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Abstract

Composite materials have brought about a paradigm shift in numerous industries by integrating distinct
components to improve material performance. Consisting of a matrix and reinforcement, composites
synergistically combine the unique properties of each constituent to deliver superior strength, enhanced
durability, and remarkable flexibility. These attributes have made composite materials indispensable
in diverse fields such as automotive, aerospace, construction, and marine engineering. This article
provides a comprehensive exploration of the historical development and functionality of composite
materials, offering insights into their evolution and various classifications based on the reinforcing
materials and matrix. A particular focus is given to the importance of natural fibers, delving into their
chemical compositions and examining the diverse surface treatment techniques used to optimize the
interaction between the fibers and the matrix material. Furthermore, the article investigates the widely
adopted fabrication methods for natural fiber-reinforced polymer composites (NFRPCs), including
injection molding, hand lay-up, resin transfer molding, and compression molding. These methods are
analyzed to highlight their advantages and applications in achieving high-performance composite
structures. By addressing these aspects, the review secks to provide an in-depth understanding of
composite materials, their multifaceted applications, and the ongoing advancements aimed at
enhancing their performance, sustainability, and cost-efficiency. This exploration is intended to guide
future research, fostering innovative approaches to elevate the potential of composite materials in
addressing the growing demands of modern engineering and industry.
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century, particularly after World War 11, that composites gained widespread attention, particularly with
the development of fiberglass for military applications [4]. Post-war research and innovation expanded
their use across various industries, from automotive to sports and infrastructure [5]. Today, ongoing
research continues to focus on improving composites' performance, sustainability, and cost-efficiency,
enabling customized solutions for diverse applications.

TYPES OF COMPOSITE MATERIALS

Composites are specialized materials formed by integrating a matrix with a reinforcing element,
where each retains its inherent properties. Together, they synergize to create a material with improved
performance and capabilities beyond those of the individual components [1,4]. Composites are typically
classified according to the types of reinforcing materials and matrix used, as shown in Figure 1.

Classification Based on Matrix

Composites are categorized into three types based on their matrix, a detailed explanation of each is

provided below:

o Metal matrix composites (MMC): These composites combine a metal matrix with reinforcements
like ceramics, carbon fibers, or other metals, resulting in improved thermo-physical and
mechanical attributes compared to conventional metals [6]. Common matrix metals in MMCs
include aluminum, magnesium, copper, and titanium alloys [7].

o Ceramic matrix composites (CMC).: These composites consist of ceramic fibers or whiskers
embedded within a ceramic matrix, providing exceptional high-temperature resistance, thermal
stability, and mechanical strength [8].

o Polymer matrix composites (PMC): These composites consist of fibers or particles embedded
within a polymer resin matrix, providing a lightweight, cost-effective solution with resistance to
environmental degradation, and a high strength-to-weight ratio [9]. PMCs are divided into
thermoplastic and thermoset composites:

e Thermoplastic Composites use polymers like polyethylene, polypropylene, and ABS, which
soften when heated and can be reshaped and recycled [10]. They are valued for ease of
processing, impact resistance, and recyclability, used in automotive, consumer goods, and
aerospace industries [11].

e Thermoset Composites use resins like epoxy or polyester, which crosslink to form a rigid, heat-
resistant network during curing [12]. These composites are known for excellent mechanical
properties and dimensional stability, making them suitable for aerospace, automotive, and marine
applications [13]. Figure 2 illustrates the schematic diagram of thermoplastic and thermosetting

polymers.

Classification Based on Reinforcement

Composites are categorized based on their reinforcing materials into several categories:

e Particle reinforced composites: These consist of solid particles dispersed within a matrix (metal,
polymer, or ceramic) and are designed for enhanced properties like strength, stiffness, and
thermal conductivity [15]. The matrix ensures cohesion, and fabrication methods like powder
metallurgy or stir casting are used based on material and production needs [16]. These composites
find extensive application across aviation, automotive, electronics, and construction industries
[17].

o Laminated composites: Composed of layered materials bonded together, typically alternating
reinforcing fibers (carbon, glass, aramid) and a matrix material (polymer resin). The arrangement
of layers is customized for specific properties such as stiffness and strength, making these
composites perfect for aviation, automobile, marine, and sports applications, thanks to their
exceptional strength-to-weight ratio [18].

e [Fiber reinforced composites: These materials have a fiber (carbon, glass, aramid, or natural
fibers) reinforced with polymer matrix, providing enhanced mechanical properties like strength,
stiffness, and toughness [19]. Used in aerospace, automotive, construction, and sports industries,
fiber-reinforced composites are valued for their lightweight, strength, and corrosion resistance
[19].
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Figure 1. Categorization of composites.
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Figure 2. Schematic diagram of thermoplastic polymer (Left), and thermosetting polymer (Right) [14].

NATURAL FIBERS AND THEIR NEED

Natural fibers, derived from plants, animals, and minerals, provide a variety of materials for diverse
applications [20]. Plant fibers, sourced from stems, leaves, seeds, and grasses, primarily consist of
hemicellulose, cellulose, lignin, and pectin, with cellulose serving as the most predominant constituent
[21]. In composites, plant fibers act as essential reinforcements in polymer matrices, offering
lightweight, low-density, and strong mechanical properties [21,22]. Their renewability, availability,
cost-effectiveness, and biodegradability make them more eco-friendly than synthetic materials [23].
With excellent strength-to-weight ratios and impact resistance, they are ideal for industries like
construction, automotive, aerospace, and consumer goods [24]. Their hypoallergenic nature, comfort,
and aesthetic appeal further contribute to their rising popularity as sustainable alternatives in
manufacturing. Figure 3 displays the categorization of natural fibers.
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Figure 3. Categorization of natural fibers.

Chemical Composition of Natural Fibers

Plant fibers, composed of cellulose, hemicellulose, lignin, pectin, and other compounds, determine
their strength, flexibility, and overall properties [25]. The structure of lignocellulosic fibers and the
interaction between cellulose, hemicellulose, and lignin are shown in Figure. 4. Below is a brief
overview of the primary chemical constituents in plant fibers:

Cellulose: The foundation of plant cell walls, cellulose is a linear polymer of glucose molecules
linked by strong B-1,4 glycosidic bonds. This structure provides exceptional tensile strength and
rigidity, forming the core of plant fibers [26].

Hemicellulose: A diverse group of branched polysaccharides (like xylan and mannan),
hemicellulose interweaves with cellulose microfibrils [27]. This enhances flexibility and
elasticity within the cell wall [28].

Lignin: A complex, cross-linked polymer, lignin acts as a "glue" that strengthens and reinforces
the cell wall [29]. It permeates the cellulose-hemicellulose matrix, providing crucial protection
against moisture, microbial attack, and other environmental stresses [30].

Pectin: A complex polysaccharide, pectin functions as a cementing agent, holding plant cells
together. It contributes significantly to the overall structural integrity, flexibility, and rigidity of
plant tissues [31].

Waxes, oils, and fats: Present in smaller quantities, these substances play a vital role in fiber
lubrication, improving handling during processing and providing some degree of water
repellency.
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Figure 4. Structure of lignocellulosic fiber and interaction among lignin, hemicellulose, and cellulose
[32].

Chemical Treatments on Natural Fibers

Plant fibers, which primarily consist of hemicellulose, cellulose, and lignin, naturally exhibit
hydrophilic properties [25]. This tendency can pose challenges during composite fabrication, as the
weak interaction between natural fibers and polymer matrices may lead to reduced mechanical strength
[30]. To address these challenges, surface modification techniques are frequently applied. These
chemical treatments effectively remove impurities like lignin, wax, hemicellulose, and other
contaminants from the fiber surface, while also roughening the texture. This enhanced surface
roughness improves the polymer matrix and fibers’ interlocking [33]. By modifying the fibers' surface
chemistry and morphology, these treatments enhance interfacial bonding, ultimately improving the
mechanical performance and overall nature of the composite [34]. Figure 5 depicts the chemical
treatment process applied to natural fibers.

Alkali treatment

Alkali treatment involves immersing natural fibers like hemp, flax, ramie, and jute in a sodium
hydroxide (NaOH) or potassium hydroxide (KOH) solution to enhance their properties for composite
fabrication. NaOH interacts with the cellulose hydroxyl groups, replacing them with sodium ions (Na"),
reducing hydrophilic (-OH) groups, and improving moisture resistance [35]. The treatment also
removes non-cellulosic components, promoting fiber crystallinity and improving adhesion with
polymer matrices [36]. Figure 6 shows the SEM images of untreated and NaOH-treated Borassus
fabellifer L. fibers. The reaction is represented as:
Fiber-OH + NaOH — Fiber-O'Na" + H.O

Untreated fiber

Treated fiber

>Chemical treatment> [==

Smooth texture

Fibrillation effect ~ Rough texture

Waxy substances and impurities

Figure 5. Schematic representation of chemical treatment on natural fiber.
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(1)
Figure 6. SEM images of (a) Untreated borassus fabellifer L. Fiber, (b) 5% (w/v) NaOH Treated
Borassus fabellifer L. Fiber [37].

Silane treatment

Silane coupling agents are used to enhance compatibility between polymer matrices and natural
fibers. Silane molecules react with hydroxyl groups on the fiber surface and polymer matrix, forming
covalent bonds that improve mechanical properties [36]. SEM images (Figure 7) of untreated and
silane-treated fish tail palm fibers illustrate the eradication of impurities. The reaction is:
R-Si(OH); + 30H on Fiber — R-Si-O-Fiber + 3H:0.

Acetylation treatment

Acetylation introduces acetyl groups onto the fiber surface, replacing hydroxyl groups and enhancing
hydrophobicity, thermal stability, and moisture resistance. This treatment improves compatibility
between fibers and polymer matrices by roughening the fiber surface [39]. SEM images (Figure 8)
depict increased roughness in acetylated Dombeya buettnerri fibers. The reaction is:
Fiber-OH + Acetic anhydride — Fiber-OCCH3 + Acetic acid.

Surface impurities

e, Vs G e

200 Lm

200 um

Figure 7. SEM images of (a) Untreated, (b) 1% Silane Treated, (c) 5% Silane Treated, and (d) 9%
silane treated fish tail palm fiber [38].
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Flgure 8. SEM Images of (a) Untreated, (b) 4% Acetylation-Treated Dombeya buettnerri Fiber [40].
Peroxide treatment

Peroxide treatment involves using hydrogen peroxide (H20:) to alter the fibers’ surface properties,
improving their wettability, adhesion, and dyeability. This modification enhances the fibers and
polymer matrices interaction, leading to improved mechanical properties and increased durability in
composite materials [35]. SEM images (Figure 9) of peroxide-treated Oil Palm Empty Fruit Bunch
Fiber.

o "

Oil Palm Empty Fruit Bunch Fiber

Flgure 9. SEM Images of (a b) Untreated (c-d) Per0x1de Treate
[41].

Permanganate treatment

Potassium permanganate (KMnOs) reacts with cellulose hydroxyl groups, improving fiber-matrix
adhesion and reducing hydrophilicity, leading to better moisture resistance [35]. SEM images (Figure
10) of KMnOs-treated bamboo fibers show surface changes. The treatment enhances thermal stability
and water repellency.

Benzoylation treatment

Benzoylation introduces benzoyl groups onto fibers, improving hydrophobicity, thermal stability,
and moisture resistance [43]. It also increases fiber roughness for better matrix adhesion. SEM images
(Figure 11) of benzoylated Luffa cylindrica fibers show these surface modifications. The reaction is:
Fiber-OH + CsHsCOCI — Fiber-CsHsCO + HCI.
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Other chemical treatments

Additional treatments, such as esterification, chlorination, and quaternization, further enhance natural
fibers. Esterification improves moisture and chemical resistance, chlorination enhances flame
resistance, and quaternization imparts antimicrobial properties, expanding the versatility of fibers in
various applications.

VARIOUS FABRICATION TECHNIQUES NFRPCS

There are diverse methods to fabricate natural fiber-reinforced polymer composites, each offering
unique advantages for specific applications. Among these, Hand Lay-up, Injection Molding,
Compression Molding, and Resin Transfer Molding (RTM) stand out for their popularity and
effectiveness.

Hand lay-up technique

The Hand Lay-up method is popular for its simplicity and cost-effectiveness, involving the manual
layering of fibers onto a mold with resin application. This technique starts with preparing the mold by
applying a release agent, followed by an optional wax coat for surface finish. Dry fiber reinforcements
are then placed onto the mold. A polymer resin (e.g., epoxy) mixed with a hardener is applied over the
fibers using brushes or rollers to ensure thorough impregnation and the removal of air bubbles.
Additional layers of reinforcements and resin can be added to achieve the desired thickness. The
laminate is then left to cure at room temperature or under controlled conditions, after which the hardened
composite is demolded and finished through trimming or sanding. Although it is ideal for small to
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medium production volumes and complex shapes, it typically results in longer production times and
lower mechanical properties compared to advanced methods [23]. Despite these drawbacks, it is
extensively employed in industries like automobile, marine, and construction [44]. The schematic
representation of the hand layup technique is presented in Figure 12.

Injection molding technique

This is an efficient and precise method where molten polymer resin mixed with natural fibers is
injected into a mold under high pressure. The working of the injection molding technique involves
several key steps: first, plastic granules are fed into a hopper, where they are heated by a heater within
a barrel until they reach a molten state. The molten material is then injected into a mold cavity through
a nozzle using a high-pressure screw or plunger. The material fills the cavity, taking the shape of the
mold, and is cooled to solidify. This allows for the production of complex shapes with consistent
properties, making it ideal for high-volume production in industries like automotive, electronics, and
consumer goods [45]. However, the high equipment cost limits its feasibility for smaller-scale
operations [46]. Figure 13 displays the schematic representation of the injection molding machine.

Compression molding technique

Compression molding involves placing a natural fiber preform into a mold, then applying heat and
pressure to ensure uniform resin distribution and fiber compaction. The process starts by heating the
upper and lower molds using a hot plate to a specified temperature. The fiber preforms, along with
resin, is placed between the molds. A hydraulic system is then used to apply pressure, closing the molds
and compacting the fibers while the heat causes the resin to flow and bond with the fibers. This results
in a solid part with consistent mechanical properties and smooth surfaces, making it ideal for medium
to high-volume production. It is widely used for manufacturing automotive components, electrical
insulators, and appliance housings [47]. The compression molding machine for the fabrication of
NFRPCs is depicted in Figure 14.

3

. Hand Roller

Reinforcement
Wax coat

D\

N

3
\
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+«— Polymer resin &

= L Mold
Figure 12. Schematic representation of hand layup technique.

Plastic granules

Mold

Injected part

Figure 13. Schematic representation of the injection molding machine.
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Figure 14. Schematic diagram of compression molding machine.

Resin transfer molding (RTM) technique

This advanced process involves injecting liquid resin, mixed with a catalyst, into a mold containing
a fiber preform. The process starts by loading the fiber preform into the lower mold, which is then
sealed with the upper mold. The resin and catalyst are mixed in the mixing head before being injected
into the mold through the injector. The resin saturates the fibers, and the mold is heated by the heating
system to facilitate curing, solidifying the composite material. It offers precise resin flow control,
resulting in parts with high fiber volume fractions, excellent surface finishes, and complex shapes [48].
While requiring specialized equipment, RTM is preferred in the automotive and aerospace industries
for producing structural components [49]. The resin transfer molding machine for the fabrication of
composites is depicted in Figure 15.

Resin
~ {—l—' Mixing head
=) Cataly st Resin injector
Through pump m Vent

Uppermold

0 b

Lower mold
Reinforcement
| | I 0 0 Heating
0 System

Resin _ Catalyst, | 0000000 0

Figure 15. Schematic representation of resin transfer molding machine.
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Table 1. Advantages and Limitations of Various Fabrication Techniques [23,44-49].

electronics, and consumer goods industries.

Fabrication techniques Advantages Limitations
Hand Lay-up 1. Simple and cost-effective 1. Longer production times compared
2. Ideal for small to medium to advanced methods.
production volumes and complex shapes 2. Lower mechanical properties
3. Widely used in industries like compared to advanced methods.
automobile, marine, and construction 3. Labor-intensive process.
4. Inconsistent quality due to manual
operation.
Injection Molding 1. Efficient and precise 1. High equipment cost limits
manufacturing process. feasibility for smaller-scale operations.
2. Ideal for high-volume production, | 2. Requires skilled operators for
ensuring cost-effectiveness at scale. machine setup and maintenance.
3. High production speed with 3. Limited material compatibility,
automated operation. especially for certain fiber-reinforced
4. Widely used in automotive, composites.

Compression Molding 1. Cost-effective for medium to high | 1. Not suitable for parts with complex
production volumes. geometries or undercuts.
2. Low material waste and good 2. Longer cycle times compared to
repeatability. injection molding.
3. High mechanical strength due to 3. High initial setup cost or large-
uniform fiber distribution. scale production.
Resin Transfer Molding | 1. Produces complex, high-strength 1. High tooling cost for molds, not
(RTM) parts with good surface finish on both sides. | cost-effective for small runs.
2. Controlled fiber-to-resin ratio, 2. Longer cycle times due to resin
leading to consistent mechanical properties. | infusion and curing stages.
3. Suitable for medium to large 3. Difficult to process very thick
production volumes. laminates due to resin flow limitations.
4. Ideal for aerospace, automotive, 4, Complex mold design increases

lead time and costs.

and marine applications.

Each of these techniques offers distinct benefits, catering to different production needs and industrial
applications. The advantages and limitations of various fabrication techniques are tabulated in Table 1.

DIVERSE PROPERTIES OF NATURAL FIBER-REINFORCED POLYMER COMPOSITES
STUDIED BY MANY RESEARCHERS

Synthetic fiber composites have dominated industries due to their superior properties, but the growing
environmental concerns have shifted the focus to natural fiber composites. These eco-friendly
alternatives are cost-effective, recyclable, biodegradable, and lightweight, though they are limited by
lower strength compared to synthetic fibers. Researchers are working to enhance natural fiber
composites by partially substituting synthetic fibers with natural ones. Mechanical properties of diverse
polymer composites reinforced with natural fiber is displayed in Figure 19.

Mudoi et al. (2023) [50] developed epoxy composites reinforced with Himalayan nettle fibers at
varying loadings (0-30 wt.%). The study found that the mechanical and thermal properties improved
with fiber content, peaking at 23 wt.%, which provided the highest tensile strength (57.69 MPa), flexural
strength (98.60 MPa), and thermal stability. This fiber loading was identified as optimal for enhancing
epoxy properties.

Ribeiro et al. (2021) [51] explored the effects of different fiber fractions on the mechanical, ballistic,
and thermal properties of epoxy composites reinforced with Cannabis sativa hemp fibers. The results
showed that composites with 30% fiber content demonstrated superior tensile strength, impact
resistance, and ballistic performance.
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Saravanakumaar et al. (2022) [52] analyzed the epoxy composites reinforced with Carica papaya
fiber at different fiber loadings and orientations. The study revealed that composites with 20 wt.% fiber
at 0° orientation exhibited the best performance, achieving a tensile strength of 122 MPa, impact
strength of 7.8 J, and flexural strength of 118.9 MPa, along with improved thermal stability.

Jena et al. (2021) [53] explored the physical and thermo-mechanical properties of Prosopis juliflora
bark fibers/epoxy composites. The study found that composites with 20 wt.% treated fibers achieved
the best tensile strength (84.22 MPa) and impact strength (31.76 kJ/m?), with superior thermal stability
compared to untreated fibers.

Behera et al. (2023) [54] examined epoxy composites reinforced with acrylic acid-treated rattan
fibers. The composites with 18 wt.% rattan fiber showed the highest tensile strength (47.5 MPa),
flexural strength (121 MPa), and dynamic mechanical and thermal properties. This enhanced
performance is attributed to strong fiber-matrix interlocking, which ensures uniform load transfer
throughout the composite, making it suitable for automotive applications.

Nayak et al. (2023) [55] investigated epoxy composites reinforced with Eleusine indica grass fibers,
both untreated and treated with 5% NaOH. The results showed that composites with 20 wt.% treated
fibers exhibited the best mechanical properties, including tensile strength (79.31 MPa) and impact
strength (32.24 kJ/m?), along with improved thermal stability. Furthermore, SEM analysis (Figure. 16)
demonstrated improved adhesion between the epoxy matrix and the treated fibers, facilitating uniform
load transfer and restricting the mobility of polymer chains.

Reddy et al. (2022) [56] developed Cordia dichotoma fibers reinforced epoxy composites. The study
found that 20 wt.% fiber composites exhibited superior tensile strength (59.21 MPa) and flexural
strength (218.37 MPa), along with better thermal stability compared to lower fiber loadings.

Muthu Chozha Rajan et al. (2022) [57] explored Chloris barbata flower fiber-reinforced epoxy
composites. Composites with 20 wt.% treated fibers showed superior mechanical attributes, including
tensile, impact, and flexural strengths. The thermal stability of these composites was also enhanced
compared to untreated fibers.

Nagappan et al. (2021) [58] explored the impacts of alkali treatment and fiber length on the
mechanical attributes of Lagenaria siceraria fibers/epoxy composites. The study found that composite
properties improved with increasing fiber length, peaking at 7 mm, and fiber content up to 30 wt.% for
both treated and untreated fibers, leading to enhanced performance of these composites.

Poorinterface

Figure 16. SEM micrographs of epoxy composites reinforced with (a) Untreated Eleusine indica Grass
Fibers, (b) Treated Eleusine indica Grass Fibers [55].
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Kar et al. (2024 & 2025) [59,60] explored the impact of fiber loading on the viscoelastic, thermal,
mechanical and morphological attributes of epoxy composites reinforced with Calamus tenuis fibers
via hand layup technique. The study revealed that composites containing 10 wt.% fiber exhibited
superior thermomechanical and viscoelastic performance, attributed to improved fiber-matrix
interfacial bonding at this optimal fiber content.

Raghunathan et al. (2024) [61] compared the mechanical, water resistance, and morphological
properties of epoxy composites reinforced with untreated and 5% NaOH-treated Zanthoxylum
acanthopodium fibers. Composites with 20 wt.% treated fibers showed superior mechanical properties,
with tensile and flexural strengths of 48.2 MPa and 49.5 MPa, respectively, due to improved fiber-
epoxy compatibility which is depicted in Figure. 17.

Mahalingam et al. (2024) [62] studied the impact of fiber length on the thermal, mechanical, water
absorption, and microstructural properties of unsaturated polyester composites reinforced with 5%
NaOH-treated Palmyra palm leaf stalk fibers using compression molding. Composites with 30 wt.%
fibers of 6 mm length exhibited superior mechanical strength—tensile (29.31 MPa), flexural (48.43
MPa), impact (7.23 kJ/m?)—and thermal stability with a maximum degradation temperature of 290°C,
attributed to strong fiber-resin adhesion as displayed in Figure 18.
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Figure 17. SEM Micrographs of the Samples After Tensile Test (a-b) 20 wt.% Untreated Zanthoxylum

acanthopodium Fiber Composites, (c-d) 20 wt.% Treated Zanthoxylum acanthopodium Fiber
Composites [61].
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Figure 18. SEM Micrographs of the 30 wt.% unsaturated polyester composites reinforced with 5%
NaOH-Treated Palmyra Palm Leaf Stalk Fibers of Length (a) 6 mm, (b) 9 mm, and (c) 3 mm [62].
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Figure 19. (a-c) Mechanical properties of various natural fiber reinforced polymer composites.
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CONCLUSIONS

In conclusion, composite materials, particularly those reinforced with natural fibers, represent a
significant shift towards sustainable and high-performance solutions. The synergy between the matrix
and reinforcement enhances both the mechanical and thermal properties of these composites, making
them ideal for a wide range of applications, from automotive to aerospace. The historical development
of composites showcases notable technological advancements, with ongoing innovations continuously
improving performance, cost-efficiency, and sustainability. Natural fibers, with their eco-friendly
characteristics, present a promising alternative to synthetic fibers, especially with the integration of
advanced fiber treatments that enhance interfacial bonding and overall composite performance. Hybrid
composites, combining natural fibers with other reinforcements, further optimize material properties,
offering greater versatility for specialized applications. Additionally, the diverse array of fabrication
techniques—from traditional hand lay-up to cutting-edge methods like resin transfer molding—ensures
that natural fiber-reinforced polymer composites (NFRPCs) can be efficiently scaled for industrial
production. As research advances, the future of NFRPCs lies in their ability to deliver high-
performance, environmentally friendly solutions that cater to the growing demands of modern industries
while maintaining industrial scalability.
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