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Introduction

In recent years, because of the increase in environmental awareness, natural fibers reinforced biopolymer (biocomposites) have been studied intensively [START_REF] Scaffaro | Polysaccharide nanocrystals as fillers for PLA based nanocomposites[END_REF][START_REF] Bledzki | Mechanical properties of PLA composites with man-made cellulose and abaca fibres[END_REF][START_REF] Islam | Influence of accelerated ageing on the physicomechanical properties of alkali-treated industrial hemp fibre reinforced poly(lactic acid) (PLA) composites[END_REF][START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000-2010[END_REF][START_REF] Lee | Melt volume flow rate and melt flow rate of kenaf fibre reinforced Floreon/magnesium hydroxide biocomposites[END_REF]. The main advantages of these materials are their abundant availability, biodegradability and renewability, and they are also an excellent opportunity to decrease the dependency on petroleum derived products.

The addition of natural fibers to a biopolymer matrix significantly affects the various physical properties of the biocomposite materials. Most of the scientific research in the literature are interested in studying the mechanical performance [START_REF] Pan | Crystallization behavior and mechanical properties of bio-based green composites based on poly(L-lactide) and kenaf fiber[END_REF][START_REF] Averous | Biocomposites based on plasticized starch: thermal and mechanical behaviours[END_REF][START_REF] Pinheiro | Polymeric biocomposites of poly (butylene adipatecoterephthalate) reinforced with natural Munguba fibers[END_REF], thermal degradation [START_REF] Averous | Biocomposites based on plasticized starch: thermal and mechanical behaviours[END_REF][START_REF] Pinheiro | Polymeric biocomposites of poly (butylene adipatecoterephthalate) reinforced with natural Munguba fibers[END_REF][START_REF] Russo | Biodegradable composites reinforced with Kenaf fibers: thermal, mechanical, and morphological issues[END_REF], crystallinity [START_REF] Pan | Crystallization behavior and mechanical properties of bio-based green composites based on poly(L-lactide) and kenaf fiber[END_REF][START_REF] Pinheiro | Polymeric biocomposites of poly (butylene adipatecoterephthalate) reinforced with natural Munguba fibers[END_REF][START_REF] Jandas | Thermal properties and cold crystallization kinetics of surface-treated banana fiber (BF)-reinforced poly(lactic acid) (PLA) nanocomposites[END_REF] and biodegradability [START_REF] Lo Re | Biodegradation Paths of Mater-Bi®/Kenaf Biodegradable Composites[END_REF][START_REF] Lee | Biodegradable polymers/bamboo fiber biocomposite with bio-based coupling agent[END_REF] while neglecting viscoelastic properties.

The rheological characterization of molten biocomposites is of importance as it relates to their microstructure and governs their processing conditions. Furthermore, the rheological behavior of a polymeric biocomposites can indicate the reinforcing effect of natural fibers by comparing the viscoelastic response of biocomposites to that of the pure matrix and also to detect the degradation of the material, the presence of aggregates or of a percolating network.

All these features are very dependent on the aspect ratio, shape, dispersion state, surface characteristics, loading, matrix-filler interactions and surface treatments of natural fibers in the composite [START_REF] Mittal | True" Biocomposites with Biopolyesters and Date Seed Powder: Mechanical, Thermal, and Degradation Properties[END_REF][START_REF] Mukherjee | Dispersion study of nanofibrillated cellulose based poly(butylene adipate-co-terephthalate) composites[END_REF]. Despite this, rheological studies of biopolymer/natural fibers biocomposites in their melt phase are relatively sparse.

Mittal et al. [START_REF] Mittal | True" Biocomposites with Biopolyesters and Date Seed Powder: Mechanical, Thermal, and Degradation Properties[END_REF] examined the melt rheological properties of biocomposites with biopolyesters PBAT and PLA as polymer matrices and date seed powder. The rheological characterization showed that the matrix still had viscous behavior even when high filler content was added. The storage and loss modulus of the composites increased with filler loading, and the PLA composites with 30 and 40 (wt%) loading revealed very high values.

The authors explained this phenomenon by the presence of filler aggregates and low polymerfiller interfacial interactions. The optical microscopy and TEM images confirmed good dispersion of filler particles in the polymer matrices, but filler aggregates in the case of composites with higher filler fraction were also observed. In another study by Gaudin et al. [START_REF] Gaudin | Durability of Woodbiodegradable Polymer Composites[END_REF] on PLA and wood flours biocomposites, the authors have demonstrated through melt rheological characterization, the drastic influence of this filler on elasticity by comparing the viscoelastic response of the biocomposites to that of the pure matrix, a difference of more than a decade separates their storage modulus. Mukherjee et al. [START_REF] Mukherjee | Improved dispersion of cellulose microcrystals in polylactic acid (PLA) based composites applying surface acetylation[END_REF] have evaluated the state of dispersion of acetylated microcrystalline cellulose in Polylactic Acid (PLA) based biopolymer using dynamic frequency sweep tests. It has been shown that surface acetylation of microcrystalline cellulose improves the degree of dispersion of the filler by arresting agglomeration in comparison with untreated microcrystalline cellulose. Improvement in dispersion was observed particularly at a lower loading reaching its optimum value around 2.5wt% from the rheological percolation threshold analysis, indicating that beyond this region, dispersion is affected by agglomeration of the filler. In a second paper, Mukherjee et al. [START_REF] Mukherjee | Evaluating the state of dispersion on cellulosic biopolymer by rheology[END_REF] realized a comparative study to rank the grade of dispersion from different varieties of nanocellulose (nanofibrillated and nanocrystalline), to show the correlation with native shape size and crystalline forms of nanocellulose to their dispersion quality. Rheological characterization suggested that acetylated nanocrystalline cellulose yielded nanocomposites with significantly better dispersion in the PLA matrix. At low frequency, loss and storage moduli increased significantly upon adding the nanofiller. At high frequency, data was fitted to the Krieger-Dougherty equation to determine the maximum packing fraction. The authors have demonstrated that the lesser value of the maximum fraction leads to a better dispersion of the nanofiller. A direct correlation between the rheological percolation and maximum packing fraction value was also observed. It was thus concluded the inherent crystalline structure of acetylated nanocrystalline cellulose helps in forming a more organized network in the PLA matrix.

Recently, short Alfa fibers were used as good reinforcing material for PBAT-starch polymer blends (Mater-Bi®) for which the morphology, mechanical and thermal properties of untreated and treated natural fibers reinforced biocomposites were studied in detail [START_REF] Borchani | Biocomposites of Alfa fibers dispersed in the Mater-Bi® type bioplastic: Morphology, mechanical and thermal properties[END_REF]. However, no investigation has been interested so far on the viscoelastic behavior of these biocomposites. Hence, the present study reports on the viscoelastic behavior in the melt in oscillatory shear of short Alfa fibers reinforced biocomposites based on polyester-starch matrix. The effect of fiber concentration, alkali treatment of fibers, temperature and frequency on the melt rheological behavior of biocomposites is examined. This investigation is very important for optimizing the dispersion of short Alfa fibers in a biopolymer matrix.

Materials and methods

Material

The thermoplastic biopolymer matrix used in this work is a starch-based biopolymer Mater-Bi ® NF803 (grade N), supplied by Novamont (Italy). In our previous study, this polymer has been carefully analyzed by different techniques showing a relative composition of about 70 wt% of polybutylene terephthalate-co-adipate (PBAT), 20 wt% of starch and 10 wt% of additives, especially plasticizer [START_REF] Borchani | Biocomposites of Alfa fibers dispersed in the Mater-Bi® type bioplastic: Morphology, mechanical and thermal properties[END_REF]. Material density was 1.27 g/cm 3 at 23°C and its melt flow index was 3.5 g/10 min (measured at 150 °C and 5 kg load).

Three kinds of natural fibers, untreated, 1% and 5% alkali treated, were used as reinforcement fillers. These fibers were prepared from Tunisian Alfa plants (Stipa Tenacissima L.) using chemical and mechanical treatment. The chemical treatment was alkalization with a NaOH solution at two different concentrations 1 and 5 wt% for 6 h at 60°C followed by a bleaching treatment with 2% NaClO solution for 1 h at ambient temperature. The mechanical treatment was a crushing with a blade crusher to improve the individualization of fibers and to get a fine size.

Composites preparation

Biocomposite materials from biopolymer reinforced at 0, 15, 20 and 25 wt% of Alfa fibers were obtained using a Clextral BC21 modular intermeshing co-rotating twin-screw extruder.

The screw design and the extrusion conditions have been described previously [START_REF] Borchani | Biocomposites of Alfa fibers dispersed in the Mater-Bi® type bioplastic: Morphology, mechanical and thermal properties[END_REF]. The extruded biocomposite materials were pelletized and dried at 60°C for 24 h. These biocomposites are denoted throughout the text as U, AT1 and AT5. U means biocomposites with untreated fibers and AT means alkali treated fibers with the number figuring the concentration of the solution used for treatment.

Microscopy

Morphology of short Alfa fibers were directly observed by an optical microscope (Leica) equipped with digital camera.

Mini scanning electron microscopy (mini SEM) HIROX SH-4000M was used to evaluate the distribution of Alfa fibers in the Mater-Bi® matrix. The cryo-fractured surface of specimens was coated with gold using a sputter coater for 60 s at a current of 40 mA and then it was observed under an accelerating voltage of 15 kV.

Rheological measurements

The viscoelastic properties of neat matrix and of the biocomposites have been measured by dynamic oscillatory measurements in the melt state. The samples have been dried under vacuum 6 h at 60°C prior to analysis. The measurements were performed in a Rheometrics ARES system using parallel plate geometry with a diameter of 25 mm. Specimens were placed between the preheated plates at a temperature of 180°C, the gap was fixed at 2 mm. A delay of 4 min at this temperature was necessary to erase any crystallinity of the material prior to the experiment. Then the temperature was set to a constant value for the experiment. For each sample, frequency sweep experiments between 100 and 0.01 rad/s were carried out at three different temperatures 140, 160 and 180°C in the linear viscoelastic domain (2% strain).

Three replicate measurements were made to confirm good reproducibility of the results. The deviation between various time and frequency sweeps on fresh samples was within the range of repeatability of rheometry data and lower than 5%.

In the aim to checking the thermal stability of the specimens at these temperatures, analyses were started with time sweep tests at 1 rad/s with a deformation of 10%, which was also shown to be within the linear viscoelastic domain for these materials. The linear viscoelastic region was determined using strain sweep at a constant frequency of 1 rad/s. It was identified as the region in which is the elastic modulus G' of the sample experienced less than 5% reduction.

Results and discussion

Morphological studies

Figure 1a shows an image of the untreated Alfa fibers obtained in optical microscopy and Figure 1b, 1c and 1d show SEM pictures of biocomposites with 20 wt% of untreated, 1% or 5% alkali treated fibers. Other pictures have been published in previous papers [START_REF] Borchani | Biocomposites of Alfa fibers dispersed in the Mater-Bi® type bioplastic: Morphology, mechanical and thermal properties[END_REF][START_REF] Borchani | Untreated and alkali treated fibers from Alfa stem: effect of alkali treatment on structural, morphological and thermal features[END_REF].

The optical micrographs of the Alfa fibers were processed using the ImageJ software to obtain the length and diameter distribution. The examination of the distributions reveals that the most of fibers lengths lay within the range of 20-2500 µm with an average of 680, 590 and 540 µm for untreated, 1 and 5 % alkali treated fibers, respectively. Most fibers diameters have the range of 5-200 µm with an average of 40, 31 and 26 µm and an aspect ratio of 17, 19 and 21 respectively for the untreated, 1 and 5 % alkali treated fibers. SEM micrographs of the fractured surfaces of biocomposites containing 20 wt% of the three kinds of Alfa fibers (Figure 1b, 1c and 1d) showed that the treated and untreated fibers are found to be well dispersed in the matrix. However, it is difficult to compare the dispersion quality of the three kinds of fibers in the matrix. In the next sections, the influence of the fiber content and of the concentration of alkali treatment on the dispersion process of Alfa fibers in the biopolymer matrix was studied indirectly by rheology.

Thermal stability measured during time sweep measurements

The kinetic follow-up of the viscoelastic properties (storage and loss modulus) shows the structural modifications of polymer or composite and allows the determination of the time and temperature conditions governing these modifications. Fig. 2 shows the evolution of the G' and G'' moduli with respect to time of pure Mater-Bi® and biocomposites containing 25 wt% of the three kinds of Alfa fibers. The storage and loss modulus of neat matrix remain stable over time at 140°C, 160°C and 180°C. But a decrease in the loss modulus is observed at 180°C after 700 s, 1000 s and 1200 s, for the biocomposites with 25 wt% of U, AT1 and AT5 fibers, respectively. This decrease indicates the onset of degradation processes at 180°C and the fastest degradation with the biocomposites containing 25 wt% of Alfa fibers. These results are in agreement with the thermogravimetric analyses in our previous work [START_REF] Borchani | Biocomposites of Alfa fibers dispersed in the Mater-Bi® type bioplastic: Morphology, mechanical and thermal properties[END_REF], where it has also been shown that the thermal stability of biocomposites decreases with large amount of fillers but improves with the alkali treatment of Alfa fibers because it removes hemicellulose, lignin and ash constituents. In order to be sure that the specimens have a stable viscoelastic response, the frequency sweeps at 180°C were carried out in a limited time of 12 min.

Viscoelastic properties in frequency sweep measurements

Figure 3 and4 show plots of the dynamic moduli as a function of angular frequency versus fiber content for the three types of biocomposites at 160°C and 180°C, respectively. The moduli of the neat biopolymer are the lowest at all frequencies in comparison with the different biocomposites. The addition of Alfa fibers to the polymer matrix increases the moduli and they go on increasing with fiber loading. The enhancement in the elastic properties in the melt of the biocomposites represented by the storage modulus is correlated to an increase in the viscosity as it was also observed in previous investigations [START_REF] Mittal | True" Biocomposites with Biopolyesters and Date Seed Powder: Mechanical, Thermal, and Degradation Properties[END_REF][START_REF] Nair | Rheological behavior of short sisal fiber-reinforced polystyrene composites[END_REF][START_REF] Pötschke | Rheological behavior of multiwalled carbon nanotube/polycarbonate composites[END_REF]. In fact, the incorporation of natural fibers to a polymer causes a perturbation in the flow of the matrix and induces hydrodynamic effects as for any filler. As the concentration of fillers increases, this effect becomes more important and influences similarly the elasticity and the viscosity, on the whole frequency range.

In addition, the effect of fiber content is much higher at low frequencies than at high frequencies. This is due to filler to filler interactions. The result is similar to the observation of Madera-Santana et al. [START_REF] Madera-Santana | Preparation and characterization of biodegradable agar/poly(butyleneadipate-co-terephthalate) composites[END_REF] on agar particle /PBAT biocomposites, where at low frequencies, the increase in the content of agar biofiller increased particularly the storage modulus, whereas at high frequencies, the storage modulus of PBAT-agar biocomposites at different composition [START_REF] Jandas | Thermal properties and cold crystallization kinetics of surface-treated banana fiber (BF)-reinforced poly(lactic acid) (PLA) nanocomposites[END_REF][START_REF] Nair | Rheological behavior of short sisal fiber-reinforced polystyrene composites[END_REF][START_REF] Belaїd | Rheological and electrical properties of EVA copolymer filled with bamboo charcoal[END_REF], and 40 wt%) tends to that of pure PBAT. At low frequency, the value of the storage modulus becomes independent on frequency, indicating a transition of the viscoelastic response of the molten biocomposites to a solid-like behavior or elastic response (G' and G'' are close to each other in our experiments) with infinite relaxation time.

This corresponds to the existence of a yield stress, explained by the formation of a network of interacting fibers and this can be viewed as an indication of strong fiber to fiber interactions [START_REF] Shenoy | Rheology of Filled Polymer Systems[END_REF][START_REF] Song | Rheological characterization of carbon nanotubes/poly (ethylene oxide) composites[END_REF][START_REF] Kamal | Effect of Cellulose Nanocrystals (CNC) on Rheological and Mechanical Properties and Crystallization Behavior of PLA/CNC Nanocomposites[END_REF]. The low frequency plateau, G' is independent on frequency, appears for the biocomposites at all compositions studied (15, 20 and 25 wt%) in the frequency range between 0.01 and 10 rad/s. It should be noted that the storage modulus curve for the pure matrix also reveals a plateau but at a lower value of a decade. In this case, the plateau is connected to the dispersion of plasticized starch phase within the polyester matrix.

Biocomposites with treated Alfa fibers (AT1 and AT5) have more pronounced plateaus at low frequencies in comparison to the biocomposites with untreated fibers. This is mainly associated to the combination of two significant parameters that affect the structural relationship, namely the alkali treatment of the Alfa fibers that enhance the interaction with the matrix and secondly the fiber content.

All samples generally show a lack of stability of the elastic response at long time as shown by a slight increase of the storage modulus when the frequency decreases in the low frequency range. It cannot be clearly distinguished whether this is due to a chemical instability (thermal degradation) or to a morphological change of the multiphasic matrix or to re-aggregation of the filler. In the next section, each parameter will be studied separately by normalized curves of the dynamic moduli, on the plateau at low frequency for particle to particle interactions and also at high frequency for hydrodynamic interactions, since in this range of frequencies, network effect becomes negligible in comparison.

The presence of Alfa fibers and their chemical treatment may give rise to hydrodynamic interactions, fiber-polymer interactions and fiber-fiber interactions that all have influence on the viscoelastic behavior of the molten biocomposite materials. The experimental observations and the theoretical expectations for fiber reinforced composites showed that during a frequency sweep in the linear domain, fiber-matrix interactions dominate at high frequencies (hydrodynamic effects) whereas the fiber-fiber interactions are dominant at low frequencies [START_REF] Mukherjee | Dispersion study of nanofibrillated cellulose based poly(butylene adipate-co-terephthalate) composites[END_REF][START_REF] Shenoy | Rheology of Filled Polymer Systems[END_REF][START_REF] George | Melt rheological behaviour of short pineapple fibre reinforced low density polyethylene composites[END_REF].

Hydrodynamic and network effects due to fiber content

It is known from the literature that the storage modulus is more sensitive to the structural changes than the loss modulus for molten filled polymers, especially at low frequency [START_REF] Abdel-Goad | Rheological characterization of melt processed polycarbonate-multiwalled carbon nanotube composites[END_REF][START_REF] Xu | Linear/nonlinear rheological properties and percolation threshold of polydimethylsiloxane filled with calcium carbonate, Nihon Reoroji Gakkaishi[END_REF][START_REF] Mabrouk | Melt rheology of nanocomposites based on acrylic copolymer and cellulose whisker[END_REF][START_REF] Mukherjee | Dispersion study of nanofibrillated cellulose based poly(butylene adipate-co-terephthalate) composites[END_REF]. Thus, the following section concentrates on the storage modulus to study the effect of adding Alfa fibers on viscoelastic properties in the melt.

The variation of the high frequency modulus with the fraction of fiber (Φ) was considered as an indication of hydrodynamic effects between melt and particle. Indeed, at high frequency, the particle-particle interactions are not visible and only the hydrodynamic interactions between melt and particle can be captured. For this purpose, a hydrodynamic effect function f(Φ) was defined as:

= G' ; 100 rad ⁄ G' 0; 100 rad ⁄ (1)
On the contrary, at low frequency, the interparticle interactions overpass the hydrodynamic ones. Therefore, the fiber to fiber interactions can be captured by a similar relative modulus function g(Φ) at 0.01 rad/s frequency, defined as: = G' ; 0.01 rad ⁄ G' 0; 0.01 rad ⁄ [START_REF] Bledzki | Mechanical properties of PLA composites with man-made cellulose and abaca fibres[END_REF] In these expressions, Φ is the volume fraction of fibers. In our case, Alfa fibers density is 1.41 g/cm 3 and polymer matrix density is 1.27 g/cm 3 therefore the used weight fractions: 0, 0.15, 0.2 and 0.25 correspond to volume fractions of: 0, 0.137, 0.184 and 0.231, respectively. Figures 4 and5 show the experimentally measured values of f(Φ) and g(Φ), respectively, for the biocomposites with the three kinds of Alfa fibers at 180°C. Trends at other temperatures are similar. At a given temperature, the strong increase in g(Φ) for biocomposites based on alkali treated Alfa fibers shows that the incorporation of treated fibers at variable fiber loading from 15 to 25 wt% causes a dramatic change in the viscoelastic behavior of the filled materials at low frequency in comparison with the neat matrix. A gel behavior related to the formation of fiber-fiber network is observed with a further enhancement due to polymer-fiber interactions in the case of treated fibers. These findings agree with previous studies on various types of filled polymer systems, for example on composites based on natural fibers such as bamboo charcoal with EVA copolymer [START_REF] Belaїd | Rheological and electrical properties of EVA copolymer filled with bamboo charcoal[END_REF] and short pineapple fibers with low density polyethylene [START_REF] George | Melt rheological behaviour of short pineapple fibre reinforced low density polyethylene composites[END_REF] as well as on nanocomposites such as carbon nanotubes with polycarbonate [START_REF] Pötschke | Rheological behavior of multiwalled carbon nanotube/polycarbonate composites[END_REF][START_REF] Abdel-Goad | Rheological characterization of melt processed polycarbonate-multiwalled carbon nanotube composites[END_REF], nanofibrillated cellulose with poly(butylene adipate-co-terephthalate) [START_REF] Mukherjee | Dispersion study of nanofibrillated cellulose based poly(butylene adipate-co-terephthalate) composites[END_REF] and pristine and acetylated cellulose nanocrystal particles were with poly(ε-caprolactone) [START_REF] Wang | Rheology of the cellulose nanocrystals filled poly(ε-caprolactone) biocomposites[END_REF]. All these studies have demonstrated that as the filler loading increases, filler to filler interactions become dominant, eventually lead to percolation and formation of a three-dimensional network as an interconnected structure of anisometric fillers. Above a critical filler content, the storage modulus shows such a plateau at low frequencies indicating that a network structure is formed. This critical filler content is considered as a rheological percolation threshold. This percolation threshold can be calculated theoretically using the following expression proposed by Dufresne [START_REF] Dufresne | Les nanotechnologies dans l'industrie papetière. Techniques de l'ingénieur, Nanomatériaux: élaboration, propriétés et applications[END_REF]:

= . ⁄ (3) 
Where Φc is the percolation threshold and L/d is the aspect ratio. For Alfa fibers used, the average aspect ratio before extrusion is around 20 leading to a theoretical percolation threshold at nearly 0.04. The percolation threshold can also evaluate experimentally. Direct observation is not possible because the minimum of fiber loading used was 15 wt% (Φ=0.137) and this value it is in general already well above the percolation threshold. To evaluate the threshold, g(Φ) can be well fitted by an equation in the form of Equation (4):

= - (4) 
Where a has the significance of a critical percolation exponent. The results are plotted on Figure 5 as a full line. At 160°C, with filler being treated at 5%, the percolation exponent is found to be 0.83 with a percolation threshold at 0.05 slightly higher than predicted by Equation ( 3). This difference can be attributed to attrition during the extrusion and also to the wide distribution of length to diameter ratio of the fibers.

On the contrary, in the case of biocomposites with untreated fibers g(Φ) does not increase so much as with treated fibers. Therefore, the gel effect is tiny with low plateau modulus and appears at slightly higher filler content. This difference can be clearly related to the state of dispersion of the fibers in the polymer matrix. Indeed, for untreated fibers, the re-aggregation leads to a delayed percolation threshold at 0.13. A sensitivity of the observed threshold to the temperature is also observed but it is rather an artefact due to the larger elasticity of the polymer matrix at low temperature that may hide the elasticity of the filler network when the temperature decreases. On the contrary, at high temperature, rearrangement or breaking of the network might be facilitated by the lower viscosity of the matrix [START_REF] Pötschke | Rheological behavior of multiwalled carbon nanotube/polycarbonate composites[END_REF][START_REF] Carneiro | Rheological behavior of (short) carbon fiber/thermoplastic composites. Part II: the influence of matrix type[END_REF][START_REF] Fornes | Nylon 6 nanocomposites: the effect of matrix molecular weight[END_REF][START_REF] Pogodina | Processing and characterization of biodegradable polymer nanocomposites: detection of dispersion state[END_REF].

Regarding the hydrodynamic interactions, at high frequency, the function f(Φ) of all mixtures increases with the increase in filler content at all temperatures, which proves that hydrodynamic interactions between matrix and fibers in biocomposites based on treated or untreated fibers increase with the increase in fiber content, as is generally observed in filled polymer systems. The stagnation or decrease observed at the composition of 0.231 is unexpected and it can also be explained by a consequence of re-aggregation at high fiber loading [START_REF] Mukherjee | Dispersion study of nanofibrillated cellulose based poly(butylene adipate-co-terephthalate) composites[END_REF][START_REF] Filippone | Viscoelasticity and Structure of Polystyrene/Fumed Silica Nanocomposites: Filler Network and Hydrodynamic Contributions[END_REF].

The hydrodynamic function f(Φ) was fitted by conventional empirical models [START_REF] Quemada | Rheology of concentrated disperse systems and minimum energy dissipation principle[END_REF][START_REF] Quemada | Rheology of concentrated disperse systems II. A model for non-newtonian shear viscosity in steady flows[END_REF][START_REF] Quemada | Rheology of concentrated disperse systems III. General features of the proposed non-newtonian model. Comparison with experimental data[END_REF][START_REF] Barnes | A review of the rheology of filled viscoelastic systems[END_REF][START_REF] Krieger | A mechanism for non-Newtonian flow in suspensions of rigid spheres[END_REF][START_REF] Maron | Application of Ree-Eyring generalized flow theory to suspensions of spherical particles[END_REF] in the form of Equation ( 5):

= 1 -⁄ (5) 
Where ΦM is the packing fraction and a is an exponent, in the order of 2. This later value is strictly valid only for spherical particles. But this remains also true, if the equivalent sphere model of Baravian [43] is used. In this case the value of ΦM is decreased in comparison to spheres because of the larger apparent spherical equivalent volume of the rotating rod.

As plotted on Figure 6, reasonable agreement can only be obtained with data of untreated or 1% treated fiber with volume fraction below 0.231. In this case, value of parameter a close to 2 while the packing fraction is 0.43. The discrepancy at high filler loading is related to reaggregation.

Effect of alkali treatment of Alfa fibers

As shown by figure 6, the model of equation ( 5) describing the hydrodynamic interactions is completely off in the case of the biocomposites using the fibers treated with 5% concentration. This is because of the large interaction between the filler and matrix promoted by this treatment that is responsible for additional contribution to the elasticity and viscosity that widely overpass the hydrodynamic effect. This can also be viewed as a large increase of the volume occupied by the fibers because of bounded matrix, in which case the fraction occupied by the filler is larger than the actual one. This leads to a reduction of ΦM in equation ( 5) to 0.28 instead of 0.43.

As far as the elastic network of interacting fibers is concerned, the values of the parameter of the fitted function (4) on data obtained at 180°C are plotted in Table 1. This highlights the effect of alkali treatment of Alfa fibers. The gel strength, given by the K coefficient, is larger in biocomposites based on treated fibers than that of composites with untreated fibers because the percolation is facilitated by the dispersion. This is especially true at a concentration of alkali treatment of 1% where there is an optimal increment of function g. Indeed, little benefit is brought by increasing the soda concentration of the treatment of the Alfa fibers to 5%.

Conclusions

In a previous work (Elfehri Borchani et al. 2015b), the analysis of thermal and mechanical properties of biocomposites based on a polyester-starch matrix and short Alfa fibers at various composition was carried out. In particular, the influence of the alkali treatment of the fibers with 1% and 5% alkali, that removes the lignin and hemicellulose, was studied and showed to increase the thermal stability of the composites. The addition of fibers induces an increase of the modulus and a reduction of elongation at break.

In this paper, the study of the viscoelastic properties of the materials in the melt has confirmed this conclusion by showing stable viscosity and elasticity and therefore increased thermal stability of the materials at high temperature along time. Viscoelastic properties in the melt were also used to get information on the microstructure of the composites in order to explain the properties in the solid state. In particular, dynamic spectrometry of the biocomposites in the melt has shown that both the storage modulus and loss modulus of all types of biocomposites increase with the Alfa fibers concentration but with differential increments in the low and high frequency range. At high frequency, the level is influenced by hydrodynamic interactions only. At low frequencies, a plateau of the storage modulus occurs for the biocomposites at all compositions studied, showing solid-like behavior due to filler to filler interactions. This behavior is more pronounced in biocomposites with treated Alfa fibers. The effects were studied separately through the use of the relative modulus function in each frequency range.

The function at low frequency can be described with a percolation analysis that shows that percolation occurs at low volume fraction (0.05). Empirical law underpredicts this value.

Attrition, widening of the dispersion of sizes is detrimental to the percolation of fibers because of unfavorable shape factor. Increase of the filler content at 25 wt% also disrupts the percolation process by aggregation of the fibers. A treatment of the fiber surface is also necessary to enhance matrix to filler adhesion and to avoid aggregation.

The hydrodynamic function can be modeled by the conventional equations in only a restricted number of cases. Aggregation at high fiber loading or in case of strong bonding to the matrix respectively decreases or increases the hydrodynamic function.

Both set of results and analysis shows that the dispersion is a key factor that can be approached by viscoelastic measurements because of its influence on viscoelasticity. Filler contents below 25 wt% and moderately concentrated alkali treatment are also required to avoid aggregation. alkali treated (▲) and 5% alkali treated (■) Alfa fibers at 180°C. Full line: model of Eq. ( 4)
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with values in Table 1 Fig. 6 Experimental values of f(Φ) for the various biocomposites with untreated (•), 1% alkali treated (▲) and 5% alkali treated (■) Alfa fibers at 180°C. Full line: model of Eq. ( 5) with a=2, ΦM=0.43. Dashed line: model of Eq. ( 5) with a=2, ΦM=0.28 
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 1 Fig. 1 Optical images of untreated Alfa fibers (a) and SEM micrographs of fracture surface of biocomposites with 20 wt% of: (b) untreated, (c) 1% and (d) 5% alkali treated fibers

Fig. 2 Fig. 3 Fig. 4 Fig. 5

 2345 Fig. 2 Storage (full symbols) and loss (open symbols) moduli as a function of time at a temperature of: 180°C (•), 160°C (▲) and 140°C (■) for the: (a) MaterBi, (b) MaterBi/ANT (75/25), (c) MaterBi/AT1 (75/25) et (d) MaterBi/AT5 (75/25) Fig. 3 Storage (full symbols) and loss (open symbols) moduli as a function of frequency at 160°C for biocomposites with: (a, d) untreated, (b, e) 1% alkali treated and (c, f) 5% alkali treated fibers at different fiber contentsFig. 4 Storage (full symbols) and loss (open symbols) moduli as a function of frequency at 180°C for biocomposites with: (a, d) untreated, (b, e) 1% alkali treated and (c, f) 5% alkali treated fibers at different fiber contents Fig. 5 Experimental values of g(Φ) for the various biocomposites with untreated (•), 1%

Table 1

 1 Coefficients of Eq. (4) fitted on the data at 180°C

	Treatment	K	Φc	a
	U	1600 0.13 0.83
	AT1	3400 0.093 0.83
	AT5	3150 0.05 0.83