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Abstract

Fique is a fiber of South American origin that has adequate properties to be used as reinforcement in composite
materials, recently there have been various research for the development of composite materials with this fiber type.
This article compiles different studies into composite materials reinforced with fique fiber. Initially discussed the issues
related to the properties and treatments most commonly used to fiber to improve their quality and adhesion, then the
types of matrix and the main manufacturing techniques that have been used for the manufacture of composites
reinforced with fique fiber are described, followed by the different tests and characterization tests that have been
applied to them to know their main properties and finally, their applications and the use of micromechanical models
to describe them.

Keywords: fique; composite materials; reinforced composites; characterization tests; micromechanical modeling;
fiber treatment; composite manufacturing; matrix composite; application composite; natural fiber.

Resumen

La fibra de fique es originaria de Sur América y presenta propiedades adecuadas para ser utilizada como refuerzo de
materiales compuestos, recientemente diversas investigaciones han desarrollado materiales con este tipo de fibra. En
este articulo se realiza una compilacién de estudios respecto a materiales compuestos reforzados con la fibra de fique.
Se discute inicialmente los temas relacionados a las propiedades y los tratamientos més utilizados aplicados a la fibra
para mejorar su calidad y adhesion, posteriormente se describen los tipos de matriz y las principales técnicas de
fabricacion que se han empleado para la manufactura de los compuestos reforzados con la fibra de fique, seguidamente
las diferentes pruebas y ensayos de caracterizacion que se les han aplicado para conocer sus principales propiedades y
por ultimo, sus aplicaciones y el uso de modelos micromecanicas para describirlos.

Palabras clave: fique; materiales compuestos; compuestos reforzados; prueba caracterizacion; modelado
micromecanico; tratamiento fibra; fabricacion de compuestos; compuesto de matriz; aplicacion de compuestos; fibra
natural.

1. Introduction materials that replace conventional ones, mainly those
from fossil sources.

According to Raju and Shanmugaraja [1], the climate

change, the increase in environmental awareness of  Composites reinforced with natural fibers are one of the

humanity, and the search for biodegradable products  solutions that have been raised to the problem mentioned

have driven the research and development of new  above as proposed by Kerni et al. [2].
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Deepak et al. [3] define composite material as the union
of two or more materials to achieve properties that are not
possible to obtain in each material separately. They are
made up of two phases, the continuous (matrix) and the
dispersed or reinforced (generally fibers).

Recently, the use of natural fibers as reinforcement has
been investigated and that they offer advantages over
synthetic fibers such as: availability, varied alternatives,
and renewal of them [4]. In addition, this provides a
healthier working environment for people who
manufacture compared to conventional industrial fibers
and reduces wear on tools because natural fibers are less
abrasive [5].

However, there are still some disadvantages as described
by Dittenber and Gangarao [6], being low adherence to
the matrix, uncertainty about long-term performance,
moisture absorption, low fire resistance, low mechanical
properties and the lower durability accompanied by some
difficulties in the manufacturing process.

Despite these drawbacks, various composites have been
manufactured using natural fibers as reinforcement,
applying them in fields such as the aerospace industry,
the automotive industry, the chemical industry, the
medical sector, sports, the electric field, musical
instrument panels, construction materials and packaging
materials as reported by Keya et al. [7].

Some of the natural fibers have been studied and used for
the production of composite materials are the following:
linseed, hemp, jute, kenaf, sisal, abaca, pineapple,
ramina, bamboo, coconut, rice husk, palm oil, bagasse
and fique, [8], [9].

The latter, the fique, comes from a plant native to
Colombia, the fibers are extracted from the leaves
presenting physical characteristics and mechanical
properties suitable to be used as reinforcement of
polymeric composite materials [10].
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The main physical-mechanical properties of fiber and
composites reinforced with this type of fiber have been
studied, it is for this reason that this review seeks to make
a compilation of the different researches that treat the
fique fiber properties, its treatments, types of matrix that
have accompanied it for the manufacture of composite
materials, the main manufacturing techniques, and the
different characterization tests that have been applied to
them.

The increase in the number of publications in recent years
reflects the growing importance of research on new
materials reinforced with natural fibers [11]. The novelty
and importance of this work is obtained because there is
no compilation in the literature where the research on the
use of fique fiber as reinforcement in composite materials
is gathered. It is for this reason that this review will allow
knowing the state of the art of the use of this natural fiber
in composite materials and will define the starting point
for researchers not very familiar with fique for new
studies.

2. Fique fiber

Natural fibers are divided into three large groups
according to their origin, these being lignocelluloses
(plants), animals and minerals [12].

The group of lignocelluloses is the most used for the
elaboration of composite materials, which is divided into
wood and non-wood fibers. Within the non-woods are the
fibers originating from the bast, the leaf, the seed the
fruit, the stalk, and the grass of the plant [13].

As shown in Figure 1, the fique is a non-wood
lignocellulose fiber that is extracted from the plant leaf
[14].

Fique is a natural fiber native to Colombia (Furcraea
andina), grown mainly in the departments of Cauca,
Narifio, Santander, and Antioquia, generating an average
of approximately 11.200 jobs per year [15].

Bast
Leaft - Fique
< Animal based Seed
1 Non-Wood H
Natural Fibers—- Plant based # - H Fruit
Wood
-Mineral based Stalk
Grass

Figure 1. Fique fiber classification. Source: own.
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The production of this fiber is carried out mainly in other
countries of the American continent, some of them being
Brazil, Ecuador, Venezuela, Costa Rica, and the Antilles
[16].

The fiber consists of three components: cellulose,
hemicellulose, and lignin. Where cellulose is the main
component that confers resistance and stability to the cell
walls of the plant [17].

The fiber is extracted from the leaf by mechanical
techniques and is used mainly in sack packages and
ropes. In its manufacturing process it is possible to obtain
various presentations, from short fibers to meshes of
different weights and textures [18].

During extraction of fique fiber from the leaf, 5% (w/w)
fiber, 75% (w/w) juice and 25% (w/w) bagasse are
produced [19].

It presents a low production cost in the range of $ 0.36 to
$ 0.45 US, providing economic advantages that make its
use attractive [20]. Table 1 summarizes the principal
properties of fique fiber [21].

Additionally, the fibers have adequate thermal properties
that allow them to withstand temperatures of up to
220 °C without degradation [22].

Fique has similar mechanical properties to the other
natural fibers presented, however, the density value
reported is one of the lowest, which makes it ideal for use
in composite materials due to its low weight.
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Table 1. Properties of fique fiber

Property Value
Equivalent diameter (mm) 0.16-0.32
Density (kg/m3) 723
Gravity specifies 1.47
Water absorption % 60
H20 % 12
Cellulose % 70
Lignin % 10.1
Tensile strength (MPa) 43-571
Elasticity module (GPa) 8.2-9.1
Ultimate elongation (%) 9.8

Table 2 compares the properties of fique fiber versus
other relevant natural fibers. [23], [24], [25].

Table 3 shows the advantages and disadvantages of fique
fiber when used as reinforcement in composite materials
over conventional petrochemical fiber composites [26].

3. Fiber treatments

To improve the compatibility of the natural fique fibers
with the matrix used in the different composite materials,
which for the most part have been polymeric, different
agents have been used through chemical treatments that
have improved the homogenization characteristics,
degree of crystallization, fiber-matrix adhesion and
thermal stability of the fiber [27].

Table 2. Comparison of fique fiber with other natural fibers

Fiber Tensile strength (MPa) Youn%éFl)w;;)dulus EIongatl(c()Jz)at break [Dg(;(r:]rs;:?]/
Fique 43-571 8.2-9.1 9.8 0.793
Abaca 400 12 3-10 15
Areca 147-322 — 10.2-13.15 0.7-0.8
Bagasse 290 17 11 1.25
Bamboo 140-230 11-17 1.40 0.6-1.1
Banana 529-914 8.20 3 1.35
Coir 108-252 4-6 15-40 1.2
Flax 345-1035 27.6 2.7-3.2 1.5
Hemp 690 70 1.6 1.48
Jute 393-773 26.5 1.5-1.8 1.3
Kenaf 930 53 1.6 1.4
Sisal 511-635 9.4-22 2.0-25 1.5
Qil palm 248 3.2 25 0.7-1.55
Pineapple 400-627 1.44 14.5 0.8-1.6
Curaua 500-1150 11.8 3.7-4.3 14
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Table 3. Advantages and disadvantages of using fique
fiber in composite materials

Advantages Disadvantages
Absorbs more
humidity
Less durability

Less mechanical

More economical

Renewable

Greater flexibility

properties
L . Low thermal
Good acoustic insulation .
resistance
. Low microbial
Good thermal insulator .
resistance

Low fire resistance
Existence of demand
and supply cycles

Non-toxic

Biodegradable

Less weight
Lower energy
consumption for its
production

The main treatments found in the literature applied to
fique fiber are listed below. However, its application
(quantity  of  substance, additional  additives,
impregnation time, drying time) is modified according to
the objectives of the research which leads to variations in
application of them.

e Thermal modification: The fibers are heated for a
period of 30 min to 12 hours at a temperature that varies
between 120 °C to 203 °C [28]. Arjona et al. [29]
placed the fique fiber to dry at 105 °C for 1 hour, until
obtaining complete loss of the water presented by the
fiber, which improved its adhesion when the
composites were manufactured.

e Mercerization treatment: Mercerization is a treatment
where an alkaline substance is used to break the
hydrogen bonds present in the chemical structure of the
fiber, it consists of heating the fiber in a solution of
NaOH, KOH or LiOH (Its percentage varies according
to study) for a set period of time, drying is done at room
temperature or in an oven [30]. Castro et al. [31] treated
the fique fiber with NaOH for 10, 30, 60, 90, 120 and
300 minutes with concentrations of 2.5%, 3.7% and
5.0% and drying at 25 °C (room temperature) for 72
hours and in an oven at 100 °C for 20 hours. Obtaining
that the mechanical properties of the fiber increased in
greater proportion using 5% NaOH, and an exposure
time of 30 minutes with either of the two drying
methods.
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e Treatment with silane: The fibers are immersed in a
solution of water and alcohol with a silane base (SiH4)
for a certain period of time, then the fibers were washed
and dried at room temperature or in an oven [32].
Mufioz et al. [22] treated the fique fiber with a silane
coupling agent; immersing them for 1 hour in a water-
methanol solution, at a 50/50 v/v ratio, in which 1% and
0.5% of silane and di-cumyl peroxide were dispersed
(percentage by weight with respect to the fiber),
respectively. The pH of the solution was adjusted to 3.5
and stirred for 30 min. The fibers were dried at 60 °C
for 24 hours, to finally be cured for 2 hours at 120 °C.

e Isocyanate treatment: Isocyanate is a compound that
contains the isocyanate functional group —N=C=0.
Treatment is typically carried out by immersing the
fiber in this agent at intermediate temperatures for a set
period of time [33]. Gafian et al. [34], applied this
treatment to the fique fibers using methylene diphenyl
diisocyanate at a temperature of 70 + 10 °C.

o Esterification treatment: the fibers are immersed in a
maleic anhydride solution [35]. Gafian et al. [34]
applied this treatment to the fique fiber by immersing it
in the maleic anhydride agent together with acetone, at
a temperature of 55 °C = 5 °C, then they were washed
with acetone and left to dry 24 hours at a temperature
of 105°C +5 °C.

Table 4 shows the different treatments that have been
applied to the fiber reinforced composites and that
subsequently improved the mechanical properties of the
composites.

Table 5 shows the variation of the mechanical properties
of fique fiber with different surface treatments in some
studies with fique fiber.

4. Matrix composites

There are various materials that are used as matrix in the
manufacture of composite materials, the most
representative being metals, ceramics, and polymers
[53]. Polymers are the most mentioned in the literature in
the manufacture of fiber-reinforced composite materials,
that is why this section will only talk about them.

Polymeric matrix can be divided into three groups:
thermoplastics, thermosets and biobases [54].
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Table 4. Fique fiber treatment

Treatment Ref
Mercerization treatment, silane treatment, polyethylene impregnation [22], [36]
Mercerization treatment [171, [31], [37]{43]
Nano silver particles [44]
Thermal modification [29], [45]
Acetone, Distilled water + ZnCI2, Distilled water + H2SO4. [46]
Mercerization treatment, isocyanate treatment, esterification treatment [34]
Alkalization treatment, esterification treatment, acrylic acid process, silane treatment [18]
Alkalization treatment, esterification treatment, acrylic acid process, silane treatment [47]
Ultrasound cleanir}g, treatment with 3-ch|orp-2-_hydr0xypropyl tri_methylammonium [48]
chloride (CHTAC) and mercerization, gold nanoparticles.
Treatment with acetic anhydride, epichlorohydrin [49]
Mercerization treatment, isocyanate treatment, formaldehyde treatment, glycidyl [50]
methacrylate treatment
Ultrasonic bath, Mercerization treatment, hydrochloric acid, MnO2 nanoparticles [51]
Mercerization treatment, silane treatment, polyethylene impregnation [52]

Table 5. Fique fiber treatment. Mercerization treatment, silane treatment and polyethylene impregnation

Mercerization +
Properties Na_tural Mercerization Merce!’ization allire Ref.
Fique + silane polyethylene
impregnation
Tensile strength (MPa) 263.55 302 310 312.5 [22]
Elastic modulus (GPa) 8.64 8 8.3 9.3
Tensile strength (MPa) 197 +/- 65 391 +/- 315 - -
Elastic modulus (GPa) | 5.7+-18 | o7 1231024 . . [17]
410 to 2.50% (w/w)
Tensile strength (MPa) 310 430 to 3.70 % (w/w) - - [31]
550 to 5% (wiw)
Tensile strength (MPa) | 261.82 +/- 31 340.3 +/-52,32 - - [37]
Elastic modulus (GPa) | 8.39 +/- 1,540 125 +/- 4,41 - -
Tensile strength (MPa) 197 +/- 65 324 +/- 122 - -- [38]
Elastic modulus (GPa) 5.7+/-1.8 10.1 +/- 3.9 - -
Tensile strength (MPa) 197 +/- 65 272 +/- 106 - - [39]
Tensile strength (MPa) | 336.12 +/- 27.90 365.97 +/- 25.58 370.99 +/- 23.47 | 373.58 +/- 22.54 52]
Elastic modulus (GPa) 5.44 +/- 0.45 6.53 +/- 0.46 7.16 +/- 0.54 7.83 +/- 0.51
Tensile strength (MPa) 237 +/-51 373 +/-59 - - [34]
Elastic modulus (GPa) 8,01 +/- 1.47 11,03 +/-1.41 - -
Tensile strength (MPa) 240 375 - - [50]
Elastic modulus (GPa) 8 11.2 - -
Tensile strength (MPa) 237 +/-51 - 373 +/-59 - [18]
Elastic modulus (GPa) 8.01 +/- 1.47 - 11.03 +/-1.41 -
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e Thermosets: The main characteristic of this type of
matrix is that they cannot return to their original state
after being heated [8].

e Thermoplastics: is a polymer that can be softened in
temperature processing but returns to the solid state
once completed [55].

¢ Biobases: they are bio-based polymers, that is, they are
biodegradable, and can be thermostable or
thermoplastic [56].

Table 6 Contains a compilation of the different works
together with the matrix used for the manufacture of fique
fiber reinforced composite materials.

Table 6. Matrix used in the manufacture of fique fiber

composite
Matrix Type Name Ref
Biobase Cassava flour [37], [57]-[64]
Biobase Amaranth flour [65]
Biobase SuperSap®, epoxy | [561_[6g]
resin
Biobase Natural rubber [45]
Biobase Mopa-Mopa [42]
Thermoplastic HDPE [29]
.| Polyoxymethylene
Thermoplastic (POM) [50]
Thermoplastic PEBD-AI [15], [69]
Thermoplastic LDPE-AI (3, [?;3(])] [52],
Thermoplastic LDPE [71]
Thermoplastic Polypropylene [34], [46], [72]
[20], [38],
Thermostable Epoxy (731761, [77]
[45], [47],
Thermostable Polyester [49], [78]-[84]
Thermostable PLA-PCL-TPS [43]
Other Portland cement | [21], [85]-[87]
Other Potassium [39]
geopolymer

Table 7 shows the variation of the mechanical properties
of different composite materials using several matrices
and various percentages in volume of fique fiber.

5. Composite manufacturing
The most widely used manufacturing techniques reported

in the literature to produce fiber reinforced composite
materials are mentioned below:

S. Gomez-Suarez, E. Cérdoba-Tuta

e Pultrusion: It is a process where continuous fibers are
impregnated with a matrix that is generally thermoset,
then it is pulled and passed through a matrix that gives
it the shape and where the curing is carried out, finally
the cut is made with the size of the required part. Both
the speed with which the fibers are fed, and the
temperature of the matrix are the main variables that
affect the properties of the composite [88].

Hand Lay-Up: It is a process where initially a release
agent is applied that facilitates the detachment of the
composite from the mold once the curing is finished.
After this, a layer of resin is applied which prevents the
fibers from moving through the mold. Subsequently, a
layer of reinforcement (natural fiber) is placed and resin
is added, this process is repeated with more layers until
the desired thickness is obtained. Composites are cured
at room temperature or in an oven [89].

Vacuum infusion: It is a low-cost, high-pressure
manufacturing method where different layers of the
fiber are stacked in an airtight mold, then various layers
are used as tools in the process, such as the release
layer, the layer of air purge, blocking film layer and
breather layer, finally, the sheets are covered with a
vacuum bag and using a vacuum pump the resin is
sucked in and the material compaction is carried out.
The curing process occurs in an oven, autoclave, or
room temperature [90].

Compression molding: This process is normally used
when high production volumes are required, the same
process occurs both hot and cold. The input material is
pellets which are previously obtained by an extruder. In
cold compression molding only pressure is applied,
while in hot compression molding pressure and
temperature are applied. Curing can be done at room
temperature or in an oven [91].

Injection Molding: In this manufacturing process
thermoplastic polymer is used mixed with natural fibers
(which are short), subsequently the temperature is
increased by melting the polymer and injecting it into a
mold. Once the composite has cooled, the
manufactured part is expelled. Injection molding is
used to produce high-volume products as it is normally
automated [92].
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Table 7. Variation of mechanical properties of fiqgue composites (1-2)
n n Volume fraction -
Mechanical properties Value of fique fiber Matrix Ref.
Approx. 8 0%
. Approx. 12 10%
Tensile strength (MPa) Approx. 16 30%
Approx. 50 50% .
Approx. 0.8 0% PEBD-AI [15]
. Approx. 1.1 10%
Elastic modulus (GPa) Approx. 2.2 30%
Approx. 3.7 50%
Approx. 38 0%
Approx. 14 25%
Tensile strength (MPa) Approx. 12 35%
Approx. 9 45%
Approx. 8 55% HDPE [29]
Approx. 0.5 25%
. Approx. 0.4 35%
Elastic modulus (GPa) Approx. 0.35 5%
Approx. 0.3 55%
. 7.1 30% Potassium
Tensile strength (MPa) 13.9 50% geopolymer [39]
10.42 +/- 1.83 0%
11.34 +/- 4.44 10%
Tensile strength (MPa) 15.07 +/- 2.68 10% Mercerization
20.02 +/- 7.99 20%
32.73 +/-10.13 20% Mercerization
003578 0% Mopa-Mopa [42]
0.7398 10%
Elastic modulus (GPa) 1.32198 10% Mercerization
1.13586 20%
2.12836 20% Mercerization
Approx. 28 0%
. Approx. 18.2 10%
Tensile strength (MPa) Approx. 14 20%
Approx. 12.5 30% }
1.768 +/- 0.020 0% PLA-PCL-TPS (43
. 1.973 +/- 0.208 10%
Elastic modulus (GPa) 5438 +/-0.106 20%
2.746 +/- 0.313 30%
0,
Tensile strength (MPa) 15.1 0%
18.3 15%
Polyester [49]
Elastic modulus (GPa) 0.44 0%
0.95 15%
10.8 0%
. 14.3 10%
Tensile strength (MPa) 19 20%
23.1 30%
06 0% LDPE-AIl [52]
. 0.9 10%
Elastic modulus (GPa) 17 20%
2.08 30%
Tensile strength (MPa) 1.7 Not reported c i 62
Elastic modulus (GPa) 0.35 Not reported assava tlour [62]
Tensile strength (MPa) 1.7 Not reported
Elastic modulus (GPa) 0.5 Not reported Cassava flour [64]
1.87 0%
. 3.79 10%
Tensile strength (MPa) 58l 15% Amaranth flour [65]
Approx. 67 50%
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Table 8 shows the different techniques used to
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Table 7. Variation of mechanical properties of fique composites (2-2)

Volume fraction

Mechanical properties Value of fique fiber Matrix Ref.
Tensile strength (MPa) 64.2+/-1.6 Not reported SuperSan® . 66
Elastic modulus (GPa) 5.723 +/- 0.0947 Not reported Upersapt, epoxy resin [66]
Tensile strength (MPa) 61.8 +/-4.43 Not reported SuperSan® . 67
Elastic modulus (GPa) 1.320 +/- 0.320 Not reported Upersapt, epoxy resin [67]
Tensile strength (MPa) 36.2 8.5 Not reported .
Elastic modulus (GPa) 1.272+/- 0.0 412 Not reported SuperSap®, epoxy resin [68]
Approx. 9 0%
. Approx. 33 10%
Tensile strength (MPa) Approx. 53 30%
Approx. 67 50% .
Approx. 0.9 0% PEBD-AI [69]
. Approx. 2.8 10%
Elastic modulus (GPa) Approx. 4.2 30%
Approx. 7.13 50%
. 14.4 +/- 1.7 0%
Tensile strength (MPa) 19.64/-32 1% | ope
Elastic modulus (GPa) 0.514 +/- 0.044 0%
1.370 +/- 0.389 4% [71]
. 9.9 +/-3.9 0%
Tensile strength (MPa) 166 +-17 1% Epoxy
. 0.134 +/- 0.055 0%
Elastic modulus (GPa) 1074 +/-0.0198 1%
25.237 +/-1.218 0%
28.803 +/- 1.135 2 threads
. 28.137 +/- 2.517 3 threads
Tensile strength (MP2) 30.477 +/- 1.518 4 threads
28.150 +/- 1.602 Textile 1
30.254 +/- 1.155 Textile 2 Epox [76]
0.951 +/- 2.044 0% poxy
1.417 +/- 1.440 2 threads
. 1.528 +/- 0.727 3 threads
Elastic modulus (GPa) 1658 +/-1.181 2 threads
1.587 +/- 0.797 Textile 1
1.509 +/- 0.561 Textile 2

manufacture fique fiber reinforced composite materials.

Table 8. Techniques for the manufacture of composite
materials with fique fiber

Manufacturing technique

Ref

Compression molding

[9], [15], [20], [29],

[34], [36], [37], [45]-

[47], [50], [52], [57],
[59]-[62], [64], [65],
[691-[71], [74], [75],

[84]
Vacuum infusion [45], [66]-[68]
Pultrusion [38]
[49], [63], [73], [78]-
Hand Lay-Up 1821, [93]
Injection [72]

6. Composite manufacturing

Different tests are reported to know the behavior and
properties of composite materials reinforced with fique
fibers. The most important tests that are carried out and
the conclusions drawn from them are listed below.

» Morphological characterization: Scanning electron
microscopy has been used to visualize the morphology
of the materials; it shows the adherence that the matrix
had with the fiber in the manufacture of the fiber
reinforced composites. Hidalgo et al. [36] used this
technique and observed a low adherence between the
fique fiber and an LDPE-AL matrix, which is improved
when chemical treatments are applied to the fiber. Also,
GOmez et al. [68] compared the adhesion of a
composite with a biomatrix reinforcing with fique fiber
versus one of fiberglass obtaining by means of
microscopy that the adherence was much higher in the
industrial composite.
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Mechanical characterizations: The main mechanical
characterizations applied to composite materials with
fique fibers have been the tensile test, together with the
flexural test. Hidalgo et al. [69] performed the stress
test according to ASTM D38 standard to composites
with 10, 30 and 50% fique and LDPE-Al matrix,
finding that both the stress and the tension modulus
increased with a greater amount of composite fiber. On
the other hand, the same author in another investigation
of a composite material with LDPE/AL matrix and the
same percentages of fiber applied flexural test
according to ASTM D790, obtaining that both the
modulus and the flexural stress increased versus only
the matrix, however the higher values were obtained
with a percentage of 30% of fique fiber because with
50%, the fique load reaches a volume in which the
matrix does not impregnate all of the fibers, restricting
the transmission of loads from the matrix, at a certain
volume of fibers [15].

Energy Absorption Characterization: Impact test is the
technique that has been used to understand the energy
required to propagate a crack or the ability of fique fiber
composite materials to resist fracture. Navia et al. [62]
evaluated the impact resistance according to the ASTM
D256-10 standard, in fique fiber composites with a
matrix with cassava flour, determining that the energy
(J/m) increased by 23.5% of the impact resistance of
just the matrix.

Thermal properties: Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) are
the two main techniques that have been used to obtain
the thermal properties of composite materials
reinforced with fique fibers. Gafian et al. [46] in DSC
analysis report an increase in the crystallization
temperature of composites with polypropylene when
inserting fique fiber, caused by the nucleation influence
of the untreated fiber surface as a consequence of the
different polarities of the fibers and matrix. On the
other hand, Mufioz et al. [52] observed the degradation
of hemicellulose and cellulose initially in LDPE-AL
matrix material reinforced with fiber of fique before the
degradation of LDPE, likewise it increased at the
temperature of the greatest loss of mass in the LDPE
when entering fibers from 470 °C to 483 °C.

Dynamic properties: The dynamic mechanical analysis
(DMA) test and the experimental modal analysis or
measurement of the frequency response (FRF) are the
tests that have been used the most to know the dynamic
behavior of fiqgue composites. Oliveira et al. [75] with
DMA analysis found that the incorporation of fique
fibers increased the viscoelastic stiffness of the epoxy
matrix composites, likewise the peaks in both the loss
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modulus (E") and the delta tangent (tan 9), shifted
towards higher temperatures as the amount of fique
fiber increased. On the other hand, Gomez et al. [45] in
experimental modal analysis showed an increase in
natural frequencies and in the damping of polyester
matrix composite by increasing the amount of fique
fiber used.

Table 9 shows the different tests applied to composite
materials reinforced with fique fibers to know their
properties.

Table 9. Tests for composite materials reinforced with

fique fiber
Test Ref
[15], [29], [37], [39], [42],
. [43], [49], [52], [59], [62],
Tensile [641-[711], [76], [78], [79],
[81], [82]
[15], [21], [29], [34]. [38],
[39], [47], [50], [59]. [60],
Flexural [62], [64]. [691, [71], [80],
[82],[77]
Compression [86]
[15], [20], [39], [49]. [62],
Impact [661, [69], [79]. [62]. [77]
: [15], [37], [38], [49]. [52],
Water absorption 571, [60], [69], [85], [86]
: [15], [34], [42], [52], [601,
Density [64]. [69], [87]
[15], [20], [21], [34], [36]—
Scanning electron [39], [42], [47], [49], [59],
microscopy [62], [66], [68], [69], [74],
[76]. [78]. [80], [82], [85]
Dynamic Analysis [34], [36], [37], [46], [47],
(DMA) [75], [87]
Thermogravimetry [46], [52]
Differential Sweep
Calorimetry (DSC) [46], [47], [52], [71]. [81]
Tests of a fiber (pull-
out) [21], [37], [43]
Optical microscopy [45], [58], [81]
Ultrasound [66], [73]
Thermal conductivity [15]
Acoustic absorption [15]
Static airflow
; [16]
resistance
Ballistic [74], [83], [84], [93]
Vibratory [45], [67], [68]
Color [64]
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7. Applications of natural fiber composites

Currently, composite materials reinforced with natural
fibers are used in various commercial and engineering
applications due to their properties [94].

The main sectors and applications where they are used
are automotive, aerospace, marine, sporting goods,
electronic applications, construction, furniture and
packaging [95].

For example, door panels, seat backrests, roof coverings,
package trays, instrument panels and interior parts are
made by vehicle manufacturers in composite materials
due to weight reduction and low cost [96].

However, its application has not been widespread due to
the limitations of surface finish, moisture repellency, fire
retardancy, mechanical properties and degradation due to
environmental exposure [97], [98].

Few studies present industrial applications using fiber
reinforced composite materials since most research has
focused on characterization [99].

Table 10 shows the different applications of fique fiber
composites.

Table 10. Applications of fique fiber reinforced
composite materials

Applications Ref
Student chair [99]
Corrugated composite sheets [21]
Thermoacoustic insulator [100]

8. Micromechanical modeling

Micromechanical models allow numerical estimation of
the general properties of composite materials [101].

The accuracy in estimating the overall composite
properties of these models depends on the input
components, which are the individual properties and
volume fraction of the matrix and fiber [102].

These models are used since estimating the mechanical
properties experimentally can be quite expensive.
Therefore, simulation methods based on computational
micromechanics are very useful [103].

There are two techniques to solve micromechanical
models, the first is Mean-Filed Homogenization (MFH),
which is based on analytical models and the second is
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Finite Element Homogenization (FEH) which is based on
finite element formulations [104].

Few studies have been carried out applying micro
mechanical models to fiber reinforced composite
materials.

Gonzalez-Estrada et al. [76] performed an analytical
modeling using the rule of mixtures and finite element
simulation to estimate the modulus of elasticity of
unidirectional composites with different volume
fractions of fique fiber and epoxy matrix, comparing the
results with experimental data. The study presented a
maximum error of 5.06% with the analytical model and
4.36% with finite element simulation in unidirectional
composites of 3 and 4 fibers.

Gomez et al. [99] performed a static load analysis using
finite elements by means of ANSYSS software to the seat,
backrest and armrest of a student chair made of fique
fiber reinforced composite. The simulation showed that
the chair would resist a load of 100 kg.

9. Micromechanical modeling

Natural fibers are taking great importance these days for
the manufacture of fiber reinforced composite materials
since they generate less environmental impact than their
synthetic competitors.

One of the fibers that due to its physical characteristics
and mechanical properties allow it to be used as a
reinforcement of composite materials is the fique fiber.

Various treatments have been applied to the fique fibers,
improving their adhesion with the matrix, with
mercerization being the most common treatment in
research.

Polymer matrix are mainly those that have been used for
the manufacture of composite materials reinforced with
fiqgue fiber, both thermoset and thermoplastic,
additionally present studies with biomatrix being the
main use of the starch obtained from cassava.

Regarding manufacturing methods most research has
focused on the manufacture of compression molding
composites and manual hand lay-up application.

The characterizations of composite materials reinforced
with fique fibers have been made using various
techniques mainly known the mechanical, structural,
dynamic, thermal, and energy absorption capacity.
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Few studies report the use of analytical micromechanical
models and finite element simulation in composite
materials reinforced with fique fiber, so it is a very
interesting field of research in future works.

Despite all the studies carried out on fique-reinforced
composite materials, there is still scope for research
mainly on their employability by developing products or
applications that can be used at the industrial level, since
there is little information on these topics.
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