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ABSTRACT

Fibers stripped of from the bamboo culm by longitudinal cutting are being considered as
reinforcement of polymer composites owing to environmental benefits related to their biodegradable and
renewable characteristics. The manual cutting process allows bamboo fibers with different diameters to be
extracted from the culm. Since a lignocellulosic fiber usually presents tensile strength dependence with its
diameter, this possibility was investigated on bamboo fibers by means of the Weibull statistical analysis. It
was found that the smaller the fiber diameter, the greater the tensile strength. Fracture observation of ruptured
bamboo fibers by scanning electron microscopy, identified possible mechanisms associated with this inverse
strength/diameter correlation.
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1 INTRODUCTION

Bamboo is a well known grass-type plant with a hard and stiff stem or culm that can reach, in some
species, more than 10 cm in cross section diameter and stand several meters height. Owing to its low density,
approximately 0.9 g/cm’, bamboo culms have been used in house construction from scaffoldings to panels.
As an abundant natural resource in tropical and temperate regions, specially in Asia and South America,
bamboo is also a substitute for wood and plastics in furniture and lightweight parts of automobile [1, 2]. The
cylindrical shape of the culm is, however, a limitation for its direct use in engineering systems. Consequently,
research works have been conducted on bamboo fibers stripped off from the culm as reinforcement of
polymer composites. [1-12]. According to SHIN et al. [3] bamboo fiber-epoxy laminates can be made into
specific sizes and shapes, preserving the natural microstructural properties. These fiber composites overcome
the limitation of the culm’s cylindrical macrostructure. As a further advantage, SHIN et al. [3] indicated that
cracking and bioerosion caused by insect pests is prevented.

Works on the mechanical properties of polymer composites reinforced with culm-stripped bamboo
fibers [3-5, 12] reported mechanical strength and modulus that could vary significantly with the amount of
incorporated fiber, the type of polymeric matrix and the fiber disposition (short-cut, continuous, aligned, mat-
arranged). In spite of all these efforts, no investigation on the influence of the fiber diameter has yet been
carried out. Owing to the oriented lignocellulosic structure, as in other natural fibers [13-16], it is relevant to
investigate how the mechanical behavior of the bamboo fibers is affected by its cross section diameter.

Depending on the specialist ability and cutting technique, the manual culm stripping off process
produces bamboo fibers with different diameters. Therefore, the objective of this work was to investigate the
bamboo fiber tensile strength dependence on its diameter using a Weibull statistic analysis.

2 EXPERIMENTAL PROCEDURE

The basic material used in this work was the culm of bamboo (Bambusa vulgaris) supplied by a
producer of the north region of Rio de Janeiro, southeast of Brazil. Large bamboo bushes, Figure 1(a), occur
naturally in the region and are locally used as fence and home utensils. Fibers were manually stripped off
from dried culms, Figure 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. Different cross
section diameters were obtained, Figure 1(c), in spite of the apparently uniform manual stripping procedure.
From randomly selected 100 fibers, the equivalent diameter corresponding to the average between the larger
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and smaller (90° rotation) cross section dimensions at five locations for each fiber, was measured in a profile
projector.
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Figure 1: Bamboo trees (a), dried bamboo culm (b) and its fibers longitudinally stripped with different
diameters (c).

The histogram in Figure 2 shows the frequency of diameter distribution of stripped bamboo fibers
used in the present work. Based on this histogram, an average diameter of 0.56 mm was calculated within the
interval from 0.3 to 0.9 mm.

The as-stripped bamboo fibers, Figure 1(b), were dried in a laboratory stove at 60 C for 24 hours to
remove humidity. For each interval of equivalent diameter in Figure 2, 20 fibers were selected. All these
fibers were then individually tensile tested at 25 + 2°C in a model 5582 Instron machine. Specials grips were
used to avoid both fiber slippage and damage. The test length was 8 cm and the strain rate 2.1x10*s™. Values
obtained for the tensile strength, i.e. the ultimate stress, were statistically interpreted by means of a Weibull
Analysis computer program.

The tensile-ruptured tip of some tested fibers were attached with conducting carbon tape to a
metallic support and then gold sputtered for scanning electron microscopy (SEM) observation in a model
SSX-550 Shimadzu equipment operating with secondary electrons accelerated at a maximum voltage of
15kV.
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Figure 2: Distribution frequency for the stripped bamboo fibers equivalent diameter.

3 RESULTS AND DISCUSSION

Figure 3 exemplifies typical load vs. elongation curves obtained, for each diameter interval in Figure
2, through digital recorded data acquired by the Instron system. In these curves it should be noticed some
common aspects and subtle differences. In common, the curves present an initial linear elastic behavior
followed by an abrupt rupture with no apparent plastic extension. Consequently, for all diameter intervals, the
culm-stripped bamboo fiber can be considered as a brittle material. In terms of differences, the tensile curves
for fibers thinner than 0.5mm display small oscillations in the load, which can be attributed to minor
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instabilities in the deformation of heterogeneous lignocellulosic fibers. On the other hand, fibers thicker than
0.6mm show serrations associated with few larger drops along the curve. In principle, these serrations and

drops could be associated with partial rupture of the bundle of fibrils that compose the bamboo structure [2].
As further discussed, it is important to mention that the thinner the bamboo fiber, the lesser fibrils it contains.

Table 1: Weibull parameters for the tensile strength of bamboo fibers associated with different diameters.

Diameter interval Weibull Clslsrr;:;gsgc Precison QZZEZ%E Statistical
(mm) Modulus, (MPa) Adjustment, R2 (MPa) Deviation (MPa)
0.35 2.965 228.0 0.8806 203.50 74.94
0.45 3.176 184.0 0.8833 164.70 56.89
0.55 4.008 159.8 0.9210 144.90 40.57
0.65 4.022 149.9 0.9651 135.90 37.94
0.75 3.111 139.3 0.8839 124.60 43.83
0.85 2.705 119.6 0.8671 106.40 42.41
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Figure 3: Typical tensile load vs. diameter of bamboo fibers for the different intervals in the histogram of
Figure 2.
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Based on the maximum load attained in the curve, like the ones exemplified in Figure 3, the tensile

strength, corresponding to the ultimate stress (Opy,) was determined for each fiber. The values of Gy, were
then statistically analyzed by means of the Weibull method for the 20 fibers associated with everyone of the
six diameter intervals shown in the histogram of Figure 2. The Weibull Analysis program provided the
probability plots of reliability vs. location parameter shown in Figure 4 for all diameter intervals. Here it
should be noted that all plots in Figure 4 are unimodal, i.e. with just one single straight line fitting the points
at each interval. This indicates similar mechanical behavior of fibers within the same diameter interval.

In addition, the program also provided the corresponding characteristic stress (0), the Weibull
modulus (B) and the precision adjustment (R*) parameters. The values of these parameters as well as the
average mechanical strength and associated statistical deviations, based on the Weibull distribution, are
presented in Table 1.
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Figure 4: Weibull graphs for the different intervals in the histogram of Figure 2.

The variation of the characteristic stress with the average fiber diameter for each one of its intervals
is presented in Figure 5. In this figure there is a tendency for the 0 parameter to vary inversely with the
average bamboo fiber diameter. This means that the thinner the fiber the higher tends to be the characteristic
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stress. Furthermore, the corresponding values of p and R*, shown in Table 1, statistically support the inverse
correlation between 0 and the average diameter d (mm). By means of a mathematic correlation, a hyperbolic
type of equation was proposed to fit the data in Figure 5.
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Figure 5: Variation of the characteristic stress with the mean diameter for each interval in Figure 2.

In order to analyze the physical meaning of Equation (1), the average tensile strength, &, ,
evaluated in this work for the culm-stripped bamboo fibers was plotted as a function of the diameter in Figure
6. In this figure an apparent hyperbolic inverse correlation also exists between @ ,, and d within the error

bars (statistical deviations) and investigated limits.
O, =62/d+29 2)

Here it is important to mention that the large dispersion (error bars) in the values of the tensile
strength in Figure 6 is due to the heterogeneous characteristics of any lignocellulosic fiber [18], such as the
bamboo in this work. As a consequence, one could also consider a horizontal line passing within the error

bars as a possible correlation between @ , and d. In this case, the tensile strength would not vary with the

diameter. However, the variation of @ with d in Figure 5, suggests that an inverse correlation fits better the
experimental results for the bamboo fibers.

It is also possible to consider that the values of & ,, in Figure 6 are approximately constant, around

100 MPa, for fiber thicker than 0.5mm. Under this consideration, only the thinner bamboo fibers, d < 0.5mm,
present the inverse correlation, but not necessarily hyperbolic. This should be further investigated.
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Figure 6: Variation of the average tensile strength with the diameter for each interval in Figure 2.
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Based on Equations (1) and (2) it is suggested that, as in others lignocellulosic fibers [16, 17], a
hyperbolic type of mathematical equation is the best statistical correlation between the tensile strength and
the diameter of culm-stripped bamboo fibers.

A SEM observation of the tip of representative tensile-ruptured fibers, shown in Figure 7, provided
further evidence of a fracture mechanism that could justify the hyperbolic correlation in Equation (2). With
the same magnification, the thinner fiber, Figure 7(a), shows a more uniform fracture associated with lesser
fibrils. By contrast, a fiber with larger diameters, Figure 7(b), displays a relatively non-uniform fracture with
participation of more fibrils. Statistically, there is always a chance that one of the many fibrils of the thicker
bamboo fiber in Figure 7(b), would prematurely break and then act as a flaw to cause the fiber rupture at a
lower stress as compared to the thinner fiber, Figure 7(a). In other words, the larger distribution of fibrils
strength of the thicker fiber allows one of them breaking shortly than any of the fewer fibrils of a thinner
fiber.
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(a) (b)
Figure 7: SEM fractographs with same magnification of tensile-ruptured bamboo fibers: (a) thinner, d=
0.35mm and (b) thicker, d= 0.87mm.

As a final remark, it should be mentioned that an inverse correlation such as that in Equation (2),
could allow, in practice, a selection of stronger culm-stripped thinner bamboo fibers to effectively reinforced
polymer composites with improved mechanical properties.

4  CONCLUSIONS

A Weibull statistical analysis of tensile-tested manually culm-stripped bamboo fibers revealed an
inverse correlation between the stress and the fiber diameter.

This correlation indicates a possible hyperbolic mathematical equation to hold, at least, for
diameters below 0.6mm.

SEM observations provided evidences that a thicker bamboo fiber, with more fibrils than a thinner
one, could undergo rupture at a comparatively lower stress.

Statistically, the larger distribution of fibrils mechanical resistances of the thicker fiber allows a
weaker fibril to rupture shortly than any of the fewer fibrils of the thinner fiber.
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