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Abstract

Fibers of giant bamboo (Dendrocalmus Giganteus) are amongst the strongest lignocellulosic fibers. Although studies have been already performed, limited information exists on the mechanical properties of polymeric composites reinforced with continuous and aligned giant bamboo fibers. This work evaluates the tensile strength of this type of composite. Standard tensile specimens were fabricated with up to 30% of fibers aligned along the specimen’s length. The fibers were press molded with a commercial polyester resin mixed with a hardener and cured for 24 hours at room temperature. The specimens were tested in an Instron machine and the fracture surface analyzed by scanning electron microscopy. The tensile strength increased significantly with the amount of giant bamboo fiber reinforcing the composite. This performance can be associated with the difficult of rupture imposed by the fibers as well as with the type of cracks resulting from the bamboo fiber/polyester matrix interaction, which prevents rupture to occur.
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Introduction
Due to growing concern about the ambient impacts from industrial activities, our society is ever more using environmentally friendly materials. In this regard, cellulose-based natural fibers, known as lignocellulosic fibers, become a promising solution. Nowadays, they are being considered as a substitute for synthetic fibers, such as glass fiber, used by the industry on a large scale (1-5). The application of these natural fibers is also motivated by many advantages like good toughness and less wear of equipment used in the processing of composites. In addition, such composites are environmentally friendly because they are renewable, biodegradable and neutral with respect to CO2 emissions, the main responsible for global warming and climate changes. (3,5,6).
Lignocellulosic fibers also have some disadvantages in relation to synthetic fibers such as the difficulty of coupling with polymer matrices, due to the hydrophilic character of fiber and the hydrophobic nature of the matrix, as well as dimensional heterogeneity (4,5). This last one is characteristic of the nature of this material and constitutes an obstacle to the use of these fibers in certain projects, especially those that aim high performance. The above mentioned disadvantages are worrisome reasons for the occurrence of reduction in the strengthening capacity, as indicated by the rule of mixtures for composites (7).

Previous works demonstrate that the incorporation of lignocellulosic fibers in polymeric matrix gives rise to composites with mechanical resistance directly proportional of the fiber content, where these fibers act as reinforcement for matrix due to their high mechanical properties. Therefore, the objective of this study was to evaluate the tensile properties of polyester matrix composites reinforced with continuous and aligned giant bamboo fibers.

Experimental Procedure
The basic material used in this work was the culm of giant bamboo (Dendrocalmus Giganteus) supplied by a producer in the state of Rio de Janeiro, southeast of Brazil. Large bamboo bushes, Fig. 1(a), occur naturally in the region. Fibers were manually stripped off from dried culms, Fig. 1(b) with a sharp razor blade. The longitudinal direction of the fiber coincides with that of the culm and corresponds to the natural direction of the bamboo cellulose fibrils.
Fig. 2 presents histogram corresponding to the distribution of diameter of the as-received bamboo fibers. The equivalent diameter of each fiber was actually the average value obtained by 10 different measurements performed in a profile projector at five distinct locations (two with 90° rotation at each location).
[image: image13.jpg]


[image: image1.png]


 [image: image2.png]


 
[image: image3]
Figure 1. Bamboo trees (a), dried bamboo culm (b) and its fibers longitudinally stripped with different diameters (c).

The histogram in Fig. 2 reveals a relatively large variation in the diameter, which is a consequence of the non-uniform physical characteristics of a lignocellulosic fiber (1,2,8-10). It should be noticed that the diameter range was 0.1-0.70 m with an average of 0.40 mm. 
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Figure 2. Histogram for the distribution of diameter of the as-received giant bamboo fibers.

In order to produce composites with properties that are acceptable for industrial applications, the giant bamboo fibers were selected randomly to serve as reinforcement to a polyester matrix. These fibers, with diameter varying from 0.1 to 0.7mm, were laid down inside silicone dog bone-shaped molds with distinct volume fractions up to 30 %. The fibers were continuously aligned along the 35 mm length of the mold, coinciding with the tensile axis. The still fluid polyester resin was poured onto the fibers. The already processed composites were allowed to undergo an initial cure at room temperature for 24 hours. Afterwards, a post-cure was conducted at 60°C for 4 hours. For each volume fraction of bamboo fibers, 10 specimens were fabricated.
Each specimen was tested at 25 ± 2°C in a model 5582 Instron machine at a strain rate of 3 x 10-3 s-1. Samples cut from the fracture tip of representative specimens were analyzed by scanning electron microscopy (SEM) in a SSX-550 Shimadzu microscope operating with secondary electrons accelerated at a maximum voltage of 15 kV. These samples were first attached by conducting carbon tape to a metallic support and then gold sputtered.
Results and Discussion
Typical tension versus elongation curves for each specimen with the respective volume fraction of giant bamboo fibers are shown in Fig. 3. These curves were directly recorded from the Instron machine data acquisition system. The common aspect of all curves is that they present practically only elastic behavior up to fracture. The initial curvature is a consequence of specimen’s adjustment to the tensile grips until the linear elastic begins. The abrupt end of this linear stage indicates that the bamboo fiber reinforced polyester composites behave as brittle materials. Table 1 shows the values for the tensile strength (ultimate stress), elastic modulus and total tensile strain for the different composites investigated. In this table it should be noted that the tensile strength has a tendency to increase with the volume fraction of thinner bamboo fibers. The total tensile strain initially increases but apparently decreases with 30% of bamboo fibers.
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Figure 3. Typical force vs. elongation tensile curves: (a) 0%, (b) 10%, (c) 20% and (d) 30 of volume fraction of bamboo fiber reinforcing polyester composites.
Table 1. Tensile properties for the bamboo fiber reinforced polyester composites.

	Volume fraction of thinner bamboo fiber ( %)
	Tensile Strength  (MPa)
	Elastic Modulus (GPa)
	Total Tensile Strain (%)

	0
	65.4
	0.98
	6.3

	10
	68.3
	1.19
	5.1

	20
	109.4
	1.37
	6.8

	30
	99.1
	1.39
	6.1


Based on the results in Table 1, Fig. 4 presents the curves of tensile strength (a) and elastic modulus (b) variation with the volume fraction of bamboo fibers. In these curves, one may verify a significant increase in both the tensile strength and in the elastic modulus with the amount of bamboo fibers. The curve in Fig. 4(a) can become a straight line that represents the tendency of the mechanical behavior of incorporations of bamboo fibers. For the tensile strength (σ), the best correlation with the volume fraction of bamboo fibers (F) can be translated by the following equation:
σ (MPa) = 64.21269 + 1.4222 * V (%)
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Figure 4. Variation of the tensile strength (a) and elastic modulus (b) with the volume fraction of thinner bamboo fibers reinforcing polyester composites.
As observed in Fig. 4(b), the incorporation of giant bamboo fibers significantly increases the elastic modulus, but it appears to maintain constant with fiber incorporation above 20%, with a value around 1.4 GPa. It is also possible to verify that the incorporation of giant bamboo fibers decreases the maximum elongation of the composites. This can be associated with the behavior of the fibers, which is not able to elongate as much as the polyester matrix. Therefore, their incorporation tends to decrease the elongation capacity of the material. 
The fracture analysis of representative tensile ruptured specimens was performed by microscopic (SEM) observations. Fig. 5 shows typical SEM fractographs of a 30% volume fraction of giant bamboo fiber reinforced polyester composite. With lower magnification, Fig 5(a), the fracture surface display evidence of broken fibers sticking out of the polyester matrix. Apparently, these fibers are well adhered to the matrix, which justifies the significant improvement on the composites strength and stiffness with increasing amount of fibers up to 30%, as shown in Fig. 4. 

	[image: image11.png]



	[image: image12.png]





Figure 5. Microstructure of composite with 30% vol. of fibers: (a) 100X and (b) 700X.

However, a few holes in the surface of Fig 5(a) could also indicate a low fiber/matrix interfacial resistance, as indeed happens in lignocellulosic fibers reinforcing polyester matrices (1,2,8-10). In this respect, Fig 5(b) with higher magnification shows a crack alongside a bamboo fiber beginning to detach it from the polyester matrix. Therefore, although bamboo fiber could improve the strength of polyester composites, the weak adhesion between the fiber and the composite matrix is still an important limitation to further increase in the mechanical strength and stiffness. This weak adhesion is probably responsible for the fiber debonding from the matrix, which causes the longitudinal rupture and relatively lower stiffness at 30% of volume fraction (Fig. 5(b)).
Conclusions
· Selected giant bamboo fibers (Dendrocalmus Giganteus) significantly improve the strength of polyester matrix composites. This improvement corresponds basically to a linear increase up to 30% in volume of fiber and surpasses the flexural results with similar composites.

· The elastic modulus of the polyester composites is also increased with the volume fraction of giant bamboo fibers, while the maximum tensile strength does not appreciably changes.

· SEM analysis indicates that the bamboo fibers act as effective reinforcement for the brittle polyester matrix despite the weak fiber/matrix interface. In fact, the same fibers are well adhered to the polyester matrix but evidence of fiber pullout from the matrix indicates a relatively low interfacial shear stress. This is an important limitation for further composite improvement.

Acknowledgements
The authors thank the Brazilian agencies: CNPq, CAPES and FAPERJ.

References
1. BLEDZKI, A.K.; GASSAN, J. Composites reinforced with cellulose-based fibres. Program Polymer Science, v. 24, p. 221-274, 1999.

2. NABI SAHED, D.; JOG J.P. Natural fiber polymer composites: a review. Advances in Polymer Technology, v.18, p. 221-274, 1999.

3. MOHANTY, A.K.; MISRA, M.; HINRICHSEN, G. Biofibres, biodegradable polymers and biocomposites: An overview. Macromolecular Matererials and Engineering, v. 276, p.1-24, 2000.

4. CROCKER, J. Natural materials innovative natural composites. Materials technology, v.2-3, n. 3, p. 174-178, 2008.

5. MONTEIRO S.N.; LOPES, F.P.D.; FERREIRA, A.S.; NASCIMENTO, D.C.O. Natural fiber polymer matrix composites: cheaper, tougher and environmentally friendly. JOM, v.61, n. 1, p. 17-22, 2009.

6. GORE, A. An Inconvenient Truth. The Planetary Emergency of Global Warming and What We Can Do About It. Emmaus, Pennsylvania, USA: Rodale Press, 2006.

7. CALLISTER Jr., W.D. Materials Science and Engineering – An Introduction, 5a Edição, Nova York : John Wiley & Sons, 2000.

8. Eichhorn S.J.; Baillie C.A.; Zafeiropoulos N.; Mwakambo L.Y.; Ansell M.P.; Dufresne A. Review of current international research into cellulosic fibres and composites. J. Mater. Science, v. 36, p. 2107-2113, 2001.

9. Mohanty A.K.; Misra M.; Drzal L.T. Sustainable biocomposites from renewable resources: opportunities and challenges in the green material world. J. Polym. Environ., v.10, p. 19-26, 2002.
10. Satyanarayana K.G.; Guimarães J.L.; Wypych F. Studies on lignocellulosic fibers of Brazil. Part I: Source, production, morphology, properties and applications. Composites: Part A, v.38, p. 1694-1709, 2007.
(c)








(d)








(b)





(a)








(b)





(a)





(b)








(a)





(a)





























(b)





(c)








