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ABSTRACT

Environmental considerations in addition to technical, economical and societal benefits are increasingly
promoting the substitution of natural fibers for glass fiber in polymer matrix composites. However, natural
fibers are heterogeneous in their dimensions, specially the cross section, which plays an important role in
their mechanical strength. It has been found that the equivalent diameter of fibers such as sisal, ramie, pinea-
pple and curaua correlates to different levels of tensile resistance. Piassava is a promising stiff natural fiber
for composite reinforcement. In this work, a statistical analysis of tensile strength of piassava fibers using the
Weibull methodology was performed. An attempt to correlate the fiber strength, obtained in tensile tests,
with the diameter, precisely measured by means of a profile projector, was carried out. The results revealed
an inverse dependence between the piassava fiber diameter and corresponding tensile strength. Fracture tip
observation by SEM suggested a possible mechanism that could justify this inverse correlation.
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1. INTRODUCTION

In the past decades, both the increase in the price of the petroleum and climate changes due to greenhouse
gas emissions, are motivating the use of renewable and low cost natural material as substitute for energy
intensive and CO, contributor synthetic materials [1]. A typical case is that of natural cellulose-based fibers
extracted from cultivated plants in comparison to glass fiber, which is extensively used as composite rein-
forcement. In fact, these natural lignocellulosic fibers are increasingly being investigated [2-6] as possible
reinforcement of polymeric composites and in some cases successfully replacing glass fiber composites in
engineering applications [7]. The automobile industry has remarkable examples of lignocellulosic fiber com-
posites substitution [8-10]. Not only some of these fibers display specific mechanical properties comparable
to glass fibers but their composites are also associated with lower equipment wear and better finishing of
molded components [6].

A relevant difference between lignocellulosic and synthetic fibers is the dimensional uniformity. On a
practical view point, as biomaterials, natural fibers have length and cross section dimensions that are limited
by anatomical restrictions. For instance, the equivalent diameter, i.e., the average of cross section width and
thickness, always displays an accentuated dispersion in values [6]. However, in some fibers, this natural
dispersion correlates with different levels of strength. It has been found [11] that lignocellulosic fibers such
as sisal, ramie, pineapple and curaua show and inverse variation of their tensile strength with corresponding
equivalent diameter. In other words, thinner fibers are stronger.

Among less used lignocellulosic fibers, the one extracted from the piassava palm tree (Attalea funif-
era) has been the subject of a considerable number of publications [6,12-20], just to mention a few. Figure 1
illustrates the appearance of piassava trees, bundle of extracted fibers and SEM detail of the fibers surface. Its
stiffness and lower cost are additional motivations for engineering applications in polymer composites. In
spite of the intensive research efforts, so far, the possibility of a correlation between the strength and the
diameter of the piassava fibers has not been investigated.

Therefore, in the present work, a study was carried out with the objective of correlating the diameter
of the piassava fiber with its tensile strength was performed by means of accurate measurements of the pro-
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file projector and Weibull analysis of the recorded data.

Figure 1: (a) Piassava palm trees in the state of Bahia, Brazil; (b) piassava fibers; (c) piassava fibers 2000X

2. MATERIALS AND METHODS

The piassava fibers investigate were supplied by a broom industry in Campos dos Goytacazes, state of Rio de
Janeiro, Brazil. From the as-received lot, one hundred fibers were randomly taken for a statistic dimensional
analysis. Figure 2 presents the statistical distribution of the equivalent diameter measured by a Nikon profile
projector along the fiber length in five distinct locations.
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Figure 2: Statistical distribution of diameter of the piassava fibers.

Based in the histogram of Figure 2, the average diameter was measured as 1.0 mm and nine diameter
intervals were considered. For each interval in Fig. 2, 20 fibers were then selected, through profile projector
measurements. All this fibers were individually tensile tested at a temperature of 25 + 2°C in a model 5582
universal Instron machine. Especial tensile grips were used to avoid both slippage and damage of the fiber.

The test strain rate was 4.2 x 10™s™. The values obtained for the tensile strength were interpreted by
means of the Weibull statistics using the computer program Weibull Analysis.

To complement this strength vs. diameter investigation, the fracture of some tested fibers were at-
tached with carbon tape to a metallic support, gold sputtered and then observed by scanning electron micros-
copy, SEM, in a model a model SSX-550 Shimadzu microscope operating at an accelerating voltage of 7- 15
kv.

3. RESULTS AND DISCUSSION

The digital recorded data acquired by the Instron machine permitted to plot load vs. elongation curves like
those exemplified in Fig. 3. In these curves, it should be noted that the load vs. elongation graphs present
common characteristics. After the linear elastic segment and some plastic extension, a point of maximum
load occurs indicating an elasto-plastic behavior. Furthermore, most curves display serrations followed by a
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drop in fiber resistance until complete rupture. These serrations are associated with partial rupture of the
many fibrils that compose the piassava fiber [20]. Here it is important to mention that the thinner the fiber,
the lower the number of its fibrils. The results the researches showed a decrease in both the tensile strength
and the elastic modulus of the composites up to 30% with an increase at 40% of piassava fibers to values
above those of the pure epoxy. The fracture analysis revealed a weak fiber/matrix interface, which could
account for the comparative low performance of these composite in tensile tests up to 30% of volume frac-
tion. The relatively large amount of stronger piassava fibers accounts for the better performance of the com-
posite with 40% in volume fraction [21]. This fact will be further discussed in the present work.

Based on all tensile results such as the ones exemplified in Fig. 3, the ultimate stress, i.e., the tensile
strength was calculated. The values of the tensile strength were analyzed by the Weibull statistic method for
a possible number of fibers in association with each of the nine diameter intervals shown in the histogram of
Fig. 2. The Weibull Analysis program provided the graphs shown in Fig. 4 as well as the corresponding 6
(characteristic stress), p (Weibull modulus) and R2 (precision adjustment) parameters. All graphs in Fig. 4
are unimodal, i.e., with one fitting straight line. This indicates that the fibers in each one of the nine intervals
of diameters, histogram in Fig. 2, display the same behavior.

Figure 5 presents the variation of the characteristic stress with the mean fiber diameter for each inter-
val in the histogram of Fig. 2. In this figure, there is a clear tendency for the Weibull characteristic stress to
vary in an inverse manner with the mean piassava fiber diameter. In other words, the thinner the fiber, the
higher the characteristic stress. The corresponding values for the Weibull modulus, B, and precision adjust-
ment, R2, statistically support the inverse correlation between the characteristic stress, 0, and the mean diam-
eter, d. In fact, through a mathematical correlation, a hyperbolic equation was found to fit the data in Fig. 5.
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Figure 3: Typical tensile load vs. diameter of piassava fibers for the distinct intervals in the histogram of Fig. 2.
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Figure 4: Weibull graphs for the different intervals in the histogram of Fig. 2.
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Figure 5: Variation of the characteristic stress with the mean diameter for each interval in Fig.2.

In order to verify the physical significance of Eq. (1), the average tensile strength, g ,, , calculated for
the piassava fibers was plotted as a function of the means diameter in Fig. 6. In this figure, within the error
bars associated with the standard deviations, an unequivocal hyperbolic inverse correlation also exists be-
tween g, and d.
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Figure 6: Variation of the average tensile strength with the diameter for each interval in Fig.2.

Based on Eq. (1) and (2) as well as on their similar mathematical coefficients, it is suggested that a
hyperbolic type of equation is the best statistical correlation between the ultimate stress and the diameter for
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the piassava fibers. Similar results have recently been reported for curaua, sisal, and ramie fibers [11]. A
SEM observation of the tip of tensile-ruptured piassava fibers, Fig. 7, provided additional evidence for the
rupture mechanism related to the hyperbolic strength/diameter correlation. The fiber with smaller diameter,
Fig 7(a) displays a more uniform fracture associated with lesser fibrils. By contrast, the fiber with larger
diameter, Fig. 7(b), shows a heterogeneous fracture associated with more fibrils. These microstructure evi-
dences indicate that there is a higher statistical chance that one of the many fibrils of the thicker piassava
fiber, Fig. 7(b), could prematurely break and then nucleates the fiber rupture at a lower stress. Statistically,
the many fibrils of a thicker piassava fiber tend to have one of them braking shortly during the application of
a tensile load, as compared to the fewer fibrils of a thinner fiber.

(b)
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Figure 7: SEM fractograph of tips of tensile-ruptured piassava fibers:
(a) thinner, d = 0.3 mm and (b) thicker, d= 1.8 mm

Finally, it is worth mentioning that a hyperbolic correlation, Eq. (1) and (2) could in practice allow a
selection of stronger piassava fibers, with smaller diameters, to reinforce polymer composites with improved
mechanical properties.

4. CONCLUSIONS

A Weibull statistical analysis of tensile-tested piassava fibers revealed an inverse hyperbolic correlation
between the ultimate stress and the fiber diameter.

SEM observations provided evidences of a possible mechanism of premature rupture of the greater
diameter (thicker) piassava fibers due to a non-uniform participation of the fibrils.

These results support the selection of shorter diameter (thinner) piassava fibers as the strongest for
reinforcement of composites with improved mechanical performance.
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