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ABSTRACT

The curaua fiber is one of the strongest lignocellulosic fibers and is currently being considered as
reinforcement of polymer composites for industrial applications such as automobile interior components and
bicycle helmets. The tensile strength of the curaua fiber was found to display an inverse variation with its
corresponding equivalent diameter. Since the stiffness of the fiber is also important for its use as composite
reinforcement, the present work investigated the dependence of the elastic modulus of curaua fibers with the
associated diameters. The results confirmed the existence of an inverse dependence between the elastic
modulus and the fiber diameter. In principle, this could allow a selection of stiffer curaua fibers to be used as
reinforcement in polymer composites with comparatively higher elastic modulus. A possible mechanism for
this inverse dependence is discussed following structural differences between thicker and thinner fibers.
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1. INTRODUCTION

Natural planted-based materials are gaining attention in recent years owing to their advantages to the
environment as compared to synthetic materials, especially those like plastics fabricated from petroleum-
based precursors. Natural materials are biodegradable, yearly removable and recyclable. Therefore, they are
considerate fully sustainable [1]. In particular, their life-cycle, from growing to industrial processing, absorbs
as much CO, as it is emitted and makes them neutral with respect to greenhouse gases responsible for global
warming [2]. Typical examples of these environment-friendly materials are the lignocellulosic fibers that
have been used in simple items such as ropes, baskets, textile, modest roofing, etc [3]. In the past few
decades, these natural fibers were extensively investigated [4-10] as reinforcement of polymer matrices in
substitution for synthetic fibers composites. In fact, engineering applications of lignocellulosic fiber
composites are today in the market, especially in the automobile industry [11-13]. Out of the many available
natural fibers, only part of them exhibits superior properties for composite reinforcement application.

The fiber extracted from the leaves of the curaua (Ananas erectifolius), a bush-like plant native of the
Amazon region and similar to the pineapple, has the necessary reinforcement qualification [3, 10, 13]. Figure
1 shows the curaua plant and fibers extracted from its leaves.

Figure 1: Curaua plant (a), bundle of fibers (b) and fibrils observed by scanning electron microscopy (c).
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Despite of the technical information already available for curaua fibers, no investigation on the
diameter dependence of their elastic modulus has, so far, been conducted. Therefore, the objective of this
work was to conduct a preliminary investigation on the statistical probability, using the Weibull analysis, to
correlate the curaua fiber tensile elastic modulus with its equivalent diameter.

2. EXPERIMENTAL PROCEDURE

The curaua fibers, illustrated in Figure 1(b), were supplied as a lot of 5 kg by the Brazilian firm Amazon
Paper, which commercializes lignocellulosic fibers cultivated in the Amazonian region of Brazil. A statistical
analysis of the dimensions was performed in randomly separated fibers from the lot, as shown in Figure 2.
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Figure 2: Histogram for the distribution of diameter of the as-received curaua fibers.

In this figure, the histogram of equivalent diameter distribution was established from measurements in
100 fibers randomly collected from the as-received lot. Each fiber had its diameter measured at 5 equally
separated positions in a model 6C Nikon profile projector, illustrated in Figure3. At the same position, the
fiber was rotated 90° and the diameter was measured again, since the fiber cross section is not perfectly
circular. The average values were taken as the curaua fiber equivalent diameter. The range of values was
arbitrarily divided into 7 intervals, from the smaller (0.04 mm) to the greater (0.32 mm) that constitute the
0.04 mm width of the columns in Figure 2. From this histogram, an overall mean curaua fiber diameter was
found as 0.14 mm. Additional fibers selection for each one of the 7 intervals was then performed in order to
comprise a minimum of 20 fibers per interval. All the additionally selected fibers also had their equivalent
diameter measured, as aforementioned, using the profile projector (Figure 3).

Figure 3: Profile projector Nikon used to measure the diameters of the curaua fibers.

All selected fibers were individually tensile tested in a model 5582 Instron machine at 25 + 2°C with a
strain rate of 4.2 x 10™s™, following the norm [14]. Especial tensile grips and holding procedures were used
to avoid slippage and damage to the fiber. The data obtained for the tensile elastic modulus, corresponding to
each diameter interval, was statistically interpreted using the software Weibull Analysis.
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In order to complement this investigation on the diameter dependence of the elastic modulus, the
fractures of representative ruptured fibers were analyzed. Ruptured fibers for each corresponding diameter
interval, were attached with conducting carbon tape to a metallic support and then gold sputtered to be
observed by scanning electron microscopy, (SEM), in a model SSX-550 Shimadzu equipment operating with
secondary electrons at an accelerating voltage of 15kV.

3. RESULTS AND DISCUSSIONS

The digital recorded data obtained from the Instron machine allowed the construction of representative load
vs. elongation curves for each diameter interval, such as those presented in Figure 4.
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Figure 4: Typical tensile load vs. elongation of curaua fibers for the distinct intervals of diameters.
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In most of these curves there are noticeable fluctuations in the values of the fibers load resistance to
displacement of the Instron machine crosshead. These oscillations, which can also be regarded as serrations,
correspond to the process of gradual separation of the microfibril that constitute a curaua fiber Figure
1(c). For higher loads, approaching the fiber rupture, the filaments are gradually breaking down, and the
serrations are amplified. This is exemplified in the curve of the interval of larger diameters between 0.28 and
0.32 mm in Figure 4. Obviously, since this is a larger diameter, it has more microfibrils to be broken.

The values of elastic modulus were obtained at the linear section of the load vs. elongation curves in
Figure 4. These values were analyzed by the Weibull statistic method, for each of the seven diameter
intervals, as shown in Figure 5.
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Figure 5: Weibull graphs for the different intervals.
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The analysis was done based on the cumulative Weibull distribution function, as follows:
F(x) = 1 — exp[-(x/a0)"] (1)

were o and P are statistical parameters.

In Figure 5, the graphs are unimodal with just one straight line fitting for all points in the same
diameter interval. This indicates that every curaua fiber within each one of the seven intervals belongs to a
group with same mechanical behavior.

Table 1 presents the values of the Weibull parameters associated with the statistical characteristic of
each diameter interval. In this table, the parameter 6, specifically for the present work, represents the most
characteristic elastic modulus. The adjustment parameter R2 indicates the precision degree of the statistical
analysis. Here it is relevant to mention that the Weibull statistical method imposes limitations on the
parametric values. For instance, the value of the Weibull modulus B should vary between 0.5 and 15. The
higher the value of B, the more confidence exists in the results. In this respect, the values of B in Table 1
indicate a relatively low confidence, which is expected in any experimentally measured property of a natural
fiber [4-10]. The value of R is associated with the precision of results. The closer R? is to 1 (unity), the more
precise is the adjustment of points to a linear relationship in Fig 4. As shown in Table 1, except for the
diameter interval 0.16-0.20 mm, with a reasonable R? = 0.81, all other intervals display excellent adjustments.
It is also worth mentioning that the statistical deviations in Table 1 revealed relatively large errors, reaching
more than 50% in some intervals. Once again, large deviations from an average value are expected in
lignocellulosic fibers [4-10].

Table 1: Weibull parameters related to the curaua fiber elastic modulus for the different diameter intervals.

DIAMETER WEIBULL CHARACTERISTIC PRECISION AVERAGE ELASTIC | STATISTICAL
INTERVAL (MM) | MODULUS (B) ELASTIC MODULUS (®) | ADJUSTMENT (R2) [ MODULUS (GPA) | DEVIATION (GPA)
0.04-0.08 11.67 17.43 0.924 16.69 1.73

0.08-0.12 2.16 12.73 0.975 11.27 4.49

0.12-0.16 1.59 8.59 0.957 7.71 4.97

0.16-0.20 2.23 4.26 0.810 3.77 1.79

0.20-0.24 181 2.54 0.952 2.26 1.29

0.24-0.28 2.14 2.36 0.999 2.09 1.03

0.28-0.32 1.95 2.25 0.987 1.99 1.07

The variation of the characteristic elastic modulus with the fiber equivalent diameter, i.e., the mean
value of the interval, is shown in Figure 6. In this figure there is a clear tendency for 6 to vary in an inverse
way with respect to the fiber diameter, d. A physical consequence is that the thinner the fiber, the higher the
characteristic elastic modulus.

The corresponding values of R2 in Table 1 statistically support the inverse correlation between 6 and d.
This correlation can be mathematically described as the following hyperbolic equation for curaua fiber

0=12/d-19

The precision adjustment of this equation is associated with R? = 0.94.

Another Weibull parameter of relevance is the average elastic modulus, E,,. The interval of E,, values
and its deviation encompasses the corresponding values of 6. In a normal distribution of elastic modulus,
within a given diameter interval, the values of 6 and the arithmetic average of the elastic modulus E, should

coincide.

@
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Figure 6: Variation of the characteristic elastic modulus with the mean diameter for each diameter interval.

Figure 7 plots E,, and corresponding deviations as a function of the diameter. In this figure, within the
error bars, a hyperbolic inverse correlation can be adjusted between E,, (MPa) and d (mm):

En=1.2/d-2.1 3)

The precision adjustment of this equation is associated with R? = 0.96.
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Figure 7: Variation of the elastic modulus with the mean diameter for each interval.

By comparing Eq. (2) and (3), it can be seen that both adjust well and have very similar mathematical
coefficients. It is then suggested that a hyperbolic type of equation is indeed the best statistical correlation
between the curaua fiber elastic modulus and its diameter. Hyperbolic correlations have recently been
reported for the tensile strength of curaua, sisal and ramie [15] as well as of jute [16], bamboo [17], coir [18]
and piassava fibers [19]. In a recent overview [20], additionally to the above mentioned fibers [15-19], the
buriti fiber was also reported to adjust the tensile strength dependence of its diameter to a hyperbolic
equation. The reason for this behavior was proposed not only as a consequence of higher density of
defects/flaws/irregularities but also on the probability that the weakest microfibril in a thicker fiber breaks at
a comparatively lower stress [20]. Fan [21] also attributed the diameter dependence of the tensile strength in
hemp fibers to a proportionally higher number of defects in thicker fibers.

As for the elastic modulus dependence on the fiber diameter, in a very recent paper, Placet et al [22]
suggested that many factors including porosity, which is a kind of defect, could be responsible for an inverse
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correlation between the elastic modulus (E) and the lignocellulosic fiber diameter (d). Based on the 3D
hollow model, applying laminated composite tube theory [23], Placet et al [22] concluded that in hemp fibers
the fraction of crystalline cellulose, the microfibril angle, the amorphous cellulose shear modulus and the
crystalline cellulose elastic modulus are the main factor for the E vs. d correlation. The authors also
emphasized the importance of the fiber lumen, which is also a kind of defect, although with lower sensitivity
in their analysis. In spite of the extensive study, the Placet et al [22] work was not able to end up with a
specific mathematical relationship between E and d. Therefore, the present work presents, for the first time, a
hyperbolic equation on the E vs. d dependence. In the case of curaua fibers, this relationship would be like
those shown in Eq. (2) and (3).

As for the mechanism responsible for the E vs. d inverse correlation, an experimental fact reported by
Placet et al [22] suggests that defects/flaws/irregularities might play a major role, just as in the case of the &
vs. d inverse correlation [20, 21]. Indeed, a high positive linear correlation between G and E for an extensive
range of fiber diameters was presented by Placet et al [22] and attributed in 1980 [24] to a decrease in
microfibril angle and increase in cellulose content. Since these ideas were never experimentally verified, the
G vs. E linear correlation might as well indicate that defects/flaws/irregularities are the main responsible for
the E vs. d inverse correlation.

Figure 8 shows SEM fractographs of the tip of tensile-ruptured curaua fibers with different diameters.
It can be seen in this figure that the thinner fiber with d = 0.08 mm, Figure 8(a), displays a fracture associated
with lesser microfibrils. By contrast, the thicker fiber, with d= 0.12 mm, Figure 8(b), shows a heterogeneous
fracture comprising relatively more microfibrils. As a consequence, there is a higher statistical chance that
the thicker curaua fiber would prematurely break at lower stress than the thinner one.

In fact, in two regular distribution of microfibrils with comparable mechanical properties, associated
with two fibers with different diameters, that with greater number (thicker fiber) has the probability of
comprising stronger as well as weaker fibrils as compared to that with lesser (thinner fiber) number.
Therefore, in a tensile test the first microfibril (the weakest) in the ticker fiber, Fig 8(b), should break at a
stress level lower than that required for any fibril in the thin fiber, Figure 8(a). The discontinuous rupture of
microfibrils, associated with serrations in the load vs. elongation curves in Figure 4, could contribute to
decrease the value of the elastic modulus.

As a final remark, it is worth speculating that an inverse correlation between elastic modulus and
diameter, such as the hyperbolic in Eq. (2) and (3) could, in principle, permit to select the thinnest curaua
fibers as probably the stiffer alternative for reinforcing composites with improved properties.

Figure 8: SEM fractographs with same magnification of tensile-ruptured curaua fibers with different diameters: (a)
thinner, d = 0.08 mm and (b) thicker, d = 0.12 mm.

4. CONCLUSIONS

1. A Weibull statistical analysis of the elastic modulus of curaua fibers, showed an inverse correlation
with their diameters. This correlation adjusts well to a hyperbolic type of equation for both the
Weibull average elastic modulus and the characteristic elastic modulus.

2. The fracture tip of the fibers also revealed a mechanism of longitudinal crack propagation between
microfibrils before the final fiber break down. It is suggested that this mechanism would be
associated with the premature rupture of a thicker fibers as compared to a thinner one with less
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microfibrils. The decrease in the load vs. elongation slope due to serrations caused by the rupture
of the microfibrils also explains the elastic modulus inverse correlation.

3. Already proposed mechanisms due to morphological, structural and ultrastructural effects would, in
principle, account for the inverse correlation. However, experimental evidences suggest that the
same mechanism for the tensile strength inverse correlation with the fiber diameter, based on the
microstructure defects/flaws/irregularities also apply for the elastic modulus.
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