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Guaruman: a Natural Amazonian Fiber with Potential for Polymer Composite Reinforcement
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The Amazonian region of South America is known for its diversified number of plants from
which food, medicine, wood and fibers have, since long time, been produced by local natives. A
typical example is the guaruma (“‘guaruman”as suggested English spelling) scientifically identified as
Ischinosiphon koem, an abundant plant found in the low lands alongside rivers of the state of Para in
Brazil. Fibers extracted from the stem of the guaruman are used in ropes and baskets owing to their
strength. In the present work, the possibility of applying guaruman fibers as reinforcement of polymer
matrix composites is, for the first time, investigated. Amounts up to 30 vol% of continuous and aligned
fibers were incorporates into epoxy matrix composites. Density measurements disclosed the guaruman
to be one of the lightest natural fibers. Tensile tests indicate that the guaruman fiber addition was able
to improve the composite elastic modulus. However, no significant change was found in the ultimate
strength, total strain and resilience. On the other hand, a cost-effective analysis revealed a substantial
reduction of ~29% in the epoxy composite price due to the incorporation of fibers. Preliminary ballistic
evaluation disclosed a potential for application of guaruman epoxy composites in multilayered armor.

Keywords: Guaruman fiber, epoxy matrix, natural fiber composite, tensile properties, cost-effective

analysis.

1. Introduction

Natural fibers obtained from plants have been extensively
investigated in past decades as reinforcement of polymer matrix
composites. Indeed, since the beginning of this century, several
review articles "' and books '"** reported on an escalating
number of published works dedicated to this subject. Metrics
provided by the ISI - Web of Science indicate that only 94
papers with keyword “natural fiber” were published in the
year of 2000. This number raised exponentially to 1,390 in
2018 to become one of the most relevant topics in the R&D
community. In practice, conventional synthetic fibers, mainly
the glass fiber, are being gradually substituted for natural
fibers in traditional composites applied in civil construction,
furniture, commodity and automotive industries **?%. Among
the reasons for technological interest in natural fibers stand
the remarkable properties of some fibers as well as their
market availability. In fact, some natural fibers such as flax,
hemp, jute, sisal, cotton and ramie are worldwide cultivated.
Their tensile strength surpasses 600 MPa ?, which is higher
than most carbon steels 3°. Composite reinforced with these
fibers might reach strength above 100 MPa depending on
the amount incorporated and specific polymer matrix 3.

In addition to the traditional aforementioned natural
fibers, others like coconut, pineapple, kenaf, banana, kapok,
bamboo, abaca, isora, palm, henequen, sugarcane bagasse,
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piassava and many more ! are being investigated as possible
composites reinforcement. Recent works ¥ also reported
on the advantages of novel composites with banana fibers as
well as sisal nanocomposites, fine textured sisal textile yarn
and soy-based multifunctional materials. It should also be
include those natural fiber available in specific countries such
as agave (Mexico); fique (Colombia); date (Morocco) and
curaua (Brazil). Actually, nature still preserves a huge number
of other less known natural fibers waiting to be investigated
as polymer composites reinforcement. This is the case of
the guaruma fiber, here suggested to be spelled in English as
“guaruman”, typical of the Amazonian region. The fiber is
extracted from the stem of the guaruman plant, scientifically
known as Ischinosiphon koern, and illustrated in Fig 1.
Today, guaruman fibers are used by local people in
the state of Para, Brazil, to fabricate ropes and baskets.
Preliminary results on the tensile properties of these fibers
indicate a potential for possible application as polymer
composite reinforcement. Therefore, the objective of this
work is to investigate for the first time the possibility of using
guaruman fibers as reinforcement of epoxy matrix composites.
Tensile tests of both plain epoxy and composite with up to
30 vol% of fibers were conducted to evaluate the potential
of these composite for application in multilayered armor.
A cost-effective analysis complements this investigation.
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Fibers were cut with an average length of 100 mm and dried at
60°C to release moisture. The fibers diameter (d) was measured
inamodel Elipse LV 150 Nikon optical microscope at 5 different
positions along the axis of each fiber. By considering cylindrical
fibers, their average density was determined by the mass divided
by the volume (nd*/4). An analytical scale Bel, with 0.001 g
of precision, was used to measure the mass (m) of each fiber.

Based on the average density, amounts of 10, 20 and 30
vol% of guaruman fibers, with respect to the epoxy matrix, were
used to fabricate dog-bone-shaped flat tensile specimens inside
silicone molds. Figure 3 illustrates typical tensile specimens
with guaruman fibers continuously aligned along the axis. In
this figure, left side, it is also shown a plain epoxy specimen for
control. For the purpose of preliminary results, only 3 specimens
were fabricated for each condition. All tensile specimens were
tested in a model IKCL3-US13 Kratos machine, as per ASTM

0% 10% 20%

Figure 1. The guaruman plant.
2. Experimental Procedure

Guaruman stems were supplied by farmers located in the
municipal area of Belem, state of Para, north of Brazil. Fibers
were both mechanical and manually cut from the stems as
illustrated in Figure 2.

The epoxy used as composite matrix was supplied by

D 638 standard, at room temperature and strain rate of 10 s™!
the retailer Veloz from Dow chemical as liquid diglycidyl

30%
ether of the bisphenol A (DGEBA) resin and triethylene

tetramine (TETA) catalyst. Both were mixed in stoichiometric  Fjgure 3. Typical plain epoxy and guaruman fiber reinforced
proportion at the moment of composite preparation.  composite tensile specimens.

(b) .
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Figure 2. As received bundle of guaruman stems (a) and extracted fibers (b).
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Both the microstructural observation of the guaruman
fibers and the fractograph analysis of the rupture surface of
the tensile specimens were performed on a model TM 3000
Hitashi scanning electron microscope (SEM) operating with
secondary electrons.

A cost-effective analysis was based on consumer prices
of January 2019. A preliminary ballistic evaluation of
guaruman epoxy composites as component of multilayered
armor for personal protection was conducted at the center for
Assessment of the Brazilian Army, CAEX, in Rio de Janeiro.

3. Results and Discussion

Figure 4 shows SEM micrographs of typical thinner,
medium and thicker guaruman fibers. In this figure, it is
important to notice that the thicker fiber, Fig. 4(c), with
average diameter of 80 um, displays a rougher surface with
more voids and open areas as compare to the thinner fiber
in Fig. 4(a). A statistical analysis of the guaruman fibers
indicated 20% with diameter interval 20 to 40 pm; 53% with
40 to 60 um; and 27% with 60 to 80 um corresponding to
an average diameter of 52.4 pm.

Table 1 presents the mean density (4m/nd?) of guaruman
fibers calculated for the three aforementioned diameter intervals.

In this table, one should notice that the thicker the fiber,
the lower is its density. The reason for this behavior is directly
related to the amount of voids and open areas observed
with increasing the fiber diameter, as shown in Figure 4. In
other words, a thinner fiber, Fig. 4(a), with less voids and
open spaces pores, is accordingly denser. A proportional
calculation for the average density based on the results in
Table 1 revealed that a non-selected bunch of guaruman
fibers have a mean value of 0.52 g/cm®. This corresponds
to one of the lightest known natural fibers ».
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Table 1. Density of guaruman fibers for different diameter intervals.

Thickness Interval ~Average diameter (um) Density (g/cm?)

Thin 30 0.69
Medium 50 0.48
Thick 70 0.37

Figure 5 shows the tensile curves for the plain epoxy
and the guaruman fiber reinforced composites. One may
notice that two curves for the plain epoxy, Fig. 5(a),
display a small amount of plastic deformation after the
elastic region. By contrast, all curves for 10, 20 and 30
vol% of guaruman fiber epoxy composites, Fig. 5(b),
(c) and (d), respectively reveal a brittle behavior with
rupture occurring right after the elastic region. These
tensile curve results indicate that the incorporation of
aligned guaruman fibers maintained the basic mechanical
properties of the epoxy matrix, including the ductility.
As further discussed, both cost and integrity in ballistic
tests are specific advantages for using guaruman fibers
in epoxy composites.

Based on the curves in Fig. 5, the tensile properties of
the plain epoxy used as matrix as well as the guaruman fiber
composites are presented in Table 2.

Figure 6 shows the variation of the tensile properties of
plain epoxy and guaruman fiber reinforced epoxy composites
as a function of the amount of fiber. An important point
worth mentioning in this figure is the dispersion of values
associated with the standard deviation (error bars). This is
a consequence of the non-uniform structure of any natural
lignocellulosic fiber . However, higher dispersion is
similarly observed for the plain epoxy matrix, which is also
known for its wide interval of strength (27-90 MPa) as well
as total strain (3-6%) *°.

S R
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Figure 4. SEM micrographs of typical guaruman fibers (a) thin; (b) medium; and (c) thick diameter.
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Figure 5. Tensile load versus elongation curves for: (a) plain epoxy; (b) 10 vol% guaruman fiber; (c) 20 vol% guaruman fiber;
and (d) 30 vol% guaruman fiber reinforced epoxy composites.
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Figure 6. Variation with amount of guaruman fiber as reinforcement of epoxy composites of (a) ultimate strength; (b) elastic modulus;
(c) total strain; and (d) resilience.
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Table 2. Tensile properties of control epoxy and guaruman fiber composites

Amount of Guaruman Fiber in Epoxy Composites

Tensile Property

0% (Control) 10 vol% 20 vol% 30 vol%
Ultimate Strength (MPa) 574+9.6 51.9+4.0 57.1+3.7 59.9+7.1
Elastic Modulus (GPa) 0.47 £0.02 0.52+0.01 0.59+0.03 0.60 +£0.02
Total Strain (%) 0.094 £ 0.01 0.077 £0.01 0.080 £ 0.02 0.086 +0.02
Resilience (MJ/m®) 20+0.4 1.6+0.1 1.9+£0.3 22+0.2

As for the ultimate strength in Fig. 6(a), the incorporation
of guaruman fibers into the epoxy, within the error bars, does
not provide a stronger reinforcement. By contrast, according
to the results in Figure 6(b), the elastic modulus is slightly
increased with the amount of fibers. This suggests that the
guaruman fibers might enhance the composite stiffness,
which is a commonly expected behavior in natural fiber
reinforced polymer matrix composite '”"°. Regarding the
values of total strain, Fig. 6(c), and resilience, Fig. 6(d),
the incorporation of guaruman fiber, within the statistics
precision, does not affect the epoxy matrix behavior. The
relatively restrict reinforcement provided by the guaruman
fiber to the epoxy matrix is not a limitation for using these
composites in several engineering applications. In fact, the
values listed in Table 2 are acceptable for some parts and
interior panels of automobiles 2%, In spite of practically no
effect caused by the guaruman fiber on the tensile properties
of epoxy composites, Fig. 6, a major economic advantage will
be further discussed. Moreover, the importance of guaruman
fibers in epoxy composites for ballistic applications will be
also further addressed.

Relevant information on the mechanical behavior
may also be recovered from the final fracture. Figure 7
depicts the macroscopic aspect of typical tensile ruptured
specimens. In both conditions, Figure 7 (a) of the plain epoxy
and Figure 7 (b) to (d) of the guaruman fiber composites,
all specimens were broken inside the gauge length.
Moreover, rupture occurred transversal to the tensile axis
without necking or apparent signs of plastic deformation.
An important point regarding the macroscopic aspects
of specimens with 20 and 30 vol% of guaruman fibers,
Fig. 7 (c¢) and (d), respectively, in the non-homogeneous
distribution of fibers. Despite being aligned, some fibers
tend to agglomerate, which may compromise the continuity
of the fiber/epoxy interface. Consequently, voids and
regions of stress concentration might exist. In principle,
these heterogeneities could impair the guaruman fiber
reinforcement effect in terms of lower values for the
mechanical properties in Table 2 and wide error bars
in Fig. 6.

Figure 7. Macroscopic aspect of typical tensile ruptured specimens:
(a) plain epoxy; (b) 10 vol% guaruman fiber; (c) 20 vol% guaruman
fiber; and (d) 30 vol% guaruman fiber reinforced epoxy composites.

SEM fractographs obtained from the ruptured surface of
these tensile specimens are shown in Fig. 8. The images in
this figure reveal some important aspects. First, it is confirmed
that the epoxy fracture is brittle, Fig. 8(a), and displays marks
(river patterns, pointed by arrow) characteristics of easy
cracks propagation. Second, the composites exhibit partial
adherence of the guaruman fibers to the epoxy matrix, as
shown in Figure 8 (b) to (d). Actually, evidence of fiber
pullout is also seen in the composite fracture. This pullout is
associated with holes next to fibers indicated by arrows. Third,
the guaruman fibers act as effective barriers to cracks that are
propagating in the brittle epoxy matrix. This is observed as
arrested river patterns in the inset of Fig. 8(d). The partial
barrier provided by the guaruman fibers to crack propagation
in the composite epoxy contributes to the reinforcement
while the holes caused by pullout impair this reinforcement.
Another relevant point limiting the fiber reinforcement is the
possible agglomeration observed in Fig 7(c) and (d), which
affects the adhesion to the epoxy matrix and facilitates the
fiber pullout seen in Fig. 8. The balance resulting from partial
fiber adherence and fiber pullout justifies the practically
none or very small improvement in the tensile properties,
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Table 2 and Fig. 6, of the composites. On the other hand,
a cost-effective analysis is highly favorable to the use of
guaruman fibers in epoxy composites.

Table 3 presents a summary of the cost-effective analysis
comparing the plain epoxy and the guaruman fiber composites.
For this cost analysis, the basic material was considered
with a total volume of 100 cm? and the cost of epoxy, 12 US
dollars/kg, as an average market price in Brazil. As for the
guaruman, there are no official values but fibers are sold at
an average price around one US dollar/kg in Belem (Para,
Brazil). Based on the results of Table 1, the light guaruman
fiber has an average density of 0.52 g/cm?®. From laboratory
experiments, a plate of epoxy/ hardener was found to have
a density of 1.08 g/cm?.

The results in Table 3 reveal that a 30 vol% guaruman fiber
reinforced epoxy composite presents, comparatively, a saving
0f29% in cost to plain epoxy. For technological applications,

Materials Research

this is a relevant result since the incorporation of guaruman
fibers does not impair the tensile properties of the epoxy, as
shown in Table 2 and Fig. 6. In other words, by supporting
the mechanical behavior of epoxy, the much cheaper and
environmentally friendly guaruman fiber is a viable alternative
for composite reinforcement competing with other natural
fibers %%, Similar to curaua ¥, the guaruman fiber might
be particularly relevant for the economy and technological
development of the north region of Brazil.

Finally, a preliminary investigation on the ballistic
performance of a 30 vol% guaruman fiber reinforced epoxy
composite disclosed a potential for application as component
of amultilayered armor system (MAS) for personal protection
against 7.62 mm caliber rifle ammunition. As an advantage,
the epoxy composite reinforced with 30 vol% of fibers stays
integer after the first bullet impact and is able to resist multiple
shooting required by the standard *.

Table 3. Comparative cost-effective analyses for plain epoxy and guaruman fiber epoxy matrix composites. (Based on 100 cm? of material

and consumer prices.)

Material (100 cm?) Weight (g) Partial Cost (US dollar)  Total Cost (US dollar) Reduced Cost (%)

Plain Epoxy 100 x 1.08 =108 0.108x12=1.296 1.296 Control (Zero)
10 vol% Fiber 10x0.52=5.2 0.0052x1=0.005 L171 10

90 vol% Epoxy 90x 1.08=97.2 0.0972x12=1.166

20 vol% Fiber 20x0.52=10.4 0.0104x1=0.010 1.047 19

80 vol% Epoxy 80x 1.08=86.4 0.0864x12=1.037

30 vol% Fiber 30x0.52=15.6 0.0156x1=0.016 0923 29

70 vol% Epoxy 70x 1.08=75.6 0.0756x12=0.9072

o/

river
patterns

TM3000_8830 20180109 1454 | : TM3000_8833

Figure 8. SEM fractographs of typical tensile ruptured specimens: (a) plain epoxy; (b) 10 vol% guaruman fiber; (c) 20 vol% guaruman fiber;

and (d) 30 vol% guaruman fiber reinforced epoxy composites.
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Composites with lower amounts of guaruman fibers are
broken by the first shooting. Composites with higher amounts
are difficult to process due to excessive fiber agglomeration,
which impairs adhesion. Indeed, as MAS second layer, after
a front ceramic, the 30 vol% guaruman composite plate
performed in a comparable way to conventional Kevlar™
plate with same thickness. This ballistic performance was also
reported for well-known natural fibers used as reinforcement
of engineering composites *.

4. Conclusions

*  Forthe first time a relatively unknown natural fiber,
extracted from the guaruman plant cultivated in the
Amazonian region of Brazil, was investigated as
reinforcement of epoxy matrix composites.

*  The mean density of 0.52 g/cm® measured for the
guaruman fiber is among the lowest reported so far
for any natural fiber.

*  Practically no significant variation in the tensile
properties of the epoxy matrix was caused by
incorporation up to 30 vol% of guaruman fibers.

. However, a cost-effective analysis revealed that
incorporation of guaruman fibers significantly
reduced the price of epoxy composites with saving
reaching 29% for a composite with 30 vol% of fibers.

*  Preliminary ballistic tests disclosed a potential
application of 30 vol% guaruman fiber epoxy composites
as component of multilayered armor for personal
protection against high impact riffle bullets. This
composite stays intact after a first hit and is expected
to attend standard multiple shootings requirement.
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