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ABSTRACT ARTICLEINFORMATION

The application of fiber-reinforced polymer (FRP) composites has achieved significant attention in the industry Article history:

of transportation, specifically as metal substitutes due to a need for fabricating stable and fuel-efficient airplanes, Received 26 August 2021

vehicles, and ships. Excellent strength, resistance to corrosion, lightweight, and suitable fatigue endurance are Received in revised form 19 November 2021
some of the desirable properties that would encourage the use of FRP composites in the transportation sector. Accepted 26 December 2021

Polymer-based composite materials, combining the favorable properties of both polymer matrix and reinforcing

fibers, can contribute to several excellent behaviors of the obtained material. Epoxy, polyethylene, and polypro-

pylene are the primary polymer matrices used in FRP composites. The main reinforcing fibers incorporated in = Keywords:

fiber-reinforced composites are made out of glass, carbon, basalt, hemp, or natural resources (e.g., sisal and jute). Fiber-reinforced composites
Due to high cost, low Young's modulus, low durability, and linear stress-strain behavior to failure of the FRP mate- Polymer composites

rials, which are used in transportation infrastructure, the objective of this review article is to study the recent aspect Mechanical properties

of reinforced polymers with a close focus on their mechanical properties in order to evaluate their application in Transportation industry
maritime, automotive, and aerospace.
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sired performance of structures than monolithic polymer materials [9-
11]. The main advantages of synthetic FRPCs are conductivity, thermal
insulation, environmental stability, temperature-dependent behavior, ap-
pearance, abrasion resistance, and corrosion resistance [12-14].

These materials have been employed in many fields because of their
low density, high strength, and stiffness-to-weight ratio as well as cor-
rosion resistance in comparison with other metals [15, 16]. One of the
main fields of FRP application is the transportation industry, automo-
biles, aerospace, and ship structures. On the other hand, these materials
have disadvantages including biodegradable features, poor recycling,
and high cost and density (in comparison with other polymers. Using
natural plant fibers reinforced polymer composites (NFRPC) has been
considered recently to overcome such drawbacks [17]. The advantages
of natural fiber-reinforced composites with thermoplastic matrices are
their biodegradability, low cost, lightweight, satisfactory strength of
modulus, and accessibility of renewable natural sources [18-21]. How-
ever, NFRPCs have less mechanical strength than SFRPCs and therefore
cannot replace SFRPCs in several applications. Several research studies
have been conducted in recent decades which has improved the perfor-
mance of natural fibers including jute [22, 23], flax [24], sisal [25, 26],
hemp [27, 28], and so on but their inherent properties of biodegradability
and low specific gravity remain unchanged.

This study aims to review recent studies on improving the charac-
teristics of polymer composites including different kinds of fibers and
polymers from synthetic to natural fibers and compare their mechanical
properties and applications in the transportation industry.

2. Fiber-reinforced polymer composites

Composites are made of more than two different and separate chemi-
cal components on a macro scale. As a result, one or more discontinuous
phases are required to be incorporated in a continuous phase to form a

Table 1.
Chemical compositions of different glass fibers in wt. %

3231

Flax fiber

Fig. 1. Breaking length of materials
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composite material. The continuous phase is known as the matrix, and
the discontinuous phase is called reinforcement because it is stronger
and harder than the continuous phase [29-31]. FRPs contain fibers with
high modulus and high strength which are bonded or embedded in a
matrix while a distinct interface exists between them [32]. Fibers and
matrices each have their own unique physical and chemical properties.
The fibers are responsible for carrying the load, and the matrices keep
the fibers in the right place and direction, transferring the load between
them and protecting them from environmental damage [33].

There are several types of polymer matrices, including thermoset-
ting resins and thermoplastic resins. Thermoplastics themselves include
acrylonitrile butadiene styrene (ABS) resins, polyethylene (PE), and
polypropylene (PP) as well as engineering plastics including polyether-
imide (PEI), polyetheretherketone (PEEK), polyethersulfone (PES),
polyphenylene sulfide (PPS), polycarbonate (PC), and polyamide (PA).
Thermoplastics do not require a curing step, also their chemical compo-
sitions are less hazardous, easier to be recycled, and mass-produced in
comparison with conventional thermosetting. The conventional molding
techniques that are used for the fabrication of thermoplastic resins in-
clude injection molding, vacuum forming, extrusion, rotational molding,
and compression molding [7, 33, 34]. Characteristics of low-mass fi-
ber-reinforced polymers include lower density compared to convention-
al resins and thermoplastic polymers, good mechanical properties, high-
strength fiber reinforcement, and specific gravity. They are resistant to
corrosion and have the ability to dampen mechanical vibrations [35, 36].

Fibers can also be divided into natural and synthetic fibers. Synthetic
fibers are formed by extruding building material fibers through spin-
ners into air and water to create a thread. Synthetic fibers can be glass,
carbon, aramid, or basalt [37, 38]. In addition, other materials, such as
paper, wood, or asbestos, are sometimes used to make fibers. The use
of synthetic materials to prepare fibers has advantages such as; high
strength, rigidity, fatigue life, and wear resistance. On the other hand,

Type Sio, ALO, TiO, B0, Ca0O MgO Na,0 K,0 Fe,0,
E-glass 55.0 140 0.2 7.0 22.0 1.0 0.5 0.3 -
C-glass 64.6 41 - 5.0 134 33 9.6 0.5 -
S-glass 65.0 25.0 - - - 10.0 - - -
A-glass 67.5 3.5 - 1.5 6.5 45 13.5 3.0 -
D-glass 740 - - 225 - - 1.5 2.0 -
R-glass 600 24.0 - - 9.0 6.0 0.5 0.1 -

EGR-glass 61.0 13.0 - - 22.0 3.0 - 0.5 -

Basalt 520 17.2 1.0 - 8.6 5.2 5.0 1.0 5.0
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Fig. 2. Classification and physical characteristics of different glass fibers.

their disadvantages include high cost, and poor recycling and biodegrad-
ability. Using polymer composites with natural fibers has advantages
over ordinary glass and carbon. As a result, researchers and scientists
have been significantly interested in these materials. Natural fibers are
made from animal and plant hair. Their advantages over synthetic fibers
are lower cost and improved stability. The use of biofibers like bamboo,
hemp, vetiver, sisal, jute, etc. has both advantages of reasonable cost and
availability. These natural fibers have acceptable mechanical properties
and are environmentally safe [39-44]. Other studies have shown that
in addition to good mechanical properties, they have low density and
low price [44]. As a result, these materials are used in the automotive
industry because of their unique properties [45, 46]. In addition to the
advantages mentioned for natural fibers, their disadvantage may be an
incompatibility with hydrophobic polymer matrix. To solve their hydro-
phobicity in polymer matrices, different chemical strategies like acid,
acetylation, and silane have been used [33].

In various industries such as automotive, aerospace, and maritime,
the relatively superior specific strength of polymer matrix composites
(PMC) reduces the final structural element weights. In the transportation
industry, the use of materials with high strength and low weight has re-
cently been considered. The specific strength properties of materials are
the most important feature for their evaluation in these industries [47,
48]. Fig. 1 shows the breaking length of the selected materials. In the
following sections, the most common synthetic and natural fibers used
in FRPs and their properties are discussed.

2.1. Glass fibers

The most typical FRP type is glass-fiber-reinforced polymer com-
posites (GFRP) [49, 50]. The matrix includes epoxy resins, phenolic,
vinyl ester, thermostable, polyester, and organic polymers. Bisphenol
and ortho or isophthalic are two kinds of polyester resins [51]. The ad-
vantages of glass fibers include elasticity, desirable insulation, chemical
resistance, and superior strength. Various kinds of glasses are shown in
Fig. 2, including D glass, E glass, S glass, A glass, and so on. Because

Table 2.
Chemical composition of natural fibers
% Cotton Jute Flax Hemp Kenaf Sisal
3.7- 5.9-
Lignin - 12-13 22 8-11
5.7 9.3
. 13.6- 18.6- 17.9- 10-
Hemicelluloses 5.7 15-19
20.6 20.6 22.4 14.2
71- 70.2- 67-
Cellulose 82.7 61-71 53-57
75 74.4 78

of their superior tensile strength, the most common types can be S glass
and E glass. Woven cloth, chopped fibers, and long continuous fibers
are three forms of commercially available glass fibers. Woven cloths
are fabricated from long perpendicular fibers. To make these fibers, long
fibers are cut and arranged in batches. Electronic glass (E-glass) fibers
are used when the budget is low, such as household products including
sports products, window frames, fiberglass doors, etc. S glass fibers can
be applied in cases where strength is more important than the finan-
cial budget. S glass fibers can be employed in the fabrication of vehicle
components, tail wings of airplanes, ship hulls, etc [25, 52, 53]. Table 1
shows the chemical composition of various glass fibers.

2.2. Carbon fibers

Due to having properties like high wear resistance, high modulus,
and high specific tensile strength, carbon fibers (CFs) have been used as
reinforcing materials to composites. In CF-reinforced composites, the
polymer is a continuous matrix and a CF is a discontinuous phase. Based
on their length, CFs are divided into short CFs (SCFs), long CFs, and
continuous CFs. Due to their excellent mechanical properties and low
density, these carbon-reinforced polymers (CFRP) have been used in
many fields including the sporting goods industries, transportation, and
aerospace [7, 34].

2.3. Natural fibers

For the past 30 years, researchers have used NFRPCs to replace
synthetic fibers in order to make FRPs more environmentally friendly
and decrease the traditional fiber costs (glass and carbon). Natural fibers
have a low density and their composites are light in weight and have
desirable properties. Other advantages of using natural fibers include
renewability, biodegradability, low cost, and requiring low energy pro-
cessing [54, 55]. Consequently, due to the mentioned advantages such as
lightweight and low cost, these fibers such as coir, abacus, sisal, hemp,
flax, and jute are suitable alternatives to synthetic fibers. In previous
studies, thermosetting and thermoplastic polymers have been investigat-
ed as binders in NFRPCs. In this field, most studies have been done on
unsaturated polyesters and epoxy resins. Among thermoplastics, poly-
olefin including polypropylene as well as low and high-density poly-
ethylene are significantly considered [56-58]. Table 2 gives the contents
(cellulose, hemicellulose, and lignin) of some natural fiber compounds.

The investigation of characteristics and structure of natural vegetable
fibers (NVF) has indicated that the NVF composites possess superior
mechanical characteristics with a low specific mass. The inadequate
adhesion, its poor wettability, as well as the high level of moisture ab-
sorption by the fiber between the polymer matrix and untreated fibers,
result in debonding. A surface modification of the fibers is necessary
for the fabrication of composites with superb mechanical characteris-
tics. Polymer composite characteristics are explained with regard to the
chemical and physical NVF modification techniques such as graft co-
polymerization or plasma treatment. Depending on the resin, the tensile
strength and Young’s modulus are enhanced up to 50% by a coupling
agent including stearin acid or silanes [59].

2.4. Basalt fibers

The special feature of glass fibers among other fibers used in
FRPs is their high sensitivity to surface damage and alkaline con-
ditions [60, 61]. Carbon fiber is chemically neutral and hard and has
disadvantages such as high cost and anisotropy. Recently, melted
basalt has been used for the mass production of spun basalt fibers.
Researches have shown that these fibers have comparable elasticity
modulus, tensile strength, and alkali strength compared to E-glass
fibers, and excellent surface shear strength [62, 63]. It was shown
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Fig. 3. Components of Mercedes E-Class produced by using natural fiber com-
posites.

in the literature that Young’s modulus of the basalt woven twill-rein-
forced epoxy composite can be considered comparably to that of the
corresponding reinforced glass-epoxy composite with a twill weave of
closely identical structure (GE-443). It is also shown that there are no
considerable differences between composites of BGF 443 fabric-rein-
forced basalt epoxy and corresponding glass epoxy in terms of compres-
sive, flexural, shear, and tensile strength. When using these materials in
the transportation industry, one should pay attention to the composites’
mechanical properties produced and be aware of the durability of the

materials in different environments [63, 64].

3. Mechanical properties of FRP composites

The mechanical behavior of a fiber-reinforced composite depends
on several factors, which can include fiber modulus, strength, matrix
strength, chemical stability, and interface bonding of fiber/matrix for
active stress transfer [65-67]. Mechanical and physical properties of nat-
ural fibers are dependent on cellulose amount (proportionately influenc-
ing tensile strength), lignin amount (proportionately has effects on hard-
ness), fiber’s angle of helix axis (adversely impacting tensile strength),
and the amounts of hemicelluloses, waxes, water content, pectin, and the
elementary cell geometry [25, 68].

The type of fibers can significantly affect the performance of NFCs.
For instance, base fibers have high flexural strength and leaf fibers have
very good impact properties [69]. Therefore, in order to achieve the best
results, it is very crucial to understand the shapes and properties of fibers
[70-72].

3.1. Tensile strength

Synthetic or natural fibers have significantly higher tensile strength
compared to polymers. As a result, the tensile strength of polymer com-
posites reinforced with fibers is much higher than polymer. According-
ly, the composite strength increases with increasing fiber content [73].
However, in some cases, the composites’ strength does not follow this
rule [5, 74].

A similar level of the tensile strength (at some low strength level)
can be obtained for reinforced composite with glass fiber and NFRPCs.
However, the amount of reinforcement rendering the same tensile
strength is different. For instance, the required content for glass fiber
is 12 wt.%, and for aspen, kenaf, abaca, and pineapple fiber is 38wt.%,
38wt.%, 35wt.%, and 15wt.%, respectively. Accordingly, there are lim-
itations for obtaining the required tensile strength as there are limita-

ite cfrp
@titanum B miscellareons
Wsteel
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Dsteel @other

Fig. 4. Material composition of (a) Boeing Dreamliner and (b) airbus 350xwb.

tions in the content of natural fibers in the composition. However, some
studies show different results. For example, a study by Miiller et al. [74]
showed that PP composites with almost the same tensile strength can be
obtained using glass or flax fibers. The results of their study showed that
by the incorporation of 30wt% glass fibers and 33wt% linen fibers, a
tensile strength of 28 MPa can be achieved. Because NFRPCs are much
lighter than SFRPCs, therefore, the SFRPCs’ specific gravity is more
than that of NFRPCs. As a result, NFRPCs can be a better choice over
SFRPCs when considering the weight and lightness of the final material.
However, their mechanical strength is much lower than SFRPCs [75,
76].

3.2. Young's modulus

It is known from the research that the modulus of natural fiber de-
creases with an increase in its diameter. The influence of fiber loading
on mechanical characteristics is of paramount importance to studies. Jo-
seph et al. [77] made matrix ductile by adding fibers. They indicated that
Young’s modulus and tensile strength were enhanced by increasing fiber
loading for a composite of banana/phenol formaldehyde (PF). Lee et
al. [78] evaluated natural fiber of jute and kenaf reinforced polypropyl-
ene compositions with fiber weight fraction changing from 10% to 70%
in the step of 10%. It was found that the modulus and tensile strength
of both jute and kenaf fiber reinforced compositions were enhanced by
growing fiber loading so that the maximum value was achieved before
falling back at higher fiber weight fraction.

The Young’s modulus and mechanical and physical properties of si-
sal fiber are compared to other synthetic and natural fibers, exhibited in
Table 3. According to Table 3, sisal fibers’ specific strength and modulus
are at the level of glass fibers. Fiber orientation, weight (wt%), length,
and volume fraction (V) are all factors affecting the mechanical and
physical properties of sisal fibers-reinforced polymer composites. Sisal
fibers come in many forms, some of which are: short randomly orient-
ed, unidirectional fibers, weave (mat, twill, and plain forms), and varied
orientations (0-, 90-, and 45-degree plies, etc.). The tensile strength of
sisal-epoxy composites is half of the glass-epoxy composites and their
specific strength is comparable to reinforced-polymer composites with
glass fibers. In addition, the tensile modulus of the reinforced epoxy
composites with unidirectional sisal fiber is equal to 8.5 GPa. Thus, due
to the properties of sisal fiber-based polymer composites, developed en-
gineering structures, high-quality consumer goods, as well as, affordable
housing can be built [74]. Satyanarayana et al. studied the mechanical
properties of reinforced polyester composites with chopped sisal fiber.
The fabrication of the composites was conducted by hand layup fol-
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Table 3.
The Young’s modulus, mechanical and physical properties of sisal fiber and other
synthetic and natural fibers

. Density Young’s Tensile
Fibers
(g/cm®) modulus Strength (MPa)
Carbon 1.4 230-240 4000
Jute 1.3-1.46 10-30 393-800
Sisal 1.33-1.5 9.0-38.0 400-700
E-glass 2.55 71 3400
Harakeke 1.3 11-25 440-990
Coir 1.2 4.0-6.0 175-220
Vokka 0.00081 15.85 549
Oil Palm Empty
. 0.7-1.55 32 248
Fruit Bunch
Bamboo 0.6-1.1 11-32 140-800
Kenaf 1.2-1.24 53 295-930

lowed by compression molding. The results of the study clarified that the
specific modulus of these composites is very close to reinforced polyes-
ter composites with glass fibers [79].

Araujo et al. [21] studied the mechanical behavior of reinforced poly-
ester matrix composites with virgin/waste GF at different fiber weight
content of 20, 30, 40, 50, and 60%. The reinforced-polyester composite
with virgin GF possessed a higher modulus and tensile strength at 40%
w%. Iba et al. [80] studied the mechanical characteristics of reinforced
epoxy composites with fiber volume fraction from 0.25 to 0.45, and
three diameters of fibers (18, 37, 50 mm). Careful examination of the
curve shows that the tensile strength and longitudinal Young’s modulus
of the composites increase with enhancing fiber volume fraction and the
average strength increases with increasing fiber diameter. Godara et al.
[45] surveyed the expandable behavior of epoxy composite reinforced
with various orientations of GF woven fibers, e,g, 45 and 0/90. The
stress-strain curve showed the strong dependency of the tensile strength
on the alignment of the fibers to the external load, in which 0/90 lami-
nate composites showed low strain failure (1.65%), the highest failure
strength (355MPa), and low ductility 45.

3.3. Flexural strength

In recent years, the focus of some research has been on the fiber-re-
inforced composite materials’ flexural strength [81]. For instance, Ara-
mid et al. [82], investigated the mechanical characteristics of GF-rein-
forced polyunsaturated composite with various fibers volume fractions
(5, 10, 15, 20, 25, and 30%). According to the results of their study,
flexural strength increased with the increment of GF volume fraction,
and also the maximum flexural properties were observed at GF with
a 30% volume fraction. Husic et al. [83] also studied the mechanical
behavior of reinforced polyurethane composites with untreated E-glass
for two polyurethanes such as petrochemical polyol Jeffol and soypolyol
resin. According to the results of their study, the composite based on
petrochemical polyol Jeffol showed higher shear, tensile, and flexural
strength between layers compared to soypolyol-based composites. This
is because crosslinking densities are low in soypolyol-based composites
and there are side-hanging chains in their matrix. Of course, the inter-
layer shear strength is the same for both resin composites. Some studies
have examined the flexural characteristics of reinforced polyester ma-
trix composites with E-GF by adding different carbon nano filler (CNF)
weight percentages; for example the study of Hossain et al. [84] in 2011.
According to the results of this study and by examining the stress-strain
curve, the maximum mechanical properties were obtained in 0.2% by
weight of CNF-filled composite. This was owing to the enhancement in
compressive strength and modulus, further interfacial interaction, and
high dispersion among matrix and fiber.

Patnaik et al. [85] studied the mechanical action of reinforced ep-
oxy composites by randomly oriented E-GF, filled with particulates such
as pine bark dust, SiC, and Al,O, and the various prepared specimen
compositions like GF (50 wt%)+ epoxy (40 wt%)+ SiC (10 wt%), GF
(50 wt%) +epoxy (40 wt%) +pine bark dust (10 wt%), GF (50 wt%)
+epoxy (40 wt%) +alumina (10 wt%), and GF (50 wt%) +epoxy (50
wt%). According to their study, the epoxy + GF owned higher flexural
strength (368 MPa) compared to other compositions. The results of flex-
ural strength of a number of polymer-based composites with natural and
synthetic fibers are gathered in Table 4.

4. Application of FRP composites in the transportation
industry

Composites have found new applications in various industries in-
cluding aerospace, automotive, and marine industries. Among all differ-
ent composites, FRPs have become very popular because of their many
advantages over plastics or metals, such as tailored substance properties,
specific rigidity, corrosion, fatigue resistance, etc. According to studies,
in the next ten years, we will see a 10 to 15 percent increase in the use of
these composites every year, especially FRPs [40, 44].

Polymer composites, due to their many advantages, including low
weight, reduce fatigue strength in clamps, and the number of parts, are
being used in many industries, including the construction of rudders,
elevators, fuselages, landing gear doors in the aircraft industry [79]. An
important parameter in the degradation of polymer composites used in
the marine industry is water absorption, and as a result, polyester ma-
trix-based composites are widely used in this industry due to their prop-
erties [94]. These resins have found many applications in the mentioned
cases due to their chemical/corrosion resistance properties, low shrink-
age during curing, processing capability in different conditions, and high
level of cross-connection of epoxy resin networks [115, 116].

In addition, GF reinforced composite wadding is used in the marine
and plumbing industries. Features that make these materials suitable
for use in the mentioned industries are high environmental resistance,
better damage tolerance for impact loading, special strength, and high
hardness. Natural fibers, on the other hand, have other properties that
have created different uses for them. These fibers have low density and
acceptable special properties and are therefore used in the automotive
and transportation industries [80, 117, 118].

4.1. Automotive industry

One of the industries in which composites have found many appli-
cations is the automotive industry. In this industry, electric propulsion,
limited energy source due to relatively low battery capacity, and low
excitation of power traction are things that should be considered when
using composites. Due to their high strength and weight, these compos-
ites are used in the design and construction of frames and car bodies in
which lightweight is needed [54].

In the automotive industry, composite is used in the structure of the
frame of the cars because of the complex characteristics of the car [19].
However, due to the high price of these composites, their use is not very
common in this industry [19, 119-121]. FRP composites are lighter than
aluminum-based materials. The basic properties of aluminum, FRP
graphite, carbon FRP (CRFP), high tensile (HT) CFRP, and high mod-
ulus (HM) CFRP are shown in Table 5. The unit expense demonstrates
raw substance and construction costs, like extruded aluminum or pul-
truded FRP. The price of FRP composites is higher than aluminum and
especially CFRP composite is the most expensive material. However, it
also has advantages, including the fact that the weight resistance of FRP
composite is higher than aluminum. At the same weight, the composite
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Table 4.
Flexural strength of some polymer-based composites with natural and synthetic fibers

Flexural strength Tensile Strength

Fiber (MPa) Young’s modulus (GPa) (MPa) Equipment’s Used Ref.
Abaca - 6.2-20 400-980 - [86]
Alfa - 22 35 - [87]
Bamboo 32 11-32 140-800 UTM [88-90]
Banana 76.53 17.85 600 UTM [91-93]
Coconut 58 2.50 500 UTM [94, 95]
Coir 6 4-6 175 UTM [26, 96]
Cotton 433 12 400 UTM [97]
Flax 165 60-80 800-1500 - [98]
fique - 8-12 200 UTM [99]
Hemp - 70 550-900 - [88. 100,
101]
Harakeke 225 32.09 778 UTM [102]
Jute 45 8.78 320-800 UTM (88, 103-
105]
knave 74 53 930 UTM [106]
Palm 24.44 2.75 377 UTM [107]
Piassava - 1.07-4.59 134-143 - [108]
pineapple - 34.5-84.5 413-1627 UTM [109-111]
Ramie - 44 500 - [112]
sisal 288.6 38 600-700 UTM [18, 113]
Wool - 2.3-34 120-174 - [46, 114]

could demonstrate a better strength to bear the loading. At the National
Composite Center (NCC) of Japan in the automotive industry, the CFRP
composite has replaced aluminum alloys in all chassis components
[122] resulting in 10% vehicle weight reduction with the same verified
rigidity. Because of their high strength, composites are used in applica-
tions such as crash management structures, composite frame rails, and
suspensions systems. The structure of FRP composites is such that a
complex shape can be easily created. The complex shape of the car body
increases aesthetics, greatly reduces drag coefficient, and increases aero-
dynamic performance [122]. When the car uses light structures such as
composite structures, it causes less traction to accelerate the automobile
in low-speed situations. The electric car developments require energy
saving and light-weight. Adding carbon fibers renders the superior effi-
cient polymers and the characteristics are in comparison with the light
alloys of metals [54].

Smart and BASF (Germany) have jointly designed and built a vehi-
cle that is very energy efficient, lightweight, and temperature adjustable.
Design and manufacturing of lightweight parts have been one of the
commitments of BASF in the automotive industry in the last 10 years. In
the construction of electric vehicles, light weight and energy-saving are
two very important features. BASF upgrades their vehicles by making
various parts, including the chassis and exterior of the car using Baxx-
odur® carbon fiber-reinforced epoxy systems. When carbon fibers are
added to composites, the performance of polymers increases, and, as a
result, their performance is similar to light metal alloys.

Another design for the Smart ForVision is the usage of polymer
wheel rim for mass production. The polymer wheel rim is built of the
innovative efficient material called Ultramid® Structure. The product is

polyamide matrix reinforced with long glass fibers, which features great
thermal and chemical stability, dynamic strength, well toughness, and
middle durability. Polymer wheel rims are lightweight and they weigh 3
kilograms (7 pounds) lighter than a metal alloy. As a result, it saves 12
kilograms (26 pounds) per car. Consequently, each car consumes less
fuel due to its light weight and will be more environmentally friendly.
The Smart Forvision saves 0.05 liters (0.01 gallons) of fuel per 100 ki-
lometers (62 miles) and emits less CO, per kilometer (0.003 pounds per
mile) [123].

Three companies in South Korea have co-produced composites
on a large scale. LG Hansys, Hyundai Motor, and Shinhan Mold have
launched an innovative battery module. Their company’s product is a
carbon fiber-reinforced polymer component in an electric vehicle. This
piece is made without any metal reinforcements. Use of this substance
has reduced weight by up to 26% (from 35 to 24 kg). In addition, this
material has other advantages such as no need for anti-corrosion paint,
better charge maintenance, cost reduction, improvement in driving per-
formance due to weight loss, and excellent recyclability [124, 125].

Polyamides improve the transfer of large shear stresses from the ma-
trix to the glass fibers by bonding in the matrix-glass fibers, resulting
in high mechanical properties of the composite. These composites are
less expensive than metal alloy-based parts because the process requires
only one tool to perform complete injection molding. Until now, poly-
amide-based composite sheets have been used for the hybrid front end
of the Audi A8 which is produced by Bond-Laminates GmbH from the
polymer under the name Durethan® BKV 30 H2.0 EF. The company
Asahi Kasei Plastics, North America Inc. has produced a material called
Thermylene® which is equivalent to LGFPP (Long-Glass Fibre-Rein-
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Table 5.
Comparison of natural fiber properties with carbon and glass fibers [134-136]
Carbo Natural

arbon Glass fibers ur
fibers fibers

Easy to dispose No No Yes

Abrasion to
. Less Yes No
machinery

Health Hazards Yes Yes No
Biodegradability No No Yes
CO, neutral No No Yes
Energy consumption High High Low
Recyclability Difficult Difficult Yes
Renewability No No Yes

Low but
Remarkably oW but more
Coat . than natural Low
high
ones
. Equitant to Double of
Density Low
natural ones natural ones

forced-Polypropylene). The advantages of these materials include their
excellent mechanical properties and a 20% reduction in costs compared
to other materials [126]. These materials are characterized by their
relatively high hardness and longitudinal and transverse stiffness in a
wide range of temperatures. The usage of the material Thermylene® in
automotive crafts includes bumpers, luggage racks, and modules of gas/
brake/clutch.

Synthetic fibers also have disadvantages; they are expensive (except
glass), require high energy to produce, and are not environmentally
friendly. As a result, these fibers must be recycled after use to cause
less damage to the environment. Therefore, to reduce the damage to the
environment, costs, and energy consumption of production, the use of
natural fibers has been introduced as an alternative to synthetic fibers.
In recent years, NFRPs have attracted the attention of many researchers
and manufacturers [127, 128]. Natural fibers such as flax, hemp, jute,
and sisal are generally used as amplification in polymer composites ow-
ing to their favorable properties and easy availability. Composites made
of natural fibers are much lighter than composites made of synthetic
fibers due to their low density. The density of natural fibers is between
1.2 and 1.6 g / cm® and glass fibers are between 2.16 and 2.16. 2.68
grams per cubic centimeter. For example, generating a flax fiber mattress
consumes about 82% less energy than producing a glass fiber mattress.
Composites made from natural fibers have features such as low cost,
renewable, carbon-neutral, non-abrasive quality, limited health hazards,
quality of sound, heat and electrical insulation, and ease of disposal [10].
But, composites with natural fibers also have disadvantages such as high
humidity, low fire resistance, poor surface adhesion, poor resistance to
microbial attack, and the need to use low processing temperatures. In
the automotive and transportation industry, these composites have found
many applications due to their low density and high acceptable special
properties. For example, polymer composites reinforced with linen, jute,
kenaf, and sisal fibers are used to manufacture the inner and outer panels
of the car body. Abaka fiber reinforced polypropylene composite has
found applications in the automotive and transportation industries due
to low cost, accessibility, high flexural and tensile strength, fine abrasion
and acoustic resistance, relatively better mold resistance, and very good
UV resistance [5].

Sisal fiber-based polymer composites have gained many applications
in many industries, including the aerospace and aircraft industries. Stud-
ies by previous researchers have shown that these composites can be
utilized in engine covers, door panels, helmet shelves, pack trays, sun
visors, seat backs, and exterior or underground paneling in cars. Sisal fi-
ber can also be used in rope, carpet, mattress, etc., and other applications
in the aircraft and automotive industries [26].

Flax, hemp, jute, hemp, and ramie are different types of bast fibers.
Bast fibers have many applications in the automotive industry. They
have high strength and low density and as a result, the weight of the final
product is reduced. Wood fibers include two types of soft wood and hard
wood. These fibers are extracted from trees [129, 130]. These fibers are
generally utilized in a mix with virgin or recycled plastics to generate
wood-plastic composites. They have many applications like decking
systems, railing, windows, and doors. Flax, hemp, jute, sisal, hemp,
blueberries, abacus, wood, and certain plant residues such as rice are the
most common natural fibers used as reinforcements in transportation.
Linen is used in cars as the cover of doors and seats, floor panels, and
disc brakes. The mechanical strength of hemp fibers and their Young’s
modulus is higher than other fibers. These fibers are used in door covers,
floor panels, and car seat cover. The advantage of these fibers is that
they are cheaper than other fibers. Jute fibers have properties such as
great tensile strength and acceptable thermal/insulating properties. Their
specific modulus is approximately equal to that of glass fibers. These
fibers can tolerate temperatures up to 200 °C without any changes in
properties. Other features include moisture tolerance and environmental
friendliness. In the automotive industry, these fibers are used in the pro-
duction of doors and roof panels.

Abaca/banana fiber comes from the evergreen banana plant and has
very good tensile strength. Another application of Abaka fibers is in the
production of car floor panels. Another type of fiber is the fiber that is
obtained from the husk and outer shell of the coconut and is called Coir.
The advantage of these fibers is that they are renewable. These fibers
are also thick and coarse. The characteristics of these fibers include sea
water resistance, heat tolerance, pest and fungi resistance, good acoustic
resistance, and anti-wear. Coir fibers are found in helmets, bulletproof
vests, car seats, and back cushions in the car, roof, postbox, yarn, rope,
mattress, brush, sack, rug, and insulation panels [131-133].

NFRP composites are used extensively by German automakers,
including Mercedes-Benz, DaimlerChrysler, Volkswagen, Audi, and
BMW. Composites are also being used by a number of other automak-
ers in recent years, including Peugeot, Renault, Opel, Volvo, Ford, and
General Motors. Fibers such as wool, sisal, hemp, and flax are utilized in
the components of the Mercedes-Benz E-Class. Recent Daimler models,
including those in Class A, Class C, Class E, and S, have been strength-
ened with coconut, sisal, hemp, and flax reinforced fibers. Although
engineering plastics are rarely employed in the fabrication of NFRP
composite materials, virgin plastics or thermostats are frequently used.
Fig. 3 shows various components of Mercedes E-Class produced by us-
ing natural fiber composites. According to BMW, in 2004, the company
used about 10,000 tons of natural fibers, including linen, sisal, cotton,
and wood fibers, to build its vehicles [48, 59, 122]. Table 6 lists some
automotive parts that are produced with the use of natural fibers in the
automotive industry.

Choosing the correct material for the car’s equipment is quite critical
and crucial. You can get little damage in an accident, cost-effectiveness,
and proper weight by selecting the right raw material. Fuel consump-
tion decreases when a vehicle’s mass is reduced, which leads to less
CO, emissions into the atmosphere. The cost of raw materials is another
key consideration for car producers. Carbon fiber, for example, despite
the decreasing weight, raises the price. The impact of energy absorption
capabilities of raw materials is also key considerations when designing
a vehicle, as it ensures the safety of its occupants during car accidents.
Natural fibers are chosen based on their proximity to the customer’s lo-
cation (geographical proximity). For example, jute, and kenaf are com-
monly used in India and Asia, while hemp or flax is commonly used in
Europe. The raw material is ramie or sisal in South America. A car’s
weight is reduced and its efficiency increases when NFRP is employed.
As a result, the car is more safe and secure. Finally, natural fiber com-
posites will reduce vehicle weight and cost by 30% and 20%, respective-
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Table 6.
Natural fibers in automotive parts [56, 137, 139, 140]

Manufacturers Model Applications Natural fiber
Instrument panels, door panels,
Volvo Mitsubishi V70, C70 cargo area floors, cargo floor mats, -

. Punto, Brava, AlfaRomeo 146,
Fiat

156,159
Lotus Peugeot Eco Elsie 406
Opel Vectra, Astra, Zafira

Cadillac DeVille, Chevy Trailblazer,
Chevy Impala, GMC Envoy Vectra,
Astra, Zafira.

General motors

Toyota Raum, brevis, harrier, celsior
Ford Mondeu, Focus
Volksvagen Golf, Passat, Bora, A4
Audi A2,A3,A4,A6,A8 A4 avant,Roadster
BMW 3,5, and 7 series
Dimlar Chysler A, C,E, and S Class

seat cushions.
Door panels

Packaging trays, seat backs, seats
front and rare door panels, interior

mats, body panels.

Instrumental panels, head liner
panels, door panels.

Trim, door panels, noise insulation,
cargo area floor mats, seat backs.

Luggage compartments, seat back
and door panels, spare tire cover,
floor mats.

Door inserts, floor trays, boot liners,
door panels.

Boot finish lid panels, boot liners,
door panels, seat backs.

Spare tire liner, side door panels,
boot liners, back door panels, seat
backs.

Noise insulation panels, headliner
panel, seat backs, boot lining, door
panels.

Seat back rests, boot linings, pillar
cover panels, dashboards, trunk
panels, floor panels, door panels.

Sisal, hemp

Kenaf, flax

Hemp, kenaf, wood, flax, cotton

Bamboo, sugarcane,
kenaf

Castor, wheat, kenaf

Sisal, flax

Sisal, flax

Hemp, wood, cotton, sisal, flax

Cotton, banana, wood, coir, sisal,
flax

ly. Dashboards, headboards, and doors in Europe are made from natural
fibers such as sisal, jute, hemp, and flax to minimize weight, cost, and
CO, emissions [137, 138].

4.2. Aerospace industry

Today’s aerospace industry relies heavily on non-renewable and syn-
thetic resources for its basic materials. Carbon fiber composites and met-
als like fiberglass, titanium, and aluminum are used to make various air-
craft parts. Both Boeing 787 Dreamliner and Airbus 350 XWB aircraft
have employed composite materials to build their stabilizers, wings,
turbine housing, and bodies (Fig. 4a and 4b, respectively). The use of
composites in the fuselage will result in a reduction in overall weight,
as well as an increase in durability, reduced noise, and improved pas-
senger comfort. Due to their ease of production in complex geometries,
acceptable hardness, and excellent specific strength, composite materi-
als are employed in the aviation sector to create and produce low-weight
structural designs. Using composite materials in acrospace has resulted
in airplanes with lower fuel consumption in recent years. Composite
materials are commonly utilized in aircraft cabin interiors because of
their excellent strength and durability. Wall panels, roof, toilets, chairs,
flooring, and cabin partitions as well as storage bins and galleys are all
made with these materials. Increased strength and reduced weight can be
achieved through the use of composite materials in mechanical designs.
Composite materials make up 25% of the weight of Airbus 380 passen-
ger jets and 50% of the weight of Boeing 787s. As a result of Boeing’s
weight decrease, fuel consumption has been reduced by 20%. This has
helped to alleviate the energy crisis and reduce air pollution [22].

Maneuverability, cargo capacity, and fuel efficiency have all im-
proved because of the lightweight and great mechanical strength of these
materials. American Airlines Fleet is a good case in point. By lowering
the weight of each aircraft by one pound, the business has saved around

11,000 gallons of fuel. Boeing’s B-787 Dreamliner is another example.
In the aerospace business, it is recognized as a leader because of the air-
craft’s superior materials and construction. Compared to similar aircraft,
the fuselage’s weight has been decreased by 50% due to the use of com-
posite materials in many of its components. On this aircraft, that equates
to an 80 percent reduction in PMC. Carbon fiber reinforced sandwich
sheets are used on the Boeing B-787 Dreamliner. A limited number of
aircraft components, simple-to-produce complicated structural shapes,
low operating cost, high rigidity, and high strength are some of the ad-
vantages of this construction. It also has good corrosion resistance and
a short assembly time. Additionally, Hexcel’s HexMC epoxy carbon
composite is utilized in the Boeing 787. (USA). Mechanical strength
and stiffness, as well as the ability to make sandwiches of various forms,
make this aircraft a viable choice for transport. There are many brackets,
fittings, and window frames in Dreamliner that use HexMC as an exam-
ple of HexMC in the design [141].

Research, development, and new technologies in the production of
Russian aircraft are the focus of AeroComposit (Russia-Moscow). Com-
posites made of carbon fiber for civilian airplanes have been developed
by the business. New and improved resins and carbon fibers can be used
together in this industry. For Patria Aerostructures Oy (Patria), Finland
is the source of all raw materials needed. The A400M VTP tip, the A380
wing spoiler, and the NH90 helicopter fuselage are all currently in devel-
opment. Using T700 carbon fiber reinforcement and M21 prepreg resin
systems in a honeycomb configuration, the material structure can be de-
scribed as a composite sandwich box. In the aerospace sector, Victrex
Europa GmbH is an excellent metal alternative and superior alternative
to conventionally utilized metal alloys. In the polyaryl ether of ketones
(PAEK), VICTREX® PEEK (Polyester Ketone) is an aromatic polymer
that is semi-crystalline and linear. In terms of mechanical strength and
dimensional stability, VICTREX® PEEK polymer compounds are com-
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parable to metal alloys. This polymer has the advantage of being able
to endure temperatures and chemical conditions that are relatively high.
Among other things, this polymer is resistant to corrosion and abrasion,
and it also has good resistance to many hostile chemicals. Yet the great-
est benefit of this polymer is that it’s inexpensive. High modulus carbon
fiber, crushed glass, and carbon fiber are employed as reinforcement in
VICTREX®PEEK-based composites [47, 48].

Due to their reduced weight and greater biodegradability, natural fi-
bers have been increasingly popular in recent years. Minimizing fuel
consumption, increasing cargo capacity, reducing weight, and boosting
mobility are all critical considerations in aircraft design. Because NFRPs
cut fuel consumption and greenhouse gas emissions, they meet all of the
requirements and regulations for airplane construction. Aerodynamic
efficiency is improved due to their high strength and rigidity, as well as
their acceptable fatigue and corrosion qualities. NFRP composite is used
in a variety of aircraft components, including the propeller system, side
walls, and cabin equipment. These pieces, for example, can include a
total of more than 200 parts in the plane [142, 143].

The European Union encourages the use of NFRP composites in
aircraft construction in Europe. A project called Eco-Compass has also
been created by the EU. The goal of the project is to create bio-based
and recycled composites for use in the aviation industry that are environ-
mentally beneficial. Recycled carbon fiber and natural fiber-reinforced
polymers will be used to replace carbon and glass-reinforced polymers
in aircraft secondary structures and interior applications. The tensile
strength and flame retardant qualities of NFRP composites are improved
by using flax and ramie fibers. In order to obtain both great performance
and low weight, epoxy resins are frequently mixed with carbon fiber or
natural fibers. Flax/epoxy sandwich composites with flax fabrics flame
retardants that do not include halogens are utilized to produce the Boe-
ing 737 side panels.

4.3. Maritime transportation

Composites have been increasingly popular in the marine industry
in recent years. They’re lighter, easier to weld, and stronger than steel
and aluminum alloys. Composites are widely employed in the marine
industry for a wide range of applications, including pumps, valves, heat
exchangers, propellers, decks, pipelines, ducts, waterproof doors, and
walls. Carbon-glazed polymer-reinforced polymer composites are em-
ployed in shipbuilding and boating sectors because they are light and
resistant to shock waves. Because they are made of light FRP compos-
ites, vehicles use less gasoline. Waterproofness and corrosion resistance
are two more benefits of FRP. The ability of carbon composites to absorb
electromagnetic waves is crucial in ship hull design and construction.
Carbon fiber reinforced-polymer resins such as phenolic, polyester, vi-
nyl ester, or epoxy is used in boat construction. Revolver 42 speedboats
(weighing 7,500 kg) and the Vestas Sailrocket 2 are two examples of
boats made using this technology. Sailboat Revolver 42 set a new record
for speed, averaging more than 65 knots per hour during testing. Other
drawbacks of these composites include their low recyclability, inability
to be repaired, lack of environmental friendliness, and high cost.

FRP composite structures require heat-resistant polymer resins in-
cluding vinyl ester, polyester, and epoxy, which are difficult to recycle.
There has been a recent uptick in the use of thermoplastics in maritime
constructions, such as PBT, PET, PP, and PA. It is possible to recycle
these thermoplastics.

Boat building has led to the idea that natural fibers should be em-
ployed in composites. Sails, nets, and ropes have traditionally been
made from natural fibers. Because natural fibers are less expensive, they
are often preferred over synthetic ones. Their impact on the environment
is negligible as well. The absorption of moisture by natural fibers is a
serious issue in the shipping industry. Paraffin wax or flaxseed oil were

once used to waterproof natural fiber sail material to alleviate this prob-
lem. Moisture absorption is the biggest issue when employing NFRP
composites. The poor surface adherence of the natural fibers to the poly-
mer resin matrix is another issue. This issue has been investigated in
an attempt to resolve it. For example, natural fibers can be chemically
treated to improve their adhesion to a polymer matrix, or you can cre-
ate hybrid composites from NFRP and synthetic fibers that are stacked
[144]. Although natural fibers have their advantages, the shipbuilding
industry prefers to employ glass and carbon fibers instead.

However, more research is required to determine whether natural fi-
bers can be improved and used in maritime applications. For instance,
the NavEcoMat project has been completed under this situation. Off-
shore construction businesses and materials research laboratories collab-
orated on this study. Using PLA and linen fibers, a composite material
with qualities similar to those of glass or carbon composites was put to
the test as part of this experiment. A Naskapi-style boat constructed of
PLA sheets and flax fiber mats was created using the newly found tech-
nique. The “Araldite” racing boat prototype was the result of the second
research. The epoxy matrix in this sample was strengthened with 50% of
the linen fiber. Kayaks and canoes have also been made using biorosine
flax fiber (EcoComp® UV-L). Basalt fibers have excellent mechanical
properties and are environmentally friendly. As a result, yacht hulls and
decks are constructed primarily from composite materials such as basalt
and wood.

The Revolver 42 speedboat was built by Michael Peters Yacht De-
sign and Milan-based H30 Studio. They were working on a high-speed
boat. The boat is described by S. Bell and M. Arcuri as ‘a vacuum-in-
fused and bonded foam sandwich design’. Crystic® vinyl ester (VE)
resins and a CorecellTM M-foam core reinforced with carbon fibers
form the hull and deck of the boat. In addition to the foregoing, yachts
are built with composite materials. They were designed and built by the
Vestas Sailrocket team (Vestas R&D, Isle of Wight) in the United King-
dom. After a record-breaking speed of 65.37 knots, an Australian yacht
pilot named Paul Larson VSR 2 broke the speed record in Walvis Bay,
Namibia in 2012. This boat’s wing was constructed using carbon fiber.
Pre-impregnated carbon fiber is used primarily for the wing skins, with
a Nomex honeycomb core and polyester heat shrink film covering the
rest of the structure [141].

Small boats, yachts, and boats have been proposed as alternatives to
conventional polymers and composites because of environmental con-
cerns, including waste disposal. Polyester and epoxy resins containing
hybrid reinforcements, i.e. flax fibers with glass or carbon fibers, have
been studied recently. The NavEcoMat project is a collaboration be-
tween boat manufacturers and materials research institutions to develop
environmentally friendly materials for boats. Polylactic acid (PLA) and
flax fibers are used in this study to create an environmentally acceptable
polymer-based composite material. The Indian sailing vessel Naskapi
is a good illustration of this in action. Glass or carbon-reinforced com-
posite materials have the same mechanical qualities as a Nascopi canoe.
Linen fiber mattresses and PLA thermoplastic layers make up this mate-
rial. Kairos Inc. and Ifremer (France) collaborated on a joint initiative.
All sandwich kernels, composites, and bio-based polymers that might be
used in commercial boats were compiled as part of this effort. A wide
range of reinforcements, including flax and hemp, hemp and jute, and
cellulose and jute fibers, are included in this list [145]. When two boats
of equivalent weight, reinforcing fiber content, and resin matrix were
compared, the results were striking. The former is constructed from a
glass/epoxy composite, whereas the latter is constructed from an epoxy
composite reinforced with cellulose. At a temperature of 40 ° C, the two
boats were submerged in seawater for this experiment. The study’s find-
ings showed that the two boats had equal and equivalent performance
and technical specs [47, 48].

Fiber-reinforced polymer composites have a usable life of 15 to 20



L. Bazli et al. / Journal of Composites and Compounds 3 (2021) 262-274 271

years in most applications, but they have often kept their physical quali-
ties for far longer periods [59].

5. Conclusions

In this review, the recent investigations on synthetic and natural fi-
ber-reinforced polymers with a close focus on their mechanical prop-
erties have been discussed in order to evaluate their application in
maritime, automotive, and aerospace. Fiber materials are employed in
transportation because of their relatively high Young’s modulus. Addi-
tionally, composites made of carbon fibers and polymers are both im-
pacts and weight resistant. Also, they are used in the marine industry
because of their excellent corrosion resistance. Since they consume less
fuel and have better strength, composites are popular in the aviation in-
dustry. NFRP composites are one of the most recent additions. Using
natural fiber rather than carbon or glass fiber is, of course, a feasible
business option. Moreover, some components of automobiles are con-
structed using composite materials. However, their exorbitant cost may
make them unaffordable in some cases. Advantages include the fact that
the FRP composite’s weight is lower than that metal counterparts. At the
same weight, composites can demonstrate greater load-bearing capacity.
There are several types of polymer matrices, including thermosetting
resins and thermoplastic resins. The method of making thermoplastic
resins includes conventional molding techniques including injection
molding, vacuum forming, extrusion, rotational molding, and compres-
sion molding. However, to enhance the quality of the product, there are
many significant challenges that should be considered in future inves-
tigations.
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