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A MODEL FOR THE PREDICTION OF THE MORPHOLOGY OF IMMISCIBLE BLENDS OF POLYMERS
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This paper presents a micro-rheological model to predict the morphology of immiscible polymer blends, established during melt processing, on the whole composition range. This model based on elementary mechanisms of dispersion described in the literature, uses two different descriptions of the topology in the case of dispersed and co-continuous phases. By using a small number of material and process parameters (shear rate, viscosity of the phases and interfacial tension) and by analysing the stability of the droplets or threads of one phase in the matrix, it enables to calculate diagrams of continuity, sizes of phases and interfacial areas.

The model was tested in comparison with experimental results on selected polyolefin blends, regarding the type of morphology, the interfacial area and the excess of elasticity at low frequency in oscillatory shear.

INTRODUCTION

Polyolefins represent the largest commodity thermoplastics used today because of their low cost, high-speed production, high mechanical performance and good barrier properties. The polyethylene (PE) and the polypropylene (PP) are the most produced polymers. They are used in a wide variety of applications such as packaging, automotive and medical fields. For the PE, the control of the molecular chain structures using the catalyst system and the polymerization process impacts the branching density LCB or SCB (long or short chain branching), the weigh average molecular weight M w and the molecular weight distribution.

The choice of the catalysis system allows the control of the tacticity of the PP (isotactic or syndiotactic) and its crystallinity. Hence, the development of improved catalyst systems such as single site metallocene catalysts allows the production of a resulting polymer with a more uniform molecular structure [START_REF] Qiao | Recent advances in polyolefin technology[END_REF]. In general, isotactic polypropylene is used for application requiring high modulus. Polyethylene is used for application demanding higher resistance to brittle fracture. Though, olefinic homopolymers or copolymers can hardly fulfill all the requirements and blends of PE and PP may be a useful solution to extend their application domain. A large number of scientific works have been dealing with the more general topics of blends of olefinic polymers [START_REF]Polyolefin blends[END_REF].

As for any type of immiscible polymer blend, depending on the concentration [START_REF] Utracki | On the viscosity concentration dependence of immiscible polymer blends[END_REF], two main types of morphologies can be observed: dispersed and co-continuous morphology. They are responsible for different functional properties: mechanical, barrier or electrical. For example, the addition of PE or olefinic elastomers dispersed in a PP matrix enhances the impact resistance. It was shown that PE/PP blends in co-continuous morphology may have a better Young modulus than that of homopolymers. The prediction of the morphology development is therefore of great interest and it is the subject of micro-rheology. Lots of theoretical aspects of this issue have been dealt with in the literature during the last decades. These studies especially focus on the morphology control during melt processing in single and twin-screw extruders or internal mixers and are reported in reviews [START_REF]Mixing and compounding of polymers: theory and practice[END_REF][START_REF] Utracki | Development of polymer blend morphology during compounding in a twin-screw extruder. Part I: Droplet dispersion and coalescence-a review[END_REF][START_REF] Tokita | Analysis of Morphology Formation in Elastomer Blends[END_REF]. They generally start from fundamental knowledge developed on blends of diluted Newtonian liquids for which the coalescence mechanism is neglected or for viscoelastic systems for which the volume fraction of the dispersed phase is below the percolation threshold. Under these assumptions, it is possible to figure out the fundamental deformation and breakup mechanisms during the flow in order to understand the evolution of the morphology during processing.

In the literature, many scientific papers [START_REF] Willemse | Co-continuous morphologies in polymer blends: the influence of the interfacial tension[END_REF][START_REF] Janssen | Droplet breakup mechanisms: Stepwise equilibrium versus transient dispersion[END_REF][START_REF] Elemans | Transient phenomena in dispersive mixing[END_REF] illustrate that the blend morphology depends mainly on a limited number of parameters: the interfacial tension, the kinematics of the flow, the rheological properties of the components. Among the large number of experimental and theoretical studies, a few milestones of work on this understanding are worth recalling. For dilute Newtonian systems, Taylor [START_REF] Taylor | The Viscosity of a Fluid Containing Small Drops of Another Fluid[END_REF][START_REF] Taylor | The Formation of Emulsions in Definable Fields of Flow[END_REF] showed that the evolution of the morphology is governed by the viscosity ratio and the capillary number that defines the equilibrium drop size through a balance between the interfacial and viscous forces. The comparison of the capillary number () to the critical capillary number ( cr ) is useful to predict whether a deformed drop might disintegrate into small droplets or might keep an equilibrium shape and to predict the smallest drop size that can be reached under flow if the breakup mechanism is based on the Taylor mechanism. The variation of the critical capillary number as a function of the viscosity ratio was examined experimentally by Grace [START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF] in shear or hyperbolic (extensional) flow.

On this basis and from its own work, De Bruijn proposed empirical relationships for this variation in shear and extension [START_REF] De Bruijn | Deformation and breakup of drops in simple shear flows[END_REF]. Rumscheidt and Mason [START_REF] Rumscheidt | Particle motions in sheared suspensions XII. Deformation and burst of fluid drops in shear and hyperbolic flow[END_REF] sorted the break-up mechanisms under shear and extension for couple of fluids having different viscosity ratios and a wide range of interfacial tensions. In shear flow, if the capillary number is much larger than the critical capillary number, droplets might extend until micron size and then break into a series of a small identical droplets. This breakup mechanism initially reported by Rayleigh for gases, was analyzed by Tomotika [START_REF] Tomotika | On the instability of a cylindrical thread of a viscous liquid surrounded by another viscous fluid[END_REF][START_REF] Tomotika | Breaking up of a drop of viscous liquid immersed in another viscous fluid which is extending at a uniform rate[END_REF] for viscous liquids and it occurs during flow but also while returning at rest. Sheeting in shear flows was also described as possible mechanism to get dispersed phase morphology with final sizes independent on the capillary number [START_REF] Sundararaj | Sheet formation in immiscible polymer blends: model experiments on initial blend morphology[END_REF][START_REF] Willemse | Morphology development in immiscible polymer blends: initial blend morphology and phase dimensions[END_REF]. Coalescence and its competition with particle break-up have also been studied on model systems especially [START_REF] Elmendorp | A study on polymer blending microrheology: Part IV. The influence of coalescence on blend morphology origination[END_REF][START_REF] Minale | Study of the morphological hysteresis in immiscible polymer blends[END_REF][START_REF] Ziegler | On the role of drop break up for coalescence processes and morphology development in polymer blends under shear[END_REF][START_REF] Vinckier | Droplet size evolution during coalescence in semiconcentrated model blends[END_REF].

For a real-life system, the parameters influencing the final morphology are more numerous. In addition to the viscosity of the matrix phase, viscosity ratio, interfacial tension and deformation rate, other parameters such as the composition especially in concentrated systems, the flow history [START_REF] Minale | Effect of shear history on the morphology of immiscible polymer blends[END_REF] during the mixing and the elasticity of the components strongly interfere [START_REF] Wu | Formation of dispersed phase in incompatible polymer blends: Interfacial and rheological effects[END_REF]. Therefore, the prediction of the morphology of polymer blends in the melt state has interested many research groups in the 1980s and 1990s. The goal was to combine fluid mechanics with the previous micro-rheological models including the balance between coalescence and the break-up mechanism. Tokita [START_REF] Tokita | Analysis of Morphology Formation in Elastomer Blends[END_REF] developed a model to predict the equilibrium particle size of a natural rubber NR dispersed in a matrix of ethylene-propylenediene (EPDM) during mixing in an internal mixer. A balance between breaking mechanism and coalescence in a simple shear flow is supposed to be the origin of the equilibrium particle size. Obtaining a small particle size requires an increase of the shear rate, a decrease of the volume fraction of the dispersed phase and a low interfacial tension. On the basis of Tokita's work, Castro [START_REF] Castro | Experimental and theoretical description of low frequency viscoelastic behaviour in immiscible polymer blends[END_REF] derived a model to predict the interfacial area on a larger composition range including those giving rise to a co-continuous morphology. This enables to calculate the boundaries of the dispersed or co-continuous domains. Utracki and Shi [START_REF] Utracki | Development of polymer blend morphology during compounding in a twin-screw extruder. Part I: Droplet dispersion and coalescence-a review[END_REF][START_REF] Utracki | Development of polymer blend morphology during compounding in a twin-screw extruder. Part II: Theoretical derivations[END_REF] proposed a model to predict the morphology evolution of binary polymer blends during extrusion in twin screw extruders. A shear flow with  > 4  cr is assumed, giving rise to large deformation, for which the drops are extended into threads and the model considers two break-up mechanisms: either the threads disintegrate into small droplets when the flow is stopped or the break-up occurs under shear during the extrusion. The flow conditions in the various zones of the extruder (screw design, speed of rotation, temperature, filling) and the properties of the materials (viscosity, interfacial tension) are used to calculate the local pressure and deformation profile to define the average diameter of a dispersed phase. Huneault et al. [START_REF] Huneault | Development of polymer blend morphology during compounding in a twin-screw extruder. Part IV: A new computational model with coalescence[END_REF] extended the model of Utracki and Shi for concentrated dispersed phases taking into account a balance with coalescence with an approach similar to that of Tomotika. Additionally, breakup occurs either when the thread diameter decreases below the sub-micron range (critical diameter), or in the screw region where the stress is low. This makes the development of the morphology more sensitive to the screw profile than to the speed of rotation in the extruder.

Such results were also used in the "2-zones" model by Janssen et Meijer [START_REF] Janssen | Dynamics of liquid-liquid mixing: A 2-zone model[END_REF].

Most of the models were established in the case of dispersed phase morphology. The cocontinuous morphology was rarely taken into consideration in the models of the literature. In the composition diagram proposed by Castro, the intermediate compositions are considered as an extension of the domain of the dispersed phases. In the Tokita model, the probability of coalescence and the energy of break are poorly defined. Co-continuity is often described by a phase inversion criterion, comparing the viscosity of emulsions A in B or B in A and taking the lowest viscosity under flow for selection [START_REF] Utracki | On the viscosity concentration dependence of immiscible polymer blends[END_REF][START_REF] Epinat | Predicting phase inversion based on the rheological behavior in Polyamide 6/Polyethylene blends[END_REF]. Indeed, if the descriptors of the dispersed phase morphology are trivial, this is not the case for the co-continuous morphology. Among the attempts in the literature, it is worth mentioning the use of the interfacial area and of a tensor of surface orientation by Lee and Park [START_REF] Lee | Rheology and dynamics of immiscible polymer blends[END_REF], the use of gyroids by Sakurai et al. [START_REF] Sakurai | Gyroid structures and morphological control in binary blends of polystyrene-block-polyisoprene diblock copolymers[END_REF] and the geometrical models of Yu [START_REF] Yu | Linear viscoelasticity of polymer blends with cocontinuous morphology[END_REF]. Willemse et al. [START_REF] Willemse | Co-continuous morphologies in polymer blends: a new model[END_REF] considered the minor phase of a fully co-continuous blend as a dispersion of randomly oriented rods at their maximum packing density in the major phase. Combination with micro-rheological requirements for the existence of such rods, results in an equation giving a range of compositions within which fully co-continuous structures can exist.

In this paper, a micro-rheological model that allows to predict the morphology development of immiscible polymer blends during extrusion is proposed. The main goal is to use morphology descriptors for the dispersed phase and co-continuous morphologies in the whole composition range, to build a continuity diagram and to predict the type of morphology and its characteristic size at any composition after melt blending. The model presented hereafter proposes a scenario including some elements from the previous theories and includes a rational determination of the limits of morphological domains to predict the characteristic size of the morphology. At last, a comparison between the model prediction and experimental results will be provided.

THEORETICAL MODEL

Descriptors for the topology

The dispersed phase morphology is assimilated to spherical droplets inserted in a continuous matrix. For a volume fraction , the interfacial area per unit volume is given by Q d :

Q d = 3Φ R v (1)
Where: R v is the volume average radius of particles.

As mentioned before, the descriptors of the co-continuous topology were borrowed from an idea of Yu [START_REF] Yu | Linear viscoelasticity of polymer blends with cocontinuous morphology[END_REF] to describe the viscoelastic properties of polymer blends with co-continuous morphology. The co-continuous morphology is described by the duplication of an elementary cell with characteristic dimension l c , made of 3 parallelepipeds with orthogonal faces (Figure 1). l c is also the length of the parallelepipeds and (a) is the width of their square section. (a) and l c are related by the volume fraction  through the equation:

Φ=3 ( a l c ) 2 -2 ( a l c ) 3 (2) 
The interfacial area per unit volume of co-continuous structure Q c is calculated as: In the case of a dispersed phase morphology under flow, if breakup is driven by a stepwise mechanism, the diameter of stability (D 0 ) of diluted droplets can be calculated from the Taylor analysis [START_REF] Taylor | The Viscosity of a Fluid Containing Small Drops of Another Fluid[END_REF][START_REF] Taylor | The Formation of Emulsions in Definable Fields of Flow[END_REF] in comparison to the critical capillary number [START_REF] Grace | Dispersion phenomena in high viscosity immiscible fluid systems and application of static mixers as dispersion devices in such systems[END_REF] by:

Q c = 12 a ( l c -a ) l c 3 (3) 

Scenarios for the morphology development

D 0 =2 σκ cr ɳ m γ ( 4 
)
Where γ is the shear rate,  is the interfacial tension,  m is the matrix viscosity, and  cr in shear may be calculated by [START_REF] De Bruijn | Deformation and breakup of drops in simple shear flows[END_REF]:

log κ cr =-0.506-0.0994logp+0.124(logp) 2 - 0.115 logp-0.611 ( 5 
)
where p is the droplet to matrix viscosity ratio.

When the concentration increases, coalescence happens and the equilibrium diameter resulting from the balance between breakup and coalescence increases with the concentration as [START_REF] Huneault | Development of polymer blend morphology during compounding in a twin-screw extruder. Part IV: A new computational model with coalescence[END_REF]:

D=D 0 ( 1+ ( Φ Φ * ) 4 3 
)

The value of the coalescence threshold of 1% agrees well with experimental results [START_REF] Sundararaj | Sheet formation in immiscible polymer blends: model experiments on initial blend morphology[END_REF][START_REF] Huneault | Development of polymer blend morphology during compounding in a twin-screw extruder. Part IV: A new computational model with coalescence[END_REF] or with adaptation of the coalescence theories to take into account the hydrodynamic interactions in concentrated systems [START_REF] Ziegler | On the role of drop break up for coalescence processes and morphology development in polymer blends under shear[END_REF][START_REF] Vinckier | Droplet size evolution during coalescence in semiconcentrated model blends[END_REF].

However, because the diameters may become large because of coalescence, and also because the capillary number may be considerably larger than the critical value, the particles may also be deformed into linked stable filaments of diameter (a) which give rise to a co-continuous morphology during mixing. By considering a primitive cubic cell with dimension l c , containing a droplet of diameter D, that evolves towards a pattern such that of Figure 1, volume conservation allows to write:

Φ= πD 3 6l c 3 =3 ( a l c ) 2 -2 ( a l c ) 3 (7) 
where:

l c =D ( π 6Φ ) 1/ 3 (8) 
and dimension (a) can be calculated from the third order equation. The analytical solution is:

a= l c 2 ( 1-cos ( θ 3 ) +√3sin | θ 3 |) (9) 
where:

θ=arctan

( 2√Φ-Φ 2 1-2Φ ) (10) 
The co-continuous morphology remains stable if (a) > a * with a * in the order of micron size (Path 3 in Figure 2). On the contrary, if (a) < a * , filaments disintegrate into small droplets by capillary instabilities and the resulting droplet diameter is in the order of a * (Path 2 in Figure 2). This is similar to the proposal of Willemse [START_REF] Willemse | Co-continuous morphologies in polymer blends: stability[END_REF] who suggested that the stability of the filament, and therefore of the co-continuous morphology, is obtained when the dominant wavelength of capillary instabilities is larger than l c .

In the intermediate zone, at concentrated fractions of both components, when D > a * and (a) > a * , the morphology is co-continuous with characteristic sizes l c and (a).

At low volume fraction of one component, when a * > D, the droplet diameter is more likely to be equal to a * (Path 1 in Figure 2). The occurrence of the capillary instabilities was strongly suggested by experimental observations as shown later in the paper.

(a * ) is an important parameter however it remains difficult to determine this critical dimension with precision. It can be theoretically calculated from the deformation analysis of Tomotika [START_REF] Tomotika | On the instability of a cylindrical thread of a viscous liquid surrounded by another viscous fluid[END_REF][START_REF] Tomotika | Breaking up of a drop of viscous liquid immersed in another viscous fluid which is extending at a uniform rate[END_REF] as suggested by Janssen and Meijer [START_REF] Janssen | Droplet breakup mechanisms: Stepwise equilibrium versus transient dispersion[END_REF][START_REF] Janssen | Droplet breakup mechanisms: Stepwise equilibrium versus transient dispersion[END_REF] in the case of thread breakup in quiescent conditions or flows with very low shear rate for Newtonian fluids or in extensional flows with constant stretching rate [START_REF] Janssen | Droplet breakup mechanisms: Stepwise equilibrium versus transient dispersion[END_REF]. However, these authors also mention that (a * ) can hardly be calculated in simple shear flows for which the stretching rate is continuously changing. For these reasons, in this paper, the value of 1 μm often reported in the literature [START_REF]Mixing and compounding of polymers: theory and practice[END_REF][START_REF] Huneault | Development of polymer blend morphology during compounding in a twin-screw extruder. Part IV: A new computational model with coalescence[END_REF][START_REF] Sundararaj | Morphology development in polymer blends[END_REF] was used for all blends. Actually, at this critical value, It was further assumed that whenever the condition for capillary instabilities (a < a*) was fulfilled, there was enough time for breakup of the filaments in the extruder.

Inputs, calculations and outputs for the micro-rheological model

The model requires the knowledge of a limited number of data. The mean shear rate in the processing machines γ is used to describe the flow in the twin-screw extruder. The model does not describe the flow locally contrary to other models in the literature [START_REF] Utracki | Development of polymer blend morphology during compounding in a twin-screw extruder. Part II: Theoretical derivations[END_REF][START_REF] Huneault | Development of polymer blend morphology during compounding in a twin-screw extruder. Part IV: A new computational model with coalescence[END_REF][START_REF] Janssen | Dynamics of liquid-liquid mixing: A 2-zone model[END_REF]. The viscosity of the matrix  m and that of the dispersed phase  d are measured at the mean shear rate which is also necessary to define the viscosity ratio p. The interfacial tension  is an important parameter for the calculation of the capillary number.

All calculations were performed with Scilab. The various quantities in Equations 4-10 were first calculated on both sides of the composition diagram. Firstly, dispersed phase morphology is assumed and the equilibrium breakup diameter including coalescence (D) is calculated by Equations 4-6. Secondly, assuming co-continuous morphology, the critical dimensions (l c and a) are calculated with Equation 7-10.

Then, the final dimensions of the phases (R v , l c , a) were obtained from the results of both calculations on each side of the phase inversion point at which they converge. For this, the most stable structure is selected after comparing the characteristic size to the critical diameter a * that was set at 1 µm. If D < a * , a dispersed phase morphology with size R v = a * /2 is expected, the level of continuity is zero for the minor phase and 1 for the major phase. If D > a * and a > a * , the level of continuity is one for both phases, a co-continuous morphology with characteristic sizes l c and (a) will be observed. Between these two well defined morphologies, on each side of the composition diagram, there is an intermediate zone where both structures, filaments and drops, can be stable and coexist. In this zone, an arbitrary rule of moments was applied to determine the amount of each structure as well as the continuity level d c :

d c = D -a * D -a (11) 
This continuity level was used to calculate the total interfacial area according to the mixing rule:

Q=Q d ( 1-d c ) +Q c d c ( 12 
)
Where Q d and Q c are given by Equations ( 1) and ( 3) respectively.

The outputs are the type of morphology (dispersed, co-continuous), the characteristic dimensions of the dispersed phase (R v ) or co-continuous morphologies (l c and a), the continuity diagram and the interfacial area Q as a function of the composition.

MATERIALS AND EXPERIMENTS

Materials and blends

Polyethylenes and polypropylenes used in this study were supplied by the Total company (Feluy, Belgium). The characteristics are given in Table 1 

Rheological characterization

The rheological study was carried out on a rotating strain-controlled rheometer (ARES, TA Waters) with parallel plane geometry (diameter 25mm). All rheological measurements were performed under nitrogen atmosphere at 190°C which is the processing temperature.

Dynamic frequency sweep tests were carried out from 100 to 0.01 rad/s in the linear domain.

The stability of the polymers and blends was checked and the content of stabilizer mixture was adapted for the duration of the test for LDPE.

Interfacial tension measurements

The interfacial tension between LDPE/iPP and HDPE/sPP was measured on blends containing 20% of dispersed minor phase, using the Gramespacher and Meissner model [START_REF] Gramespacher | Interfacial tension between polymer melts measured by shear oscillations of their blends[END_REF] and looking at the relaxation time of the interface τ interface . The interfacial tension can be calculated from this time:

τ interface = ɳ m R v σ (19 p+16 )(2 p+3) 40 ( p+1) ( 1+Φ 5(19 p+16) 4( p+1)(2 p+3) ) (13) 
Where: p = viscosity ratio between the dispersed phase and matrix viscosity, It was shown that R v /R n was smaller than 2 for all blends which is a necessary condition for the use of the volume average radius in Equation 13. Then the relaxation time of the interface was taken from a fit of the imaginary part of the complex viscosity by a combination of three Cole-Cole equation for the viscoelastic contributions from the matrix, dispersed phase and interface. It was finally checked that the values of interfacial tensions are consistent for the 80/20 and 20/80 compositions. The results agree well with calculation carried out alternatively by the Palierne method [START_REF] Palierne | Linear rheology of viscoelastic emulsions with interfacial tension[END_REF].

 m =

Scanning electron microscopy SEM

SEM observations were carried out using a FEI NovananoSEM 200 instrument equipped with an electron backscatter diffraction detector EBSD. The accelerating voltage is about 10 kV.

Ruthenium tetroxide RuO 4 was used as a staining agent to enhance the contrast of images of blends by increasing the electron density [START_REF] Sawyer | Polymer Microscopy[END_REF]. Samples were trimmed with a glass knife under nitrogen atmosphere below the glass transitions of the PE and PP at -125°C [START_REF] Trent | Ruthenium tetraoxide staining of polymers for electron microscopy[END_REF] to obtain small analysis surface using an ultramicrotome. Samples were stained during 3 to 4 h for LDPE/iPP blends and during 24 h for HDPE/sPP blends in the vapor phase. The staining solution was prepared by reacting hydrated ruthenium chloride (0.2 g RuCl.xH 2 O, Aldrich) with sodium hypochlorite (10 ml 5% active Cl, Aldrich). Then, the stained samples are washed with distilled water and dried for 48 h. After staining, samples become hard and this makes possible to cut the surface at room temperature to obtain a smooth surface using a diamond knife. Before observation, samples are coated with a thin layer of conductive carbon using a sputter coater. The stained phase appeared bright and the less stained phase appeared dark in SEM [START_REF] Brown | New method for the characterization of domain morphology of polymer blends using ruthenium tetroxide staining and low voltage scanning electron microscopy (LVSEM)[END_REF]. Finally, ImageJ software was used to measure the volume average radius of the dispersed morphology or the characteristic length l c for the co-continuous morphology.

The measurements of the characteristic length was made by drawing lines along the length and width of the SEM micrograph and by counting the number of intersections (N) between the two phases. The characteristic length (l c ) is then deduced from the line length divided by N/2. 200 particles or intersections are analyzed from SEM micrographs taken from different samples. A slight distortion of the co-continuous structure was sometimes observed because of the passage through the die. For this reason, the measurements of the l c dimension was made in two different orthogonal directions and averaged. The interfacial area was calculated using Equation ( 1) for dispersed phase morphology and Equation (3) for co-continuous structures. In the transition zone where both structures coexist, the calculation was performed by both equations defining the upper and lower limit of an error bar.

Shear rate in the twin-screw extruder

The Ludovic ® software (Sciences Computers Consultants) was used to simulate the flow in the co-rotating twin-screw extruder. It enables the calculation of pressure, residence times, mean temperature and shear rates along the screw during processing of a given material in given conditions. In this study, it was used to simulate the shear rate as a function of the screw profile and processing conditions. The calculated shear rate was an averaged value in the screw section where the polymer is molten. A weighting by local residence times was performed.

RESULTS AND DISCUSSIONS

Data used for the modeling

Figure 3 shows the viscosity at 190°C measured in oscillatory shear for the various polymers. given in Table 2. The interfacial tension at 190°C were measured by the method proposed by

Gramespacher and Meissner and found to be 0.7 mN/m between LDPE and iPP and 1.0 mN/m between HDPE and sPP. These results are in agreement with those found in the literature [START_REF] Samuel | Melt compatibility between polyolefins: Evaluation and reliability of interfacial/surface tensions obtained by various techniques[END_REF][START_REF] Veenstra | On the coarsening of co-continuous morphologies in polymer blends: effect of interfacial tension, viscosity and physical crosslinks[END_REF]. 

Experimental observation of the morphology

Figure 4 shows a superposition of the SEM pictures with the storage modulus at low frequency. The excess of elasticity in comparison with a simple blending law is due to the relaxation of shape of the phases in immiscible blends that induces long relaxation times [START_REF] Galloway | Comparison of methods for the detection of cocontinuity in poly (ethylene oxide)/polystyrene blends[END_REF].

The storage modulus shows a higher value in dispersed phase morphologies because of the large interfacial area for these morphologies. The occurrence of continuity of any phase is marked by a maximum of the storage modulus since the co-continuous morphologies lower the interfacial area. These maxima are observed at 30 ± 5 % and 70% ± 5 % of iPP for LDPE/iPP blend. For the HDPE/sPP blend, the maximum for low amount of sPP is not so clearly visible, probably because the frequency of 0.159 rad/s does not match with that of the shape relaxation in this case of very different viscoelastic behaviors between the two phases.

On the right side of the graph, when sPP is the major component, the maximum is observed at 80% ± 5 % of sPP. The comparison between the calculated and experimental interfacial area is given in Figure 5c. Large error bars for the experimental data are obtained in the intermediate zones due to the coexistence of the dispersed phase and co-continuous morphologies. The order of magnitude of the interfacial areas is generally captured by the model though slightly underestimated in comparison to that from SEM pictures particularly at 70% of iPP. Apart from any defect of the model itself, there might be some experimental causes for a finer structure, responsible for both the higher interfacial area and the narrowing of the co-continuous window. This cannot be attributed to the shear in the die because the shear rate in the die is lower than in the extruder (50 s -1 ) and the residence time is also short (< 5 s). Additional breakup of the filaments in the co-continuous phase at rest at the exit of the die could be a possible reason since the samples were cooled at room temperature.

Continuity diagrams, characteristic sizes and interfacial areas from the model

Figure 6 shows the same set of diagrams for the HDPE/sPP blend in the same processing conditions. For this blend, the diagram of continuity (Figure 6a) is strongly asymmetric because the viscosities of the pure components are very different. From the continuity 22 diagram, the change of morphology (d c =0.5), is observed at 25% and 54% of sPP. From 0 to 19%, sPP is dispersed in HDPE with an average diameter of 1.0 µm. From 35% to 40%, both polymers are continuous, above 63%, HDPE is dispersed in sPP with an average diameter of 1 µm. The co-continuous zone is narrower than for LDPE/iPP blend because the interfacial tension is higher. The phase inversion is calculated at slightly different compositions for the various dimensions (D, l c , a * ) because the dependence of these quantities with the composition is not the same. This is strongly visible when the viscosities of the components are very different. It was not observed in the case of the LDPE/iPP blend for which the viscosity ratio is close to one. Calculated and experimental interfacial area of Figure 6c shows that the order of magnitude and the variation with the composition is correct unless for the blend with equal amount of PE and PP. Except for this particular composition, the results of the calculation agree well with the storage modulus data of Figure 4b which showed that the maximum of the storage modulus on the left side of the diagram is not visible and this result is consistent with a weak maximum of the interfacial area. 

Evidences for the capillary instabilities as the main breakup mechanism

The model proposed in this study assumes the capillary instabilities to be the main mechanism for the breakup of droplets of the dispersed phase. This was based on the high capillary number in comparison to the critical capillary number and on the high deformability of coarsened droplets following coalescence. Figure 7 compares the interfacial area for the LDPE/iPP blends calculated assuming a Taylor stepwise breakup and capillary breakup. The latter is clearly more suitable for modeling the experimental data, since the diameter is not very sensitive to the composition in the dispersed phase zone. Indeed, the theoretical equilibrium size by the stepwise mechanism is very small and leads to large interfacial areas that are not observed under practically relevant conditions. Actually, some SEM pictures taken at the edges of the continuity diagram for PE / PP blends show a series of align droplets with the same radius that can originate from a thread breakup suggesting the capillary instabilities of drawn filaments, though satellite droplets were never observed, probably because of coalescence. 

Effect of changes of the flow conditions on the continuity diagram

Figure 8 shows the predicted effect of an increase of the shear rate from 70 s -1 to 200 s -1 on the interfacial area in the case of the LDPE/iPP blends. This graph contains all the relevant information and shows two major effects. Firstly, the co-continuous zone narrows, the lower limit increasing from 27% to 38% and the upper limit decreasing from 72% to 60%. Secondly, interfacial area is higher, meaning that the characteristic size of the morphology decreases in the co-continuous phase. Among possible improvements of the model, the effect of elasticity in conditions of large shear rates could be considered. Elasticity of the dispersed phase increases the resistance to deformation of droplets. It could be implemented easily in the model in the capillary number by subtracting the normal stress difference (calculated as two times the storage modulus) to the shear stress as proposed by Sundararaj et al. [START_REF] Sundararaj | Drop breakup and coalescence in polymer blends: the effects of concentration and compatibilization[END_REF]. Basically, the effect can be expected to be similar to that of decrease of the shear stress at constant viscosity and viscosity ratio. This results in an enlargement of the co-continuity window as shown on Figure 8. Practically, due to the shear shinning behavior of viscoelastic polymer melts, any increase of the shear rate may change both viscosity and elasticity of the phases simultaneously. Taking into account the viscosity and elasticity ratio in the model could help to predict and control the dispersedto-continuous transition (DCT) for blends with large asymmetric viscoelastic behavior as suggested by You et al. [START_REF] You | Control of the dispersed-to-continuous transition in polymer blends by viscoelastic asymmetry[END_REF].

CONCLUSION

Using some fundamental knowledge on the morphology development presented in the literature, a micro-rheological model that allows predicting the morphology of immiscible polymer blends was proposed. In particular, the model was based on a description of the topology of phases in both dispersed and co-continuous morphologies, which is non-trivial in the latter case. The model predicts the continuity, the characteristic sizes and the interfacial area diagrams for the entire composition range. It requires the knowledge of easily accessible input data, such as the mean shear rate in the mixing device, viscosity of each phase and viscosity ratio at this shear rate and the interfacial tension between the polymers. It was shown that for the investigated blends, morphology development is governed by capillary instabilities rather than Taylor break-up mechanism. The core of the model is a criterion of stability of elongated droplets forming threads of the minor phase that defines the type of morphology. The criterion relies on the comparison of the dimension of threads with a critical dimension that was taken to be 1 µm according to literature. The rational for this critical dimension is unfortunately not easy in simple shear flow and was not established. This remains a weakness of the analysis though the model is not very sensitive to the choice of this critical value: a 25% change only induced a 6% variation of the maximum interfacial area and a change of the limits of the continuity of 3 vol-% on each side of the continuity diagram. The model was tested by comparison of the prediction with experimental data on two polyolefin blends LDPE/iPP and HDPE/sPP processed by twin screw extrusion on the entire range of compositions. This opens the route to the prediction of functional properties of these blends, that are known to be strongly dependent on the morphology. 

GLOSSARY

Figure 1 :

 1 Figure 1: Schematic of tree parallelepipeds with orthogonal faces inserted in a cubic mesh as

A

  model describing the evolution of the blend morphology was established on the basis of the balance between droplet or filament breakup and coalescence. The various events and paths of this evolution are summarized in Figure 2. The characteristic dimensions in this diagram are: very diluted droplets originating from Taylor's mechanism, a * the critical diameter of stability for filament break-up, (a) and l c the filament diameter and length of elongated filaments in the co-continuous structure.

Figure 2 :

 2 Figure 2 : Schematic flow diagram of the micro-rheological model: the different evolution

  matrix viscosity taken at the relaxation frequency,  d  dispersed phase viscosity taken at the relaxation frequency,  = volume fraction of the dispersed phase, = interfacial tension, R v = volume average radius of the dispersed phase from SEM pictures.

Figure 3 :

 3 Figure 3: Complex viscosity of the various polymers, measured in oscillatory shear flow at

Figure 4 :

 4 Superposition of the SEM pictures with the variation of the storage modulus at low frequency (190°C, 0.159 rad/s). a) LDPE/iPP, b) HDPE/sPP.

FigureFigure 5 :

 5 Figure 5a shows the diagram of continuity calculated for the LDPE/iPP blend at a shear rate of 70 s -1 . The corresponding characteristic sizes are shown on Figure 5b. For this blend, the

Figure 6 :

 6 Figure 6: Results of the calculation for the HDPE/sPP blend prepared at 190°C, 70s -1 . a)

Figure 7 :

 7 Figure 7: Comparison of the predicted interfacial area for capillary instabilities and Taylors's breakup mechanisms in the case of LDPE/iPP blend (190°C, 70s -1 ).

Figure 8 :

 8 Figure 8: Prediction of the effect of an increase of shear rate from 70 s -1 to 200 s -1 on the

  

Table 1 :

 1 Physico-chemical properties of the polyolefins (rad: radicalar, m: metallocene, ZN:

	including information on catalyst

Table 2 :

 2 Data of the blends for calculations (Viscosity at 190°C, 70s -1 ).

	Major phase	Minor phase	 m (Pa.s)	 d (Pa.s)	p	 (mN/m)
	LDPE	iPP	330	340	1.03	0.7 ± 0.1
	iPP	LDPE	340	330	0.97	0.7 ± 0.1
	HDPE	sPP	920	1630	1.77	1.0 ± 0.2
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