted by covalent bonds on the poybutadiene chains [START_REF] Yrieix | Ruber/silane reactions and grafting rates investigated by liquid-state NMR specrtoscopy[END_REF]. On the other hand, the grafting of the silica by "silane" reduces the interactions between the silica particles and promotes good dispersion and distribution of the fillers within the matrix. In contrast, "octeo" can interact with the silica, but not with the elastomer chains.

Therefore, it is a coating agent, used to ensure a very good dispersion of the fillers. The TEM/SAXS studies carried out by Bouty et al. [START_REF] Bouty | Nanofiller structure and reinforcement in model silica/rubber composites: A quantitative correlation driven by interfacial agents[END_REF] on a series of different silica/SBR compounds demonstrated the influence of the coating and coupling agents on the silica structure. They observed that coupling agents tend to create smaller and denser aggregates, when the covering agents form larger and branched chains. The inter-aggregate distances are also shorter in the presence of coupling agent than in the presence of coating agent. These differences suggest that covalent bonds between silica and elastomer in the presence of "silane" may limit the aggregation process while "octeo" creates more repulsive interactions allowing aggregates to have larger inter-aggregate distances.

B. Capillary Rheometer

All experiments were carried out at 100 °C, using a RheoArt ® capillary rheometer (ARTechnologies, Aydat, France). The RheoArt ® is a specific capillary rheometer, with a preshearing Couette chamber which allows easier and faster homogenization of the material before measurements. This type of rheometer has previously been used for the characterization of rubber compounds [START_REF] Crié | Rheological behavior of Styrene-Butadiene Rubber at low temperatures, pure and filled with carbon black[END_REF][START_REF] Vergnes | Wall slip and instabilities in the flow of EPDM compounds[END_REF][START_REF] Gierlowski | Flow instabilities of pure SBR and SBR compounds[END_REF]. The capillaries used had a diameter D of 2 mm and different lengths L, corresponding to L/D ratios of 0, 4, 8 and 16. They were made of tungsten carbide, with a half entry angle of 45°. For each compound, the apparent shear rate varied between 5 and 300 s -1 , covering the range experienced in extrusion. For each apparent shear rate, the pressure was measured in the reservoir before the capillary convergent and an extruded sample was carefully collected to take high-definition images immediately after extrusion.

III. CAPILLARY RHEOMETRY RESULTS

A. Apparent flow curves and extrudate morphologies

Pure SBR

The pure SBR was first analyzed in order to understand the basic flow behavior of the elastomer. Figure 1 shows the flow curves (pressure versus apparent shear rate) obtained using different L/D ratios. The extrudates morphologies for L/D = 4 are shown in Figure 2.

All flow curves are continuous, but present one or two changes of slope (represented by dotted lines on the graph), which may be related to specific changes in the aspect of the extrudates.

At low shear rates, pure SBR has a well-developed sharkskin defect (Fig. 2a), which is characteristic of linear polymers [START_REF] El Kissi | Adhesion of linear low density polyethylene for flow regimes with sharkskin[END_REF][START_REF] Venet | An experimental study of sharkskin in polyethylenes[END_REF]. This surface defect tends to disappear around the first slope change. In fact, a more or less helical volume instability is superimposed on the sharkskin (Figs. 2b, 2c and 2d), and progressively invades the whole volume of the extrudate.

This type of defect has already been described in the literature [START_REF] Gierlowski | Flow instabilities of pure SBR and SBR compounds[END_REF][START_REF] Doerpinghaus | Comparison of the melt fracture behavior of metallocene and conventional polyethylenes[END_REF]. It appears here above a critical shear rate (about 15-20 s -1 ), which seems to be little dependent on the capillary length. The onset of this volume defect determines the beginning of a transition zone characterized by a slope which is all the smaller as the capillary is long. For L/D = 16, the pressure only increases by 0.5 MPa along this transition zone, between 15 and 60 s -1 . Above 60 s -1 , the slope increases further with an aggravation of the aspect of the extrudate which becomes increasingly chaotic (Fig. 2e) until the end of the flow curve (Fig. 2f).

This behavior was also observed for other capillary diameters [START_REF] Viloria | Analysis and comprehesion of flow instabilities of elastomer compounds[END_REF]. Similar results have been reported by Crié et al. [START_REF] Crié | Rheological behavior of Styrene-Butadiene Rubber at low temperatures, pure and filled with carbon black[END_REF] for SBR/carbon black compounds and by Gierlowski et al. [START_REF] Gierlowski | Flow instabilities of pure SBR and SBR compounds[END_REF] for SBR/silica compounds. This behavior is unexpected for a linear polymer for which, after the sharkskin defect, a stick-slip defect with large pressure oscillations should be observed [START_REF] Den Doelder | Pressure oscillations and periodic extrudate distortions of long-chain branched polyolefins[END_REF][START_REF] Robert | Stick-slip flow of high density polyethylene in a transparent slit die investigated by laser Doppler velocimetry[END_REF][START_REF] Durand | Experimental and theoretical approach of the oscillating flow of high density polyethylenes[END_REF] resulting from the transition between no slip and strong slip conditions. In fact, by looking carefully at the pressure transients, it can be seen in Figure 3 that the onset of the volume defect corresponds to a sudden stop of the pressure increase followed by a slight decrease and a stabilization. This is a clear proof of a strong transition between two flow regimes and we may imagine that the volume instability that develops at the capillary inlet prevents the compression of the elastomer and the occurrence of regular pressure oscillations.

The transition zone would thus also be a transition between no slip (or weak slip) and strong slip conditions, but with oscillations hindered by the volume instabilities. By using capillaries of different diameters and applying conventional methods for slip characterization [START_REF] Mooney | Explicit formulas for slip and fluidity[END_REF][START_REF] Wiegreffe | Untersuchugen zum Wandgleitverhalten von EPDM und SBR[END_REF], it has effectively been shown that a weak slip of about 1 mm/s occurs before the transition, whereas strong slip (50 to 200 mm/s) is present after the transition [START_REF] Viloria | Analysis and comprehesion of flow instabilities of elastomer compounds[END_REF]. Similar observations have been reported by Goutille and Guillet [START_REF] Goutille | Gross melt fracture mitigation in converging dies: a singular behaviour due to polymer wall slip[END_REF].

SBR compounds

The SBR compounds exhibit rheological behaviors similar to that of pure SBR (Fig. 4),

i.e. a continuous flow curve with a transition zone between two ascending branches. The pressures are obviously higher due to the presence of fillers and they increase with the filler content. At the same filler content, the "silane" compounds always present higher pressures than the "octeo" compounds. This is due to the coupling effect between the elastomer chains and the silica.

For the capillary used in Fig. 4 (L/D = 4), the transition zone appears wider than that of pure SBR. Nevertheless, unlike pure SBR, the compounds do not develop a helical defect at the beginning of the transition zone. In fact, they exhibit a morphology which passes from the sharkskin directly to a chaotic defect as shown in Figs. 5 to 8. The sharkskin defect, present at low shear rates, appears to be greater with low silica content (20 phr). The compound "50 phr silane" behaves differently since it has a chaotic defect from the lowest shear rate (5 s -1 ).

From the flow curves with different L/D ratios, it is possible to apply the Bagley corrections and to derive the wall shear stress. An example is shown in Fig. 9. We clearly observe two branches (lower branch and upper branch) separated by the transition zone, which appears as a zone where the stress remains more or less constant and where strong slip and volume instabilities develop simultaneously. We can then define a critical wall shear stress for the onset of volume instabilities. As shown in Table 4, it increases slightly with the filler content, but is similar for the "silane" and "octeo" compounds. Critical stresses of 0.39

MPa for a pure SBR of molar mass of 273 kg/mol and 0.53 MPa for a SBR compound filled with 50 phr carbon black were reported by Crié et al. [START_REF] Crié | Rheological behavior of Styrene-Butadiene Rubber at low temperatures, pure and filled with carbon black[END_REF].  on the upper branch at a constant shear stress (see Fig. 9):
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where Vs is the slip velocity and R is the capillary radius. The results show that the order of magnitude of the slip velocity is similar for "silane"

and "octeo" compounds, and seems to decrease slightly with the silica amount [START_REF] Viloria | Analysis and comprehesion of flow instabilities of elastomer compounds[END_REF]. For example, at a shear stress of 0.45 MPa, Vs is equal to 64 mm/s, 50 mm/s, and 24 mm/s for "20 phr octeo", "20 phr silane", and "50 phr octeo", respectively.

B. Quantification of chaotic defects

In order to better compare the different compounds, it is important to try to quantify the severity of the volume defects. Quantification has been easy for organized morphologies such as sharkskin or helical defects where amplitudes or periods can be determined [START_REF] Venet | An experimental study of sharkskin in polyethylenes[END_REF][START_REF] Combeaud | Experimental study of the volume defects in polystyrene extrusion[END_REF].

However, it is much more complicated for gross melt fracture, and, to our knowledge, this has hardly been proposed in the literature. A preliminary approach has been published by Tzoganakis et al. [START_REF] Tzoganakis | Fractal analysis of the sharkskin phenomenon in polymer melt extrusion[END_REF], but only applied to the sharkskin defect. Another characterization has been proposed by Schaal and Coran [START_REF] Schaal | The rheology and processability of tire compounds[END_REF] to compare different rubber compounds, but only for a fixed extrusion condition. Therefore, we propose the following procedure as a first step to quantify gross melt fracture.

Methodology

High definition scanned images were taken for each apparent shear rate immediately after extrusion with the main purpose of avoiding any possible relaxation of the extrudates. Each of the samples were rotated once to have different points of view of the defect for the same shear rate. All images were processed with a black and white threshold and the images were cut to the same length of 50 mm (Fig. 10a).

A MATLAB ® code has been developed to characterize the chaotic defect. It displays the extrudate's silhouette showing its upper and lower external lengths, which are then averaged and normalized by the total image length of 50 mm (Fig. 10b). The change in diameter along the length of the extrudate is also quantified (Fig. 10c), from which a diameter distribution can be obtained. Both results provide important and different information on the degree of severity of the instability. In the case of an ideal smooth extrudate, the normalized length would be equal to 1 and would further increase with the development of distortions. Similarly, the variance of the diameter distribution can characterize the perturbation of the extrudate.

Figure 11 schematically represents the principle of each characterization. On the left side, the diameter distribution of the extrudate remains constant, but the normalized length allows to quantify the degree of distortion of the sample. On the other hand, on the right side, the diameter varies with the increase of the shear rate, which also results in a variation of the normalized length. In this later case, a wider distribution of diameters corresponds to a more disturbed extrudate. However, these two measures are not equivalent and cannot always be correlated since an extrudate might sometimes have a more disturbed diameter distribution but not necessarily a longer normalized length (compare for example (c) and (e) in Fig. 11).

Normalized length results

The variation of the normalized length with the shear rate in the transition zone and above, where the extrudates presented chaotic instabilities, was analyzed for all SBR compounds (Fig. 12). All compounds exhibit the same tendencies: the normalized length increases from 15 -20 s -1 to a point of about 50 -60 s -1 , i.e. along the plateau (transition zone) of the flow curve. This corresponds to the development of the volume instability.

Above the transition zone, along the upper branch, the values decrease slightly and remain stable with the increase of shear rate. It appears that the onset of strong slip "stabilizes" the flow and tends to reduce the severity of the volume instability. For "50 phr silane", which presents an unstable pressure from the first shear rate values, the normalized length is quite independent of the shear rate. These results show that the extrudate is more perturbed at high silica content for the "silane" compounds. The opposite happens for the "octeo" compound.

The positive effect of carbon black content on the volume defects of rubber compounds, when interactions with the matrix are limited, has been reported by Leblanc [42] and Einhorn and Turetzky [START_REF] Einhorn | Rheological properties of SBR polymers by capillary extrusion[END_REF]. A similar influence has been shown by Birinci and Kalyon [START_REF] Birinci | Development of extrudate distortions in poly(dimethyl siloxane) and its suspension with rigid particles[END_REF] on PDMS filled with glass spheres.

Diameter distribution results

The diameter distributions are more difficult to analyze than the normalized length, and the results depend largely on the type of additive, the percentage of filler and also the zone considered in the flow curve. For instance, the diameter distribution curves for the compound "20 phr silane" are more or less the same for shear rates in the transition zone (below 50 s -1 )

and along the upper branch (above 50 s -1 ), although they appear wider at high flow rates (Fig. 13). The same tendencies may be observed if the filler content increases to 50 phr, with a width which globally increases with respect to "20 phr octeo" (Fig. 14).

If a comparison is made between the "octeo" compounds ("20 phr octeo" and "50 phr octeo"), the picture is clearer (Figs. 15 and 16). At low shear rates, at the beginning of the transition zone (20 s -1 ), the distributions are narrow, especially for "50 phr octeo". The average diameters are around 2.8 -2.9 mm, indicating an extrudate with a certain level of swelling. Distributions become wider with increasing shear rate. Above the transition zone, both compounds exhibit similar distributions, with a large width and a low dependence on the shear rate. In the following, we will concentrate on the variance of the distribution, which seems to be a good index of extrudate distortion.

IV. DISCUSSION

A. "Silane" compounds

The "silane" agent permits a chemical bonding between the silica and the elastomer chains. Therefore, these compounds tend to behave as weakly crosslinked materials, with a high amount of bound rubber. They show a strong strain-hardening and long relaxation times [START_REF] Yrieix | Impact du couplage charges/matrice sur les propriétés rhéologiques de nanocomposites silice/élastomère -Application aux défauts volumiques d'extrusion[END_REF]. As a result, they are difficult to extrude and show large volume defects especially at high silica content.

We have already seen in Fig. 12a that, over the entire range of explored shear rates, the normalized length was longer for "50 phr silane" compared to "20 phr silane". It can be seen in Fig. 17 that it is also the case with the diameter variance. For "20 phr silane" the strong slip at high shear rates stabilizes the defects . However, it is less evident for "50 phr silane", since it presents a continuous increase in the variance. Definitely, for the "silane" compounds, an increase of the silica content is detrimental to the quality of the extrudate.

From a visual point of view, "50 phr silane" was the only one to present a chaotic instability from the beginning of the experiments. Figure 18 confirms the advantage of the double quantification in length and diameter: the normalized length of the extrudates is 1.12, 1.13 and 1.13  0.01, at 10 s -1 , 60 s -1 , and 300 s -1 , respectively. However, at 10 s -1 , the diameter variance is equal to 0.010  0.001 mm 2 , and it increases to 0.013 mm 2 at 60 s -1 and to 0.016 mm 2 at 300 s -1 , which clearly indicates an increase in the extrudate perturbation.

Moreover, for higher shear rates (60 s -1 and 300 s -1 ), the histograms are wider and more heterogeneous, confirming that the chaotic instability increases with increasing shear rate.

B. "Octeo" compounds

In contrast to "silane", "octeo" is a coating agent which helps the dispersion of the silica and does not create covalent bonds with the SBR. Compared to "silane" compounds, the "octeo" compounds do not exhibit strain-hardening and have shorter relaxation times [START_REF] Yrieix | Impact du couplage charges/matrice sur les propriétés rhéologiques de nanocomposites silice/élastomère -Application aux défauts volumiques d'extrusion[END_REF].

They are therefore much easier to extrude Even though both "octeo" compounds have the same filler/additive ratio, it was seen in Fig. 12b that the volume defects, characterized by the normalized length, were lower at higher amounts of silica. Figure 19 shows that the quantification of the diameter variance leads to the same conclusions: the samples at 50 phr silica are less disturbed. Again, severity of the defect increases along the transition zone and decreases above. Apparently, the strong slip limits the variations of diameter, leading to a "smoother" extrudate.

C. General discussion

All the previous results show the importance of the silica content and of the type of additive on the rheological behavior of the SBR compounds. When a coating agent facilitates silica dispersion and postpones the onset of volume defects, a coupling agent will greatly increase the viscous and elastic properties of the compound leading to the onset of volume defects at very low shear rates.

In contrast to what is well known for polystyrene or low density polyethylene [START_REF] Schaal | The rheology and processability of tire compounds[END_REF][START_REF] Leblanc | Rubber-filler interactions and rheological properties in filled compounds[END_REF][START_REF] Einhorn | Rheological properties of SBR polymers by capillary extrusion[END_REF][START_REF] Birinci | Development of extrudate distortions in poly(dimethyl siloxane) and its suspension with rigid particles[END_REF],

the onset of volume instabilities for SBR and SBR compounds coincides with the onset of strong slip. Therefore, the oscillating zone that is generally observed after the sharkskin defect for linear polymers does not exist, but it is replaced by a transition zone where the shear stress remains constant. This behavior is similar for pure SBR and its different compounds. It has also been observed for metallocene linear low density polyethylenes with long chain branching [START_REF] Doerpinghaus | Comparison of the melt fracture behavior of metallocene and conventional polyethylenes[END_REF]. The transition (strong slip) occurs at a critical shear stress whereas the volume instabilities are rather related to a critical elongational stress in the convergent [START_REF] Mckinley | Rheological and geometric scaling of purely elastic flow instabilities[END_REF][START_REF] Kim | Gross melt fracture of polyethylene: A criterion based on tensile stress[END_REF]. Since both events are fairly simultaneous, it is complicated to derive a representative critical parameter. However, we have seen in Table 4 that the critical wall shear stress varies with the filler content and the type of additive. It cannot therefore be considered as a unique criterion.

If one considers the flow in the convergent as being the source of the instability, one can estimate a Deborah number, as De = /ts, where  is a characteristic relaxation time and ts is the residence time. The shortest residence time is along the symmetry axis of the convergent, and can be expressed as [START_REF] Viloria | Analysis and comprehesion of flow instabilities of elastomer compounds[END_REF]:
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where R is the capillary radius, RR is the rheometer reservoir radius,  is the half-angle of the convergent, and a  is the apparent shear rate. In our case, R = 2 mm, RR = 8 mm,  = 45°.

Therefore, the Deborah number can be expressed as:

De 0.0053 a  = (3) 
The difficulty here is the choice of the characteristic time. We chose to select the weight average relaxation time deduced from the spectrum of relaxation times obtained from the dynamic measurements of storage and loss moduli [START_REF] Yrieix | Impact du couplage charges/matrice sur les propriétés rhéologiques de nanocomposites silice/élastomère -Application aux défauts volumiques d'extrusion[END_REF]. The critical Deborah number Dec is then obtained for the value of the critical shear rate corresponding to the onset of the volume defects. For both "octeo" compounds, Dec = 12.7 is obtained. However, we obtain 28.1 for "20 phr silane" and 7.1 for "50 phr silane". Consequently, the Deborah number, with the assumptions we have made, cannot be considered as a critical parameter as it depends on the considered compound.

Finally, considering the critical shear rate at the onset of the volume instabilities, it can be seen in Fig. 20 that it decreases with increasing bound rubber. These values, taken from the measurements of Yrieix [START_REF] Yrieix | Impact du couplage charges/matrice sur les propriétés rhéologiques de nanocomposites silice/élastomère -Application aux défauts volumiques d'extrusion[END_REF] on the same compounds, are close to zero for the "octeo" compounds, for which no covalent bounds between the silica and the rubber are formed. They increase sharply with the presence of "silane" and the amount of silica. These results confirm that rubber-filler interactions play a key role in the flow instabilities of these types of compounds.

V. CONCLUSIONS

In this study, we have characterized the flow behavior of pure SBR and SBR compounds filled with silica. All materials present a flow curve with two branches separated by a transition zone, corresponding to the onset of volume defects and the simultaneous development of strong wall slip.

The type of additive used and the amount of filler influence the behavior of the compounds, and more particularly the development of the volume defects. The "silane" coupling agent tends to increase the severity of the defect at higher silica amount while the "octeo" coating agent tends to decrease it.

Two simple quantification techniques, based on image analysis, have been proposed to characterize volume defects: the normalized length and the variance of the diameter distribution make it possible to quantify the severity of the defect and to compare unambiguously the different compounds, giving a sense of the evolution of the chaotic instability obtained during the extrusion process.

The definition of a critical parameter for predicting the onset of volume instabilities for these complex materials has been so far unsuccessful, but the work is still ongoing.

Nevertheless, all the results show that these instabilities are controlled by the rubber-filler interactions. Figure 18. Visual aspect of "50 phr silane" at 10 s -1 , 60 s -1 and 300 s -1 and respective diameter distributions (white: 10 s -1 , grey: 60 s -1 , black: 300 s -1 ).
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Figure 19. Change of the variance of the diameter distributions with the shear rate for "octeo" compounds. (○: pure SBR, •: "20 phr octeo", □: "20 phr silane", ■: "50 phr octeo", : "50 phr silane") Apparent shear rate (s -1 )

Figure 18. Visual aspect of "50 phr silane" at 10 s -1 , 60 s -1 and 300 s -1 and respective diameter distributions (white: 10 s -1 , grey: 60 s -1 , black: 300 s -1 ). )
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Table 2

 2 

	Main characteristics of "silane" and "octeo" additives
	Additive	"silane"	"octeo"
	Molecular weight (g/mol)	538.95	276.5
	Density (g cm -3 )	1.08	0.88

All compounds were formulated by Michelin on a Banbury pilot scale semi-industrial internal mixer of 50 kg capacity. The formulation of each compound is shown in Table

3

. As usual for the elastomer compounds, the amounts are expressed in phr (per hundred rubber).

Table 3

 3 Compounds formulations

	Compound	Silica amount (phr)	Type of additive	Additive amount (phr)
	SBR	0	-	-
	20 phr silane	20	"silane"	2.25
	20 phr octeo	20	"octeo"	1.56
	50 phr silane	50	"silane"	4.5
	50 phr octeo	50	"octeo"	3.9

Table 4 .

 4 Critical wall shear stress for pure SBR and SBR compounds

	If we assume no slip (or weak slip) conditions before the transition and strong slip above
	it, we can estimate the wall slip velocity by comparing the apparent shear rate 1  on the lower
	branch and 2

phr silane
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