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Pineapple leaf fiber (PALF) is an agricultural waste that could be used as a reinforcing fiber for thermoplastic polymers. In this paper, PALF was used to prepare polypropylene-based composites by twin-screw extrusion. We were particularly interested in the influence of the fiber content on the properties of the composite.

Therefore, the processing conditions were set and the fiber content was varied between 10 and 30%. Variations in fiber dimensions (length, diameter, aspect ratio) along the screws were analyzed and revealed limited degradation in the tested condition, quite independent of the fiber content. However, the viscosity of the composites was directly impacted by the fiber content. The mechanical properties showed an increase in Young's modulus and stress at break, proportional to the fiber content, but a sharp decrease in elongation at break. These results confirm that the fiber content is the main parameter controlling the mechanical properties of the PALF/PP composites.

INTRODUCTION

It becomes increasingly common to use natural (or lignocellulosic) fibers to strengthen thermoplastic polymers. Indeed, natural fibers are produced from renewable resources and have certain advantages such as low cost and low density, compared to conventional glass or carbon fibers.

Different types of natural fibers can be used to prepare composites. They can come from agricultural waste (straw, bagasse, banana trunk, palm empty fruit bunch and pineapple leaves), weeds (china reed), and cultivated plants (sisal, hemp, flax, jute, kenaf). For more details, the reader is referred to recent reviews on the subject [1][2][3][4][5][6].

Among the different types of natural fibers, pineapple leaf fiber (PALF) comes from agricultural waste and is very abundant in some East Asian countries (India, Thailand, Philippines, Malaysia). Due to its high cellulose content, high degree of crystallinity and low microfibrillar angle, PALF possesses high mechanical properties, similar to hemp and flax [7][8][START_REF] Mohanty | Natural Fibers, Biopolymers and Biocomposites[END_REF]. It is therefore a good candidate for the preparation of composites. Applications are already planned in the field of packaging [START_REF] Razak | [END_REF] or specific papers [11]. More generally, PALF/thermoplastics composites could be used in the automotive industry for the manufacture of interior parts instead of polypropylene/glass fiber compounds, in order to save weight and use renewable resources. However, in the abundant literature on lignocellulosic fiber reinforced composites, PALF-based composites play only a minor role. A few reviews summarize the works published since 1986 [12][13][START_REF] Sapuan | Cellulose Fibres: Bio-and Nano-Polymer Composites[END_REF][START_REF] Yogesh | [END_REF]. PALF has been used to reinforce various matrices, such as rubbers [16][17][18][19], thermosets [20][21][22][23] and thermoplastics. Among the latter, polyolefins [24][25][26][27][28][29][30][31] and bioplastics [START_REF] Razak | [END_REF][32][33][34][35] are the most studied. Despite possible degradation of the fibers at high temperature, PALF has also been used successfully to reinforce polyamide 6/66 [36] and polycarbonate [37]. In what follows, we will focus on a polypropylene (PP) F o r P e e r R e v i e w matrix. Indeed, PP is easy to process and widely used for industrial applications, especially in the automotive industry. PP reinforced by hemp fibers is already used for interior parts to replace glass fiber-PP composites. The idea is now to use an agricultural waste for this type of application.

Among the previous studies on PALF-PP composites, most of them concern laminates obtained by compression [28,[38][39][40], or by two-roll mills [25,26,29,30,41].

Very few papers have used conventional tools for polymer processing, such as an internal mixer [24,27,42] or a twin-screw extruder. Although this is the most popular compounding process for the preparation of short fiber reinforced composites, the twinscrew extruder has only been used by a few authors [31,[34][35][36]. In a previous paper [43], we have described the preparation of a PALF-PP composite containing 20 wt% fibers by twin-screw extrusion. It has been shown that PALF undergo a reduction in length during compounding, but without a change in diameter. Compared to the matrix, the composites presented an increase in Young's modulus (+46%) and stress at break (+12%), but a sharp decrease in elongation at break (-98%). We do believe that twinscrew extrusion is the best industrial process for preparing PALF-PP composites.

Therefore, the objectives of the present work are to confirm the previous preliminary results and to verify the influence of the PALF amount on the rheological and mechanical properties of the composites.

MATERIALS AND METHODS

Fibers

PALF were extracted by the mechanical method proposed by Kengkhetkit and Amornsakchai [41]. They were used as is, without any chemical treatment. The dimensions of the raw fibers were determined by image analysis using a high resolution scanner (Epson Perfection V850 pro, with a resolution of 4800 dpi) [44].

Matrix and Compatibilizer

The matrix was a polypropylene homopolymer (PP) purchased from Total Petrochemicals under the reference PPH 5060 (melt flow index = 6 g/10 min at 230°C and 2.16 kg, melting temperature = 164˚C and molar mass = 320 000 g/mol). Since PALF has low affinity with the non-polar PP matrix, it is necessary to either chemically modify the PALF [36,42,45] or to add a compatibilizer [25,26,29]. The second solution was preferred, because it is easier to use in an extrusion process. Thus, 2.5 wt% of polypropylene grafted with maleic anhydride (PP-g-MA) was added to the PP matrix.

Composites Preparation

The PALF amount was varied from 10 to 30 wt%, for the same matrix composition. Therefore, the selected compositions were: 87.75 wt%/2.25 wt%/10 wt%, 78 wt%/2 wt%/20 wt%, and 68.25 wt%/1.75 wt%/30 wt%, for PP, PP-g-MA and PALF, respectively. The composites were prepared on a lab-scale twin-screw extruder (Leistritz ZSE 27 MAXX, Nuremberg, Germany), with a diameter of 28.3 mm and a length to diameter ratio (L/D) of 36. The screw profile was identical to that of the previous study. It was composed of a left-handed screw element for the melting of the matrix, followed by conveying elements and two mixing zones. We refer to the previous paper for more details [43]. With the exception of the first, the eight barrel zones were set at 180°C to limit the temperature supported by the fibers. Indeed, PALF degradation can occur above 200-240°C [7,8,41]. The matrix pellets (dry-blend of PP and PP-g-MA) were introduced into the barrel zone 1, whereas the PALF were introduced after the melting of the matrix. Constant processing conditions were selected: a screw speed N of 200 rpm and a total flow rate Q of 4 kg/h. Samples were collected along the screws, after a dead-stop procedure: under steady-state conditions, the screw speed and feeding were stopped abruptly and the screws were removed to collect the samples. Fiber dimensions in the composites were analyzed after a reflux extraction method with p-xylene, using a Knöfler-Bohm soxhlet. After at least 72 h of extraction, the fibers were dried for 48 h and characterized using a high resolution scanner, following the procedure detailed by Di Giuseppe et al. [44].

Rheological measurements

Rheological measurements in small amplitude oscillatory shear were carried out on an Ares rheometer (TA Instruments, New Castle, DE, USA) with parallel plates geometry (diameter of 25 mm and gap of 2 mm). Strain sweeps at 100 rad/s were performed to determine the linear domain. Frequency sweeps at 170, 180, 190 and 200°C were then realized in the linear domain to characterize the viscoelastic behavior of the composites.

Mechanical characterization

The composite samples were crushed and injected as dumbbell-shaped specimens, in accordance with the norm ISO 527-2 5A, using a DSM Xplore IM12 injection molding machine (Sittard, The Netherlands). In the previous study [43], it was verified that the injection step hardly changed the dimensions of the fibers. The mechanical properties of the composites were measured in uniaxial extension using a TEST 108 universal testing machine (TEST, Erkrath, Germany), driven by the Testwinner 922 software program, with a 2 kN load cell, at 10 mm/min. 10 replicates were tested to ensure good reproducibility of the results. 

RESULTS

Initial fiber characteristics

Even though the PALF were extracted with the same method as in the previous work [43], their dimensions are different. Moreover, the dispersion of the measurements 

Composites preparation and fiber changes

As explained above, the fiber dimensions have been characterized at different locations along the screw profile. An example at 30 wt% PALF is shown in Figs. 1 to 3.

A slight decrease of length, diameter and aspect ratio can be observed. However, these changes are less important than in the previous case, where longer fibers were used: at 20 wt% PALF, a final length of 2.2 mm and an aspect ratio of 8 were obtained, for 1.8 mm and 10 in the present case. Therefore, it is not necessary to start with long fibers, because shorter ones are more difficult to break, and the final dimensions in the composite are similar. Fig. 4 shows that, except for the first samples, the change in PALF length is quite independent of the fiber content. Regardless of the amount of fibers, their degradation during the extrusion process is similar. The same results were observed for diameter and aspect ratio. The final dimensions in the composites are indicated in Table 1.

Accordingly, it is expected that the rheological and mechanical properties will only depend on the fiber content, independently of their morphology.

The breakage of lignocellulosic fibers during twin-screw compounding can be described by exponential laws, depending on the total strain accumulated by the fiber during the process [46,47]. Therefore, the strain supported by the fibers must be first estimated. Local strain is the product of local shear rate by local residence time. It is not possible to measure it experimentally and it must thus be evaluated using a theoretical approach. To calculate the flow conditions along the extruder, the Ludovic ® software was used. It was developed by Vergnes et al. [48] and already used to successfully calculate the breakage of fibers of various vegetal origins, including PALF [43]. In the present case, we will focus on the changes in length and aspect ratio along the screws.

They can be estimated by:
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quantifies the breakage kinetics. In our previous paper [43], the kinetic constants L k  and were determined for the PALF/PP composite at 20 wt%. As it has been 1) and ( 2) with the previous kinetic constants provide a correct description of the morphological changes. Regardless of the fiber content, these models can then be used for calculating optimized process conditions (screw speed, feed rate, screw profile) to preserve fiber dimensions.

Rheological properties

Even though there are numerous papers on the rheological properties of polymers reinforced by lignocellulosic fibers (see for example [49][50][51][52]), those on PALFbased composites are very seldom. To our knowledge, George et al. [53] were the only ones to characterize the viscosity of PALF-polyethylene composites using capillary rheometry. In our case, the viscoelastic properties of PALF-PP composites were characterized in oscillatory shear.

Firstly, at 180°C, the critical strain, which is the limit of the linear domain, decreases from 30% for the matrix to 6, 2 and 1.1% for PALF amounts of 10, 20 and 30 wt%, respectively. This is a classical result for filled polymers, for which it is well known that the critical strain decreases with the filler content [54]. The modifications of the storage and loss moduli with the angular frequency at 30 wt% are shown in Fig. 7.

At low fiber content, the viscoelastic behavior of the composite is similar to that of the matrix (not shown). However, when the PALF content is increased, the behavior becomes that of a gel: G' and G'' are very close and with approximately the same slope.

This is due to interactions between the fibers, creating an interconnected network in the composite. The influence of the fiber content is also clearly visible on the complex viscosity curves (Fig. 8). While the matrix exhibits a classical behavior with a Newtonian plateau a low frequency and shear-thinning at high frequency, the composites have much higher viscosities (two decades at low frequency at 30 wt%), with the disappearance of the Newtonian plateau, due to the development of a yield stress. Similar results have been observed for other types of lignocellulosic fibers [49][50][51]. These viscosity curves can be accurately described by a Carreau-Yasuda law with a yield stress:
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where  0 is the melt yield stress,  is the angular frequency,  0 is the Newtonian viscosity,  is a characteristic time, n is the power law index and a is the Yasuda parameter. The values of the parameters for the various composites are indicated in Table 2. The yield stress  0 appears for a volume fraction  of PALF between 6.2 and 13% and increases above. The increase of  0 with  can be described by a power law with an exponent of 3.5, close to the theoretical value of 3 suggested by Bennington et al. [55] and measured by Abdennadher et al. [49] on flax/PP composites. The characteristic times  are longer for the composites than for the matrix, indicating a slower relaxation process, and the power law index n tends to decrease with  indicating a more shear thinning behavior. For a yield stress fluid, the value of  0 loses its physical meaning. It is more significant to consider the complex viscosity at high frequency, for example at 100 rad/s. This value increases with  according to a Krieger-Dougherty law [56]:
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where  0 100 rad/s is the viscosity of the matrix at 100 rad/s,  max is the maximum volume fraction for which the viscosity diverges and [] is the intrinsic viscosity. A value of All the above results were obtained at 180°C. Other measurements were also carried out at 170, 190 and 200°C to check the influence of the temperatures. An example for the case at 30 wt% PALF is shown in Fig. 9a. As the temperature increases, the complex viscosity obviously decreases, but the yield stress becomes more visible. It can be seen in Fig. 9b that the principle of time/temperature superposition works very well. A nice mastercurve is obtained by plotting the reduced viscosity */a T as a function of the reduced frequency  a T , where a T is the shift factor. Then, by plotting the shift factor as function of the inverse of the absolute temperature, it can be shown that the various composites follow an Arrhenius law:

 max = 0.
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where E is the activation energy, R is the gas constant, and T 0 is the reference temperature (here, 453 K, i.e. 180°C). The values of the activation energy are provided in Table 2. E increases quite linearly with the fiber content, with values very close to those measured by Islam and Begum [58] on coir/PP composites and by Abdennadher et al. [49] on flax/PP composites.

To summarize, the complex viscosity of the PALF/PP composites can be described by the following expression:
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where a T is given by Eq. ( 5), and where  0 ,  0 , , n, a and E are function of the fiber content.

Mechanical properties

The mechanical properties of the composites have been characterized in uniaxial

extension. An example of experimental curves is presented in Fig. 10. Compared to the matrix, the composites are all the more rigid and their tensile strength all the stronger as the fiber content is high. As expected, they are also less ductile than the matrix.

The stress at break increases linearly with the fiber content (Fig. 11). Considering the various studies on the mechanical properties of PALF/PP composites from the literature [25,28,[39][40][41]59], it can be seen in Fig. 12 that this is a general rule: almost all the results show a proportionality between stress at break and fiber content. Our data are in agreement with the other values of the literature. Even though in Fig. 12 the stress at break was normalized by dividing it by the value of the matrix, there are some differences in the slopes. They come from the nature of the PALF and mainly from the method of preparation. For laminates whose fibers are aligned in the tensile direction, the properties are obviously better than for an extruded composite with random orientation. The results of Hafizah et al. [59] are the only ones to present a decrease above 30 wt%, probably due to heterogeneity of the highly loaded composite.

The Young's modulus increases also linearly with the fiber content (Fig. 13). This is also in agreement with the literature data [25,28,[39][40][41]59], even though the dispersion is more important for this parameter. In addition to the reasons mentioned earlier (nature of PALF, mode of preparation), the way in which the modulus is measured (strain gauge, slope of the stress/strain curve) can also play a role. In any case, at 30 wt%, our data (normalized Young's modulus of 2.71) lie between those of Hafizah et al. [59] (1.99) and Motaleb et al. [40] (3.24). As expected, the elongation at break decreases drastically (about two decades) with the fiber content (Fig. 15). Once again, these results are in agreement with the literature [25,28,[39][40][41]59] where values between 3 and 20% are reported for fiber contents greater than 20 wt%.

To summarize, the use of PALF has been shown to be an effective way to strengthen a PP matrix. The mechanical properties in uniaxial extension (stress at break and Young's modulus) are significantly improved, with the exception of the elongation at break which is greatly reduced. PALF/PP composites are stiffer, but more fragile, than the original matrix. It is important to emphasize that these properties depend essentially on the fiber content. The nature of the PALF, the characteristics of the matrix, the processing conditions play a role in the final properties, but seem less important than the amount of reinforcing fibers. Therefore, by adapting the level of PALF, it is possible to tune the mechanical properties for a specific application.

CONCLUSIONS

The influence of fiber content on the properties of composites made with PP and PALF and compatibilized with PP-g-MA was characterized. These composites were prepared by twin-screw extrusion and characterized in terms of fiber morphology, rheological behavior and mechanical properties. The results show that the fiber lengths are reduced during processing, while the diameters remain virtually unchanged. The models of evolution of fiber dimensions proposed in a previous paper can be successfully applied to the present results. The rheological properties show an increase in the complex viscosity with the fiber content, and the appearance of a yield stress above 20 wt%. (1). Figure 6. Change in weight average fiber aspect ratio with the cumulative strain for the various composites. Symbols are experimental points, the full line is the result of Eq.

(2). [40], (■) [59], (□) [28], (▲) [39], () [25],

() [41]. [40], (■) [59], (□) [28], (▲) [39], () [25], () [41]. (•) present work, (○) [40], (■) [59], (□) [28], (▲) [39], () [25], () [41]. (•) present work, (○) [40], (■) [59], (□) [28], (▲) [39], (△) [25], () [41]. 

  was important and sometimes 7 to 8 characterizations were necessary to obtain reliable data. Average values were calculated from the size distributions of length L, diameter D and aspect ratio L/D. As previously, weight average values were preferred because they give more importance to the high values of the distribution. The values of L w = 3.32  0.5 mm, D w = 56.5  10 µm and (L/D) w = 13.3  3 were obtained for length, diameter and aspect ratio, respectively. Comparatively, in the previous study, a length of 6.43 mm, a diameter of 181 µm and an aspect ratio of 19.4 were measured. Current PALF are thus shorter and thinner. They appear in the form of bundles of a few dozens of elementary fibers of the micron size in diameter.
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 9 shown that the morphological changes were not affected by the fiber content, it can be assumed that these constants remain valid for the actual results. Using these values and the following ones for the fiber dimensions (L 0 = 3.32 mm, L ∞ = 2.1 mm, (L/D) 0 = 13.6, L/D)  = 10), the results presented in Figs. 5 and 6 can be obtained. Despite a certain dispersion of the experimental values, the use of Eqs. (
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  Lemoigne et al.[51] for flax/PP composites and Marcovich et al.[57] for wood flour/PP composites. However, the value of 1.7 for [] max is much lower than those of 4.58 and 4 of the previous authors[51,57].
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 1 Figure 15. Change in elongation at break with the fiber content. Final average dimensions of the fibers in the composites
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Table 2 .

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

	T 0 = 180°C)						
	Fiber content (wt % / vol%)	 0 (Pa)  0 (Pa.s)	 (s)	n (-)	a (-)	E (kJ/mol)
	0 / 0	0	4 200	0.25	0.49	0.7	34.9
	10 / 6.2	0	65 000	5	0.36	0.4	58.6
	20 / 13.0	1 000	120 000	4	0.32	0.3	63.2
	30 / 20.4	5 000	150 000	3	0.32	0.3	91.4
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