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INTRODUCTION

The use of lignocellulosic fibers to reinforce thermoplastic polymers has now become common and concrete industrial applications can be found, especially in the automotive industry. For a general presentation of vegetal fibers-based composites, we refer the reader to recent reviews on this topic [1][2][3][4][5]. Thermoplastic composites reinforced with short lignocellulosic fibers are usually prepared by twin-screw extrusion, because of the flexibility and the great mixing capacity of this process [6]. However, the severe flow conditions into the extruder result in fiber degradation, i.e. a decrease in diameter (D), due to the separation of bundles into individual fibers, and also in length (L), due to the breakage of bundles and single fibers [7][8][9][10]. The mechanical properties of the composite being, among other parameters, controlled by the length and the aspect ratio (length/diameter, L/D) of the fibers, it is important to understand the mechanisms of evolution of the fiber dimensions during the extrusion process. This would allow to optimise the processing conditions (screw profile, screw speed, feed rate, and barrel temperatures) to limit fiber degradation and promote bundle separation rather than length reduction.

In a previous series of papers [11][12][13], a systematic study of the fiber breakage mechanisms during compounding has been developed. First, qualitative rheo-optical observations of fiber breakage mechanisms have been presented [11]. Then, quantitative laws describing changes in fiber dimensions during mixing with a polypropylene matrix have been proposed [12].

Finally, dimensional changes of various types of fibers during the twin-screw extrusion process have been analyzed [13]. In all these studies, the matrix was a polypropylene (PP), compatibilized with a polypropylene grafted with maleic anhydride (PP-g-MA). It has been shown that the breakage mechanisms and the kinetics depend on the type of fiber (botanical origin, which determines the chemical composition and the morphology), its initial dimensions (the long fibers break more quickly) and its environment (water content, temperature) [10][11][12][13]. In the present work, our intention is to highlight the role of the polarity of the matrix on the breakage mechanisms. Therefore, in addition to the non-polar PP, poly(butylene succinate) (PBS) was selected. PBS is an aliphatic thermoplastic polyester. Due to its biodegradability, PBS has already been used as a matrix for composites prepared with various types of fibers, for example abaca [14], hemp [15], coir [16], kenaf [17], sisal [18,19], curaua [19], sugar cane [20]. In the present case, it was chosen as a polar matrix, and flax and hemp fibers were selected because their breakage mechanisms are well known [11][12][13].

The influence of the matrix on the properties of natural fiber-based composites has been studied by different authors. For example, Bourmaud et al. [21] compared the mechanical properties of flax-based composites made with PP, PBS and PLA, but without information on the respective viscosities of the matrices. Mano et al. [22] measured fiber dimensions before and after compounding for PP and PE/curaua composites, but again the viscosity curves were not presented. Teuber et al. [23] performed similar experiments, with wood particles and polyethylene (PE) and PP of various melt flow index (MFI). They observed higher degradation (particle size reduction) when the MFI was lower (and thus the viscosity higher), but a direct comparison between PE and PP was not possible because the MFI were measured under different conditions. Peltola et al. [24] compared wood fiber-based PLA and PP composites. They reported a greater reduction in fiber length for PLA, due to its higher viscosity (about twice that of PP). PP and PLA composites reinforced with abaca have also been studied by Jaszkiewicz et al. [25] but the lack of viscosity data does not allow to draw clear conclusions. Hristov and Vlachopoulos [26] studied the flow behavior of wood flour/PE composites prepared with PE of different melt index and different molecular weight distribution. They reported a larger relative increase of viscosity for the composites prepared with the low molecular weight matrix and attributed this result to a better wetting of the fibers by the low viscosity product. Similarly, at constant fiber loading, they observed a higher viscosity when adding a coupling agent, which was explained by a stronger fiber-matrix interaction. To our knowledge, only the paper of Lee et al. [27] presented a direct comparison between PP and PBS matrices for kenaf-based composites. PP and PBS had comparable viscosities (MFI of 21 and 25, respectively), but the composites were prepared under different conditions. Anyway, the reduction in fiber length was greater with PBS, despite the screw speed was lower (50 rpm instead of 100 rpm for PP). Moreover, by adding 30% kenaf fibers, the flexural modulus was increased by 65% for PP compatibilized with PP-g-MA, and by 116% for the PBS. These results tend to show that, in addition to the level of viscosity, the affinity between the fiber and the matrix plays a role in the breakage mechanisms of the fibers and the resulting properties of the composites.

In recent years, atomic force microscopy (AFM) has proven to be a relevant technique for investigating the interaction between matrix and fibers [28][29][30]. These studies used colloidal probe microscopy to directly measure adhesion forces between matrix and plant fibers or model polysaccharide films, using PLA microbeads attached to the AFM tips. Microbeads of cellulose triacetate have also been used to mimic cellulosic fibers [31]. The main drawback of this approach is the necessity to know with a nanometer accuracy the indentation depth of the microsphere on the analyzed surface. In addition, the asperity of the cellulose microspheres can impact the contact area between the two surfaces. Moreover, the microbeads used are based on chemically modified cellulose which could interfere in the spectroscopy force measurements. Therefore, in the present study, single molecule force microscopy (SFMS) was used to address the intermolecular adhesion forces between the cellulose functionalized AFM tip-less levers and the polymer surface. Based on a previously developed methodology [32], AFM tipless levers were functionalized with nanocrystalline cellulose to mimic the high cellulose content in flax and hemp fibers. Then, the adhesion forces were measured on smooth surfaces of the different polymer matrices. With this alternative approach, all the F o r P e e r R e v i e w 6 aforementioned limitations should be overcome, in order to accurately quantify the fibermatrix interactions and their impact on the breakage mechanisms and the rheological properties of the composites.

MATERIALS AND METHODS

Materials

The first matrix was a polypropylene homopolymer (PP) from Polychim Industrie (Mardick, France). It had a melt index of 12 g/10 min (230°C, 2.16 kg) and a density of 0.904 g/cm 3 . To improve the compatibility with the fibers, a maleic anhydride grafted polypropylene (PP-g-MA) was used (Orevac ® CA100, Arkema). The ratio PP-g-MA/fiber 1/10 by weight was chosen, as recommended in the literature [33,34]. The second matrix was a PBS provided by NaturePlast (Ifs, France). It had a melt index of 5 g/10 min (190°C, 2.16 kg) and a density of 1.26 g/cm 3 . As shown in Figure 1, it was chosen to have a viscosity close to that of the PPbased matrix (i.e. PP + 2.5% PP-g-MA), in order essentially to characterize the impact of the chemical nature of the matrix.

The fibers were provided by FRD © company (Fibres Recherche Developement © , Troyes, France). Flax and retted hemp of initial lengths 4 and 2 mm were used. The initial dimensions of these fibers and their chemical compositions are shown in Table 1. They were mixed with the matrices with a concentration of 20 wt%. The composition of the composites remained constant during the study and was thus fixed as follows (in weight): 78% PP / 2% PP-g-MA / 20% fibers, and 80% PBS / 20% fibers.

Compounding

A corotating laboratory-scale twin-screw extruder (Leistritz ZSE 27 MAXX, Nuremberg, Figure 2, was very close to the one used in our previous study [13]. A left-handed element was located in zone 3 to ensure the melting of the polymer matrix and two blocks of four kneading discs were designed to disperse the fibers. The first one was staggered at 90°, while the second one was staggered at -60°.

The matrix (pre-blend of PP and PP-g-MA pellets or PBS pellets) was introduced in zone 1, melted in zone 3 and the fibers were then added in zone 4. Experiments were performed at two flow rates (3 and 6 kg/h) and two screw speeds (100 and 200 rpm). The barrel temperature was kept constant, at 180°C for PP and 140°C for PBS.

Samples were collected for further analyses, not only at the die exit but also along the screws, following a "dead-stop" procedure: after reaching steady state conditions, the feeding and screw rotation were suddenly stopped and the barrel was cooled down and extracted. Samples were taken at the locations indicated in Figure 2.

Characterization of fiber dimensions

The dimensions of the fibers were obtained according to the methodology of Di Giuseppe et al. [35], after dissolving the matrix, acquiring images with a high resolution scanner (Epson Perfection © V550) and analyzing these images with the ImageJ software. The dissolution was carried out in xylene for PP-based composites and in dichloromethane for PBS ones. Size distributions in length (L), diameter (D) and aspect ratio (L/D) were then obtained, and, from these distributions, average values were calculated. In what follows, we focus on the weight average values.

Rheological behavior

The viscoelastic properties of the composites were measured in small amplitude oscillatory was first defined using strain sweeps. Then, frequency sweeps were performed at three temperatures to measure the rheological behavior of the composites.

Process modeling and breakage laws

The flow parameters along the screws were calculated using the Ludovic ® software developed about twenty years ago by one of us [36] and marketed by SCC company (Sciences Computers Consultants, Saint Etienne, France). It is a global model based on continuum mechanics, which simulates the whole extrusion process, from the introduction of solid polymer pellets in the hopper to the die exit. It has been used successfully to calculate the breakage of glass fibers during compounding operations [37][38][39] and, more recently, has also been applied to the breakage of lignocellulosic fibers, by using the evolution laws established in our previous work [13,40]. For example, the weight average fiber length L w can be calculated as:
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L 0 is the initial fiber length, L ∞ is its ultimate value,  is the cumulative strain and is a L k kinetic constant. Similarly, the changes in weight average diameter can be expressed as:
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in which D 0 is the initial fiber diameter, D ∞ is its ultimate value, and is a kinetic constant.
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The local strain is defined as the product of the local shear rate by the local residence time. It is then cumulated from the introduction of the fibers to the considered sampling point. Since the strain cannot be measured directly during the extrusion process, the Ludovic ® software was used to estimate this parameter which controls the changes in the fiber dimensions.

Mechanical properties

Following the norm ISO 527-2 5A, dumbbell-shaped specimens were prepared by injection molding. A Babyplast © 6/10P injection molding machine (Molteno, Italy) was used. As shown previously [41], this processing step has a small impact on the dimensions of the fibers. Main mechanical properties (Young's modulus, stress and elongation at break) were evaluated in uniaxial extension. A TEST 108 universal testing machine (TEST, Erkrath, Germany) was used. It was controlled by the Testwinner 922 program. Test conditions were as follows: 2 kN load cell, speed of 10 mm/min, and 10 replicates to test the reproducibility.

Measurements of fiber/matrix adhesion force at nanoscale

To investigate the adhesion forces between the fibers and the different matrices, Single

Molecule Force Spectroscopy (SMFS) measurements were performed using a Multimode-8

Atomic Force Microscope (Santa Barbara, CA, USA). Tip-less AFM levers were functionalized with nanocrystalline cellulose using a protocol described elsewhere to accurately control the cellulose nanorods density on the lever [32]. Briefly, a Langmuir-Blodgett procedure was used to deposit the nanocrystalline cellulose extracted from bleached ramie fibers on a tip-less AFM lever (NP-O levers from Bruker Nano, Santa Barbara, USA).

By controlling the surface pressure during the transfer, it is possible to obtain a known density of cellulose nanorods on the AFM lever. To sum up, the functionalized tip-less AFM lever with CNCs was mounted on a sample holder and AFM images were acquired on the AFM lever surface grafted with CNCs. Then the different images were treated and analyzed to determine the surface of the CNCs rods observed in the different areas scanned. Using AFM is the most suitable way to determine this coverage. Indeed, due to the size of the CNCs, their organic and non-conductive nature, SEM is not as precise as AFM. A charging effect is occurring under vacuum (or a loss of resolution if working in a pressure-controlled SEM), which makes the SEM images less accurate as the AFM ones. As the contact area between the AFM lever and the surface under study is of paramount importance during SMFS measurements, the nanocrystalline cellulose coverage of 56% was chosen to ensure appropriate interactions between the cellulose nanorods and the different surfaces. As the goal of this part was to measure the adhesion forces between a functionalized tip and a

given substrate, we used the most proper and accurate technique which is Force-Volume measurements, as it is performed in other similar publications.

As for the adhesion measurements, using the Peak-Force Tapping mode is less reliable as the Force-Volume measurements: indeed, first, the functionalized tip will displace along the sample and then will lose its integrity after a few images, and second, the calibration of the mode to get quantitative data for the Young's modulus cartography of the deformation will be very imprecise as it necessitates a perfect characterization of the tip curvature radius which is not possible for the tip-less functionalized tip. Thus, we think that the more accurate and reliable information will come from Force-Volume measurements which is the more used mode to perform adhesion measurements. Therefore, Force-Volume (F-V) measurements were made for scan size areas of 5 µm x 5 µm with a resolution of 48 pixels per line, 200 nN/s as the loading rate, 0 seconds as the retract delay. For each condition, the average values of the adhesion force were obtained after analysis of a representative area of each sample, leading to 2304 force curves. Histograms of the adhesion data were fitted by a Gaussian distribution. To obtain reliable adhesion measurements, a limited surface roughness is required to ensure a constant contact area. Thus, prior to the SMFS measurements, conventional AFM experiments were performed to locate an appropriate area on the PP, PP-g-MA and PBS surfaces. Topographical images were acquired in the Peak Force Tapping Mode using ScanAsyst air probes (Bruker Nano, Santa Barbara, USA) with a nominal tip radius of 2 nm, a nominal spring constant of 0.4 N/m and a nominal resonant frequency of 70 kHz. Images of 512 x 512 pixels were acquired using a frequency of 1 kHz and a scan rate of 0.4 Hz. The raw images were analyzed using Nanoscope V and Gwyddion [42] software. To characterize the surface roughness, the arithmetic average roughness parameter (R a ) was used [43]. Average R a parameters were measured using at least three representative AFM images from different scan areas of the PP, PP-g-MA and PBS surfaces. In addition to these preliminary images, the topography of the functionalized levers and the different surfaces was systematically recorded before and after the F-V acquisition to ensure that no artefact or interferential events such as significant nanocrystalline cellulose detachment occurred during the adhesion measurements.

Reference experiments (not shown here) were also performed on the different surfaces with a non-functionalized lever to ensure that the adhesion forces measured with the functionalized lever were specific.

RESULTS AND DISCUSSION

Morphological changes along the screws

Figure 3 shows an example of change in fiber length along the screws for the flax-based composites at 3 kg/h and 100 rpm. As expected, the fibers undergo a significant reduction in length, but it is evident that this degradation is more pronounced with the PBS matrix. The same observations can be made for fiber diameters (Figure 4). While it remains quite constant with PP/PP-g-MA, a slight decrease is observed with PBS. Similar results were obtained for the other processing conditions and the hemp fibers (not shown). In all cases, the 12 morphological evolutions were greater with the PBS matrix. It has been shown previously [13] that, for different values of screw speed and feed rate, a mastercurve was obtained when plotting the weight average length (or diameter) as a function of the calculated cumulative strain (see Eqs. ( 1) and ( 2)). For each matrix and each fiber, four processing conditions were tested, and, for each condition, five samples were collected along the screws. An example of results for the flax-based composites is shown in Figure 5. For a fixed value of the strain, the fiber length is always shorter with the PBS matrix, even though its viscosity is slightly lower than that of PP/PP-g-MA. This result is also valid for the fiber diameter (Figure 6). It is also important to emphasize that the evolution laws proposed previously [13] remain valid for the various matrices and fibers. However, diameters are more difficult to evaluate than lengths.

Therefore, the dispersion between the various samples corresponding to different processing conditions and different locations along the screws is significant and the fit by a unique exponential function is less accurate, especially for PP/PP-g-MA. The kinetic constants are indicated in Table 2. For PP-based composites, the values are close to those determined in our previous work [13]. The slight differences come from the fact that the fibers used were different. The values of k L and k D confirm that the breakage kinetics are faster with PBS.

Starting from longer fibers (4 mm for flax, 2 mm for hemp), the kinetics are also faster, but the final dimensions are comparable: about 1 mm for PP and 0.5 mm for PBS. PP-based composites have also larger final diameters (50-70 µm, compared to 35-40 µm for PBS) and higher aspect ratio (10-14, compared to 6 for PBS).

To summarize, whatever the fiber and the processing conditions, fiber breakage (i.e. reduction in length and diameter) is always more significant with the PBS matrix, despite a slightly lower viscosity compared to PP/PP-g-MA. This can be only explained by stronger interactions between the lignocellulosic fibers and the PBS matrix, even though PP-g-MA has been used as a compatibilizer for PP. 

Rheological behavior

Rheological measurements in small amplitude oscillatory shear were performed in the linear domain on samples collected at the die exit, extruded at 6 kg/h and 100 rpm. The experiments were performed at three temperatures (180°C, 190°C, 200°C and 140°C, 160°C, 180°C for PP/PP-g-MA and PBS, respectively) and mastercurves at 180°C were obtained by time/temperature superposition. Figure 7 compares the complex viscosity curves of the PPbased composites with that of the matrix. The composites obviously have much higher viscosities, but the behavior differs according to the fiber type: when the hemp exhibits a Carreau-Yasuda behavior, similar to that of the matrix, the flax presents an apparent yield stress at low frequency. The presence of a yield stress in lignocellulosic fiber composites above 20-30wt% has been reported by many authors [44][45][46][47]. It is due to the interactions between the fibers, which are more significant for flax because of higher aspect ratio (23, instead of 15 for hemp). Similar tendencies are observed for PBS-based composites (Figure 8), except that flax is now more viscous that hemp. It means that the interactions between PBS, hemp and flax are different from those between PP/PP-g-MA, hemp and flax. This is clearly demonstrated if we now compare the same fiber with both matrices. For hemp, PPand PBS-based composites have similar viscosities, despite the fiber aspect ratios are higher for PP (15 instead of 5) and the viscosity of the PBS matrix is lower (Figure 9). This shows a higher affinity of hemp with PBS. These results are confirmed by the flax-based composites (Figure 10). The viscosity of flax/PBS is now about three times that of flax/PP/PP-g-MA,

when the aspect ratio is 23 for flax/PP/PP-g-MA and 9 for flax/PBS. As for the fiber breakage, these results can only be explained by the different interactions in the molten state between fibers and matrices. Li and Wolcott [48] have already noticed an increase in viscosity in the presence of maleated polymer in the case of wood flour/PE composites, attributed to enhanced interactions between wood and PE. In all cases, the complex viscosity of the matrices and the composites can be nicely fitted by a Carreau-Yasuda law, eventually with a yield stress:

(3)
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 is the angular frequency,  0 is the melt yield stress,  0 is the viscosity of the Newtonian plateau,  is a characteristic time, n is the power law exponent, and a is the Yasuda parameter.

a T is the temperature shift factor which is defined by an Arrhenius law:

(4) 0 1 1 exp T E a R T T              
E is the activation energy, R is the gas constant, and T 0 is the reference temperature.

The parameters of these laws for the different composites are provided in Table 3.

Mechanical properties

Measurements in uniaxial tension have been performed to check if the preferred interactions observed in the molten state are retained in the solid state. Figure 11a presents the relative Young's modulus (i.e. the Young's modulus of the composite divided by that of the matrix)

for the various composites. It is clear that the mechanical reinforcement is much more efficient for PBS-based composites. For each matrix, the higher values measured for flax compared to hemp can be explained by the higher lengths and aspect ratios measured after compounding. In contrast, the stress at break is quite unchanged (Figure 11b). As expected, the elongation at break is largely reduced for composites (Figure 11c). For these two last parameters, there is practically no difference between flax and hemp, and between PP and PBS. The orders of magnitude of our results are globally in good agreement with those obtained by Bourmaud et al. [21] or Baiardo et al. [49] on flax/PBS composites. 

Fiber/matrix adhesion forces

To investigate the intermolecular interactions between the cellulosic fiber and the polymer matrix, Single Molecule Force Spectroscopy (SMFS) measurements were carried out by using AFM levers functionalized with nanocrystalline cellulose. In such experiments, force measurements are carried out to determine adhesion between the probe and a selected surface.

In this study, the probe (a flat cantilever) was functionalized with nanocrystalline cellulose as it is the main constituent of hemp and flax fibers. The aspect ratio of the nanocrystalline cellulose is 30, being in the same range as the aspect ratio of hemp and flax fibers (Table 1).

As the interactions between two surfaces strongly depends on their load contact area [50], a high coverage of the probes with nanocrystalline cellulose (55.8 ± 2.6%) [32] and a surface of low roughness for the matrices (PP, PP/PP-g-MA and PBS) were chosen to ensure the comparison between each surface. Thus, areas of similar roughness were selected for SMFS measurements to ensure that the interaction between the nanocrystalline cellulose and the section of interest was determined over similar contact areas (roughness parameter R a of PP, PP/PP-g-MA and PBS surfaces was 53.8 nm, 51.8 nm and 49.1 nm, respectively. See Figure 12). The adhesion force mapping acquired for scan sizes of 5 µm x 5 µm clearly exhibit homogenous values of the adhesion for each sections (Figure 12). Representative force curves derived from adhesion mapping images are shown in Figure 13. PBS shows to be the matrix which presents significant higher interaction with nanocrystalline cellulose, followed by PP/PP-g-MA and PP matrices. As expected, the interaction between PP/PP-g-MA and cellulose nanorods is slightly greater than that of pure PP. Quantitative average values of adhesion forces between nanocrystalline cellulose and each surface were extracted from adhesion mapping (Figure 14). The interaction is greater between the nanocrystalline cellulose and PBS (16.3 ± 2.1 nN) compared to PP/PP-g-MA (10.3 ± 2.9 nN) or PP (8.0 ± 1.4 nN). The differences between the measured adhesion values are fully consistent with the 16 results observed at macroscale, showing the importance of the interaction between the fibers and the matrix. The adhesion values obtained at the nanoscale by SMFS confirm the effect of the PP-g-MA as a compatibilizer, but also the differences in behavior between PBS and PP matrices. Such observations at molecular scale could be explained by the fact that the intermolecular interactions between the nanocrystalline cellulose and the various matrices are strongly dependent on hydrogen bonding. The nanocrystalline cellulose consists of rods whose lateral faces are fully covered by hydroxyl moieties. These hydroxyl groups are hydrogen bond donors and may tend to form hydrogen bonds with the ester groups of PBS and the maleic anhydride groups of PP-g-MA. There are more ester groups in PBS than maleic anhydride moieties in PP/PP-g-MA which explains the difference of interaction with nanocrystalline cellulose. Finally, PP is a hydrophobic and non-polar matrix. The absence of hydrogen bonds and electrostatic interactions makes the complex nanocrystalline cellulose/PP with the weakest interaction compared to the rest of studied composites.

CONCLUSION

In this paper, the role of the polarity of the matrix on the breakage mechanism and the rheological behavior of lignocellulosic fiber based-composites was investigated. By extruding under the same conditions flax and hemp-based composites with a non-polar and a polar matrix of similar viscosity, it has been shown that breakage (i.e. reduction in length and diameter of the fibers and bundles) is more important with the polar matrix. Moreover, the complex viscosity of PBS-based composites is systematically higher than that of PP-based ones, even though the aspect ratios are smaller. Finally, the Young's modulus of PBS is much more improved by the presence of flax or hemp fibers than that of PP/PP-g-MA. All these results can be interpreted by a better affinity between the lignocellulosic fibers and the PBS matrix. 
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 1 To validate this assumption, the adhesion properties between nanocrystalline cellulose and various surfaces (PP, PP/PP-g-MA, PBS) were characterized by SMFS measurements.Higher adhesion forces were confirmed with PBS, followed by PP/PP-g-MA and finally PP. Average values of length, diameter and aspect ratio of the original fibers, and composition.
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Table 2 .

 2 Values of kinetic constants for the breakage laws of the various composites.

	Material	 0 (Pa)  0 (Pa.s)	 (s)	n (-)	a (-)	E (kJ/mol)
	PP/PP-g-MA	0	4 500	0.65	0.46	1	39.9
	Flax/PP/PP-g-MA	3000	19 000	1.90	0.48	0.40	57.2
	Hemp/PP/PP-g-MA	0	87 400	8.05	0.42	0.43	74.3
	PBS	0	3100	0.60	0.51	0.70	35.8
	Flax/PBS	20 000	22 000	1.00	0.48	0.70	48.2
	Hemp/PBS	2500	25 000	2.00	0.44	0.50	68.6

Table 3 .

 3 Parameters of the Carreau-Yasuda law with yield stress (for a reference temperature

	T 0 = 180°C).

Table 1 .

 1 Average values of length, diameter and aspect ratio of the original fibers, and composition.

	Fiber	Average length L w (mm)	Average diameter D w (µm)	Average aspect (L/D) w (-) ratio	Hemicellulose (%)	Cellulose (%)	Lignin (%)
	Flax	3.88  0.05	70  5	43  4	11.2	74.1	5.7
	Hemp	2.14  0.15	82  12	18  1	11.2	76.9	5.1
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