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1 Introduction

1.1 Hybrid Biocomposites

There is a persistent demand for lightweight materials with superior strength and
toughness for use in aerospace applications for several purposes. To meet this
requirement, polymer matrix-based composite materials were created.
Biocomposites are used in different applications including aircrafts, automobiles,
biomedical industry, sporting equipment, helmets and household furnishings.
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Hybrid biocomposites are a type of biocomposites in which the matrix or reinforc-
ing phase is biodegradable (Idicula et al., 2005; Narnaware et al., 2015; Rajesh
et al., 2018; Mohd Nurazzi et al., 2019; Aisyah et al., 2021; Alsubari et al., 2021;
Nurazzi et al., 2021).

Green composites are biodegradable biocomposites in which both phases (rein-
forcing phase and matrix phase) are biodegradable. Generally, biodegradable
components of biocomposites are often sourced from nature. Frequently men-
tioned natural fibres and fillers used as reinforcements are banana, sisal rice straw,
coir, hemp, clays, wood flour, coir shell and natural biodegradable matrices such
as starch, polylactic acid, soy, coir shell, etc. (Jacob et al., 2006; Ramesh et al.,
2013; Silva et al., 2013; Sathishkumar et al., 2017; Saxena & Gupta, 2019; Ilyas
et al., 2019a, 2020a, b, 2021; Syafiq et al., 2020; Jumaidin et al., 2021; Punia
Bangar et al., 2021).

One of the several ways used to minimize the brittleness of carbon fibre compos-
ites and produce improved toughness qualities was to hybridize them with fibres of
different nature (Swolfs et al., 2015). In hybrids, the reinforcement mix is chosen
in such a way that each component’s qualities are essentially distinct. Deviations
may develop as a result of a synergistic impact, such as a positive or negative hybrid
impact (less than the expected) (Nurazzi et al., 2020; Rozilah et al., 2020; Alsubari
et al., 2021). Hybrid biocomposites are biocomposites with two or more reinforc-
ing elements in a single matrix. The reinforcements might come in a variety of
physical forms. Fibres with other fibres, fibres with particle fillers, two types of
particle fillers, layered fibrous mats, and so on are some of the conceivable combi-
nations. Figure 6.1 shows an overview of hybrid biocomposites, as well as other
types of composites.

The hybrid biocomposites widely used in the phenomenon of hybridization for
high-performance fibres such as carbon, Kevlar and basalt have been extensively
examined, while biodegradable reinforcement-based hybrid biocomposites have
received less attention. Natural fibres and fillers were combined with man-made
reinforcements by researchers. Only a few research studies have been published
in which both the reinforcing and reinforcing phases are made of biodegradable
fibres. This study will look at hybrid biocomposites, which are composites with
at least one biodegradable fibre or filler as a reinforcement (Singh &
Mukhopadhyay, 2020).
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Fig. 6.1 Representation of hybrid biocomposites

2 Reinforcements and Matrices of Hybrid Biocomposites

2.1 Reinforcing Phases of Hybrid Biocomposites

Phases that reinforce each other the usage of several forms of biodegradable rein-
forcements in hybrid biocomposites have been described by researchers. Almost all
of the documented reinforcements come from nature, and the majority of them con-
tain cellulose as the primary component. Hybrid composites with two reinforcing
phases were reported by the majority of researchers. There are a few publications
till now that report more than two reinforcing phases. Some researchers (Otto et al.,
2017; Pradhan & Acharya, 2021) have described studies with three reinforcing
stages. The usage of particle fillers in hybrid biocomposites has also been reported
to be restricted. Researchers have mostly utilized fibres in the form of fibrous webs,
both woven and non-woven, as reinforcements.

Various types of natural fibres are investigated in conjunction with man-made or
natural fibres, while research on hybrid biocomposites including both natural and
man-made reinforcements is dominated by those containing one natural and one
man-made fibre. Glass fibres in various physical forms make up a significant com-
ponent of these man-made fibres, which are employed as one of the ingredients.
There are additional studies on particle filler-based hybrid biocomposites. Coir and
kenaf fibres were combined with wood flour (Yao et al., 2012; Yahaya et al., 2017).
In epoxy resin, fly ash was used as a filler with jute fibres. Carbon black was mixed
with pineapple leaf fibres in a natural rubber matrix. However, particulate-based



130

M. Farhan et al.

Table 6.1 Recent advances with different reinforcements used in hybrid biocomposites (Singh &
Mukhopadhyay, 2020)

Reinforcements ‘ References

Fibres

Glass Gangil et al. (2020), Ramesh et al. (2013), Birat et al. (2015), Rout et al.
(2001), Petrucci et al. (2015), Leman et al. (2008), Sreekumar et al. (2012),
Rout et al. (2001)

Bamboo Cai et al. (2021), Samanta et al. (2015)

Flax Petrucci et al. (2015), Santulli et al.v (2005), Prabhakaran et al. (2014), Zhang
et al. (2020), Ahmed et al. (2013), Zivkovic et al. (2017), Ravandi et al. (2019),
Papa et al. (2020), Fiore et al. (2017), Petrucci et al. (2015)

Hemp Ridzuan et al. (2017), Halimatul et al. (2019)

Coir Sathishkumar et al. (2017), Boujmal et al. (2018)

Silk Jawaid et al. (2013), Faezipour et al. (2016)

OPEFB Kadem et al. (2018)

Pineapple Idicula et al. (2006)

Banana Rajesh et al. (2018), Idicula et al. (2005), Silva et al. (2013), Boopalan et al.
(2013), Idicula et al. (2005), Sanjay et al. (2017)

Sisal Idicula et al. (2005), Gupta and Srivastava (2016), Sathishkumar et al. (2017),
Ramesh et al. (2013), Silva et al. (2013), Jacob et al. (2006), Aslan et al.
(2018), Idicula et al. (2005), Jacob et al. (2006)

Kenaf Atiqah et al. (2017), Yahaya et al. (2017), Sivakumar et al. (2018),
Sathishkumar et al. (2017)

Oil palm fibre | Jawaid et al. (2013), Sreekumar et al. (2012), Ishak et al. (1998), Jacob et al.,
2006)

Cotton Sathishkumar et al. (2017), Athijayamani et al. (2010), Alsina et al. (2005)

Lyocell Idicula et al. (2006)

Seaweed Sapuan and Ilyas (2018)

Palmyra Nunna et al. (2012)

Baggase Boujmal et al. (2018), Saw et al. (2011)

Particulate filler

Clay Qaiss et al. (2015), Essabir et al. (2017)

Wood flour Jawaid et al. (2013), Faezipour et al. (2016)

Fly ash Raghavendra et al. (2016)

Coconut shell | Dhakal et al. (2018)

Flour silica Gongalves et al. (2014)

Cornhusk Kwon et al. (2014)

fillers are used in a smaller percentage of research. Table 6.1 summarizes the vari-

ous types of fib
Amornsakchai,

res and fillers that were employed as reinforcements (Yantaboot &
2017).

Another part of Table 6.1 shows that the bulk of literature on hybrid biocompos-
ites contains fibres, with the majority of them containing one reinforcement in the
form of glass in a fibrous form. In hybrid biocomposites, there have been just a few

research on the

use of particle fillers.
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2.2 Matrix Phase of Hybrid Biocomposites

The bulk of the above-mentioned reinforcements have been reinforced with thermo-
set matrices. The use of polyester and epoxy-based resins in natural fibre-based
hybrid composites is well documented in the literature (Nurazzi et al., 2019; Kumar
et al., 2020; Suriani et al., 2021a, b, c, d). Other thermoset resins such as phenol
formaldehyde and novolac, on the other hand, have been reported. Thermoset resin
is thought to be able to efficiently saturate the fibres, resulting in improved penetra-
tion into the fibrous web and layers. It might be the reason why thermoset resins
have been employed so extensively in natural fibre-based hybrid composites so far.
There are also a few investigations using thermoplastic resins such polypropylene,
polyethylene, thermoplastic natural rubber and soybean oil (Sanjay & Yogesha,
2016). Table 6.2 lists the many types of matrices utilized in hybrid biocomposites,
as well as the research that have reported on them. In comparison to thermoplastic
polymers, thermoset resins have been employed more frequently as a matrix in
hybrid biocomposites, as shown in Table 6.2. The most common matrix phase is
epoxy-based resins. Epoxy resins are a prominent kind of thermoset composite
matrix. The resin, modifiers and cross-linking agent can be used to customize the
properties of cured epoxy resin to obtain specific performance characteristics. There
are various properties for which epoxies are favoured as a resin.

Epoxies have extremely good chemical resistance, particularly in alkaline condi-
tions. It provides excellent adherence to a wide range of surfaces. In terms of
mechanical qualities, they feature a mix of high tensile, compressive and flexural
strengths. Shrinkage in thermoset resins is frequently a source of concern. On cure,

Table 6.2 Different matrices used in hybrid biocomposites (Singh & Mukhopadhyay, 2020)

Matrices ‘ References

Thermoset

Epoxy resin Fiore et al. (2017), Sanjay and Yogesha (2018), Jawaid et al. (2013), Gupta
and Srivastava (2016), Ramesh et al. (2013), Gongalves et al. (2014)

Modified epoxy | Saw et al. (2011), Rozman et al. (2013), Vijaya Ramnath et al. (2015)

resin

Polyester Atigah et al. (2019), Rout et al. (2001), Idicula et al. (2006)

Natural rubber

Jacob et al. (2006)

Phenolic resin

Bach et al. (2017), Raj et al. (2017)

Banana Sathishkumar et al. (2017), Reddy (2019), Vijaya Ramnath et al. (2015)

Kenaf Sathishkumar et al. (2017)

Soybean oil Santulli (2007)

matrix

Thermoplastic

Polypropylene Qaiss et al. (2015), Birat et al. (2015), Aslan et al. (2018), Rozman et al.
(2013)

PLA Battegazzore et al. (2019), Kwon et al. (2014)

Polyethylene

Boujmal et al. (2018), Essabir et al. (2017)
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the epoxies showed very little shrinking. Epoxies are useful in areas where electrical
insulation is required. They are also corrosion resistant. When compared to other
thermoset materials, their fatigue strength is better.

3 Natural Fibre-Reinforced Polymer Composite

Natural fibre polymer composite consists of natural fibres as reinforced material and
polymer as matrix (Ayu et al., 2020; Aiza Jaafar et al., 2021). These two materials
are compounded together to obtain superior material properties and replace the tra-
ditional materials. Natural fibre in polymer composite can be classified into three
main categories which are plant-based fibre, animal-based fibre and mineral-based
fibre. As shown in Fig. 6.2, plant-based fibres are extracted from different parts of
the plant such as bast, fruit, seed and leaf. Kenaf, hemp, jute, flax, ramie and roselle
are the fibres that are collected from the outer layers of the plant stem. Coconut coir
fibre is an example of the fibre is that collected from the fruit where it is extracted
from the outer layers of the internal crust of the coconut. Kapok and cotton fibres are
the examples of fibres that are collected from the seed of the plant. Banana and
pineapple leaf fibres are the most found fibres that are extracted from the leaf of the
plant. Generally, all the natural fibres that are plant-based type are known as cellu-
lose fibres as they contain a high percentage of cellulose. Plant-based fibres also
contain hemicellulose, lignin, pectin and wax as these chemical compositions
exhibit the material properties of the fibres. Animal-based fibres are mostly found in
the application of medical tools where this type of fibres can be degraded in the
human body without adverse toxicity. Animal-based fibres also known as protein-
based fibres primarily contained a series of amino acid and peptide chains. Similar
with the plant-based fibres, animal-based fibres are collected from different parts of
animal such as hair, feathers, cocoon and skin. Wool and keratin are the examples of
the fibres that are collected from the hair or fur of the animals. Silk is one of the
fibrous proteins that is produced by moth, spider and scorpion and consists of gly-
cine, alanine and serine. With good mechanical properties and hydrophobic proper-
ties, silk is mostly found in tissue scaffold applications. Collagen is another type of
protein-based fibres where it is collected from the skin, tendon, cartilage, bone and
internal organs of animals containing repeating amino acid chain. Generally, these
animal-based fibres are preferable in the selection of biomaterials due to its low cost

& Natural Fiber
Animal- Mineral-
” Bl based “ o based
@Frunt gl Seed aBast ﬁleaf gHanr Skin

Fig. 6.2 Types of natural fibres
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and biocompatibility in medical application. Mineral-based fibre is a solid substance
that is not made by an organism, and it is naturally occurred with definite chemical
composition and has a systematic and repeating pattern of internal structure. On
earth, plenty of mineral resources varied based on their mineral formulae. Each
mineral material is unique, and a complex method could classify the type of mineral
materials. A mineral is a type of material that has a wide range of species that is
modified based on the weathering process and geologic conditions. Consequently,
the chemical and mineral content of the fibres are different from location to location.
Mineral-based fibres are preferable in producing fibre-reinforced concrete compos-
ite because of their low cost of production, good deformation properties and
improved crack resistance and concrete durability. Basalt fibre that contains SiO2,
Al203, MgO, CaO, Fe203 and FeO is mostly found to be reinforced in a polymer
composite material. Other mineral fibres that are used as reinforced materials in
polymer composites are kaolinite, amosite, actinolite and tremolite.

Numerous studies on natural fibre-reinforced polymer composites have been
conducted by past researchers. These studies include the exploration of the benefits
of natural fibre-reinforced polymer composites and the investigation on how to
counteract the weakness of the composites. Generally, the applications of natural
fibre-reinforced polymer composites are mostly due to the sustainable properties of
the materials. The application of natural fibre-reinforced polymer composites could
reduce plastic consumption, especially in product design parts. Having a substitute
to traditional plastic applications with biodegradable materials like natural fibre-
reinforced polymer composite is a best way to reduce the consumption of non-
renewable materials and save the life of more creatures on earth, especially those
that live in the ocean. In a life cycle analysis of the natural fibre-reinforced polymer
composite, this type of materials exhibits lower toxicity and lower harmful emission
for the whole of their life compared with synthetic fibre composites and neat poly-
mer materials. Moreover, natural fibre-reinforced polymer composites may improve
the properties of the traditional materials used in various types of applications such
as automotive, defence technology and food packaging. In automotive applications,
Yahaya et al. (2017) studied on non-woven kenaf and hybrid non-woven/woven
kenaf fabric for application on PROTON Saga FL car door map pocket. The hybrid
composite is found to be lighter and has better tensile and flexural strength com-
pared with neat polypropylene, and the composite is suitable for automotive door
map pocket. In another study, Sanjay and Yogesha (2016) reviewed the application
of natural fibre composites by renowned automotive manufacturer such as Mercedes-
Benz, Audi and Toyota. Mercedes-Benz used epoxy matrix with jute addition in its
1996 vehicles for door panel, Audi launched A2 midrange car which used polyure-
thane reinforced with flax/sisal material mixture for the door trim panels, and Toyota
car interior is made by developed eco-plastic made from sugarcane. Fogorasi and
Barbu (2017) found that natural fibre-reinforced polymer composites have low den-
sity with weight reduction up to 10-30% and also their possible application for new
production technologies and materials, and their favourable processing properties
for lower tool usage. Natural fibre-reinforced polymer composites also have good
mechanical and acoustic properties. In safety aspect, the composites give huge
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benefits due to their high stability and less splintering, providing a high standard of
passive safety during collision or burning. Meanwhile in health aspect, the compos-
ites produce less harmful emission compared to glass fibre during the production.

Natural fibre-reinforced polymer composites are more compatible in additive
manufacturing process compared to subtractive manufacturing process. Compression
moulding, hand lay-up, extrusion and hot press are the most found manufacturing
processes used by the engineers in fabricating the composites. Gupta et al. (2019)
suggested hot press method to make composite by mixing the hemp non-woven
mats with polypropylene fibres for various fibre volume fractions. For specimen
preparation, Atiqah et al. (2019) used hand lay-up method to fabricate kenaf fibre
with thermoset and used pre-gel coat during moulding process to produce good
surface finish. Ferdous and Sarwar Hossain (2017) stated that the techniques used
to manufacture biocomposite based on existing composite material processing tech-
niques are press moulding, hand lay-up, filament winding, extrusion, injection
moulding and compression moulding, but the majority of current biocomposite
materials are based on thermoplastics processed by compounding and extrusion.
Dashtizadeh et al. (2017) reviewed that hand lay-up and compression moulding
methods are used for coir pith, nylon fabric and epoxy hybrid composite
development.

4 Hybridization of Fibre-Reinforced Composites

Polymer matrix composites are made from two components: (1) polymer matrix
and (2) reinforcing materials. In general, the polymer matrix is mainly chosen from
elastomer and thermoplastic and thermoset polymers. At the same time, the rein-
forcing materials are either natural fibres or synthetic fibres used in the polymer
matrix composites (PMCs). During the synthesis of any desired PMC, selecting a
reinforcing material with desired properties is a serious challenge for scientists,
engineers and manufacturers in various industries. The critical attributes of rein-
forcing materials are their economic-ecological balance and performance. Being
economical, eco-friendly (biodegradable) and lightweight are few benefits of natu-
ral fibres. Due to the rising demands and stringent regulatory limits to operate, the
natural fibres are preferred over synthetic fibres. However, synthetic fibres can be
used as when required due to their excellent performance and durability (Gangil
et al., 2020) (Sapuan et al., 2019).

A new trend to utilize two types of fibres to prepare PMCs (hybrid composites)
with desired properties has recently attracted interest in the field of materials sci-
ence and engineering. The hybrid composites offer the benefits of both the fibres
being used to reinforce the matrix. Therefore, the hybrid composites yield superior
properties than PMCs based on a single type of fibre. In general, hybrid composites
refer to composites wherein the matrix contains two or more reinforcing materials.
All the components play an important role to yield the desired properties in the
hybrid composites. Matrix is the founding component and plays an important role
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in corrosion, resistance for chemicals and temperature, damage tolerance, etc.; the
fibres act as reinforcing materials and play an important role to provide strength,
stiffness and impact behaviour of the hybrid composites. The type/form of the fibres
also affects the composite properties (Sapuan et al., 2019).

It has been reported that for automotive parts, thermoplastic composites rein-
forced with continuous fibres are better suited because of their excellent mechanical
properties. Unlike synthetic fibre-reinforced composites, natural fibre composites
offer slightly inferior properties compared to the glass fibre-based polymer compos-
ites. Therefore, to bridge this gap, the concept of hybridization of fibres (natural and
synthetic) opted for improved mechanical properties for structural and semi-
structural applications. It also helped to the reduction of cost and weight of the
hybrid composites. It was observed that the hybrid composites yielded a balance of
desired mechanical properties, economy and environment. As the different compo-
nents play their roles, it is said that the synergetic effect of two types of fibres (natu-
ral/synthetic) causes a balance of mechanical properties and economy.

Therefore, hybridization may be termed as the reinforcement of natural and syn-
thetic fibres with the matrix. It helps to reduce the usage of synthetic fibres and
improve the properties of composites. The following are few important situations
and reasons for the enhancement of the mechanical properties of hybrid composites
over single component composites (Gupta & Deep, 2019; Boopalan et al., 2013).

Condition 1. Fibres of different diameters but same length: Different diameters
increase the effective area for fibre-matrix adhesion, which favours uniform
stress transfer.

Condition 2. Fibres with different modulus: The properties like stiffness and load
bearing capacity are enhanced due to the presence of fibres of high modulus,
while on the other hand, the low modulus fibre offers better damage tolerance at
low cost.

Condition 3. Fibres with different elongation at break: As suggested by the situa-
tion, if load is applied to the hybrid composite, the fibres of lower elongation will
break first followed by the load transfer to the fibres of higher elongation without
the failure of the matrix.

4.1 Cellulosic/Synthetic Fibre
(Hybrid)-Reinforced Biocomposites

Biopolymer composites refer to all those composites which have at least one bio-
based or biodegradable constituent. Biocomposites may be classified into two
groups: (1) partial biodegradable and (2) complete biodegradable biocomposites,
depending on their constituents (matrix and fibres). The partially biodegradable bio-
composites are made of bio-based/biodegradable matrices and synthetic fibres/non-
biodegradable fibres (e.g. epoxy, polyester polyethylene, polypropylene, etc.) as
reinforcement materials. The completely biodegradable/biocomposites are made of
bio-based/biodegradable components which are derived either from renewable
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Fig. 6.3 Classification of biocomposites (Drzal et al., 2013)

biopolymer (cellulosic/starch-based plastics) or petroleum-based biodegradable
polymers (e.g. polyester amides). In other terms, this classification suggests that the
completely biodegradable composites (wherein the two components are completely
biodegradable) will decompose and go back to the environment at the end of their
life. The partially biodegradable composites (wherein one component is completely
biodegradable and the other is non-biodegradable) do not exhibit 100% biodegrad-
ability. This classification does not suggest any idea of time, rate and amount of
degradation. It only indicates that a biocomposite is fully/partially biodegradable at
the end of its life. A schematic of the classification of biocomposites is presented in
Fig. 6.3 (Rout et al., 2001; Manyatshe et al., 2020).

The main factors which play a significant role to yield the desired properties to
the manufactured products from hybrid composite are as below:

1. Selection of materials (fibre and matrix): It depends primarily on the desired
application.

2. The technique of preparation: It depends mainly on the type of fibre/matrix and
working space (indoor/outdoor).

3. Fibre-matrix interaction: It is mainly controlled/manipulated by pre-treating the
fibres or using coupling agents.

Cellulose is mainly found in the plant cell wall and the most abundant natural
organic polymer on earth (Ilyas et al., 2018, 2019b; Ahmad Ilyas et al., 2019;
Jumaidin et al., 2020; Omran et al., 2021). It offers good durability and strength.
The structure of cellulose varies from highly ordered, microcrystalline region to less
ordered, amorphous region. It gets hydrolyzed with acidic treatment and can also
degrade on exposure to chemicals. On the other hand, hemicellulose, the second
largest biomolecules, has much shorter chains and lower degree of polymerization
than cellulose. As these are major components of many natural fibres, we will dis-
cuss some critical findings related to them (Bahrami et al., 2020).

In cellulosic fibre-based hybrid biocomposites, hybrid arrangement inhibits
moisture absorption into the biocomposites as the voids are filled up due to the
packed arrangement of fibres during the formation of hybrid biocomposites. The
hydrophilic nature of cellulosic fibres and the capillary action cause increased intake
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of water when these materials are soaked into the water, which results in the swell-
ing of fibres. As a result, dimensional variation can occur in the composites, which
finally affects their mechanical properties. Lignocellulosic fibres are also hydro-
philic and incompatible to hydrophobic polymeric matrices and this causes poor
adhesion between fibres and matrices; it makes the dispersion of fibres in the poly-
meric matrices difficult. Researchers studied composites of cellulosic fibres with
polypropylene, polyethylene and polystyrene and found that the inadequate distri-
bution of fibres results in their aggregation into knotted masses, leading to compos-
ites with poor final properties. Several methods have been reported to improve filler
dispersion and interfacial interaction between filler and matrix. Cellulosic fibres
exhibit low thermal stability which limits its processing to some techniques and its
applications at lower temperatures. The low thermal stability increases the possibil-
ity of cellulosic degradation and the possibility of emissions of volatile materials
that could adversely affect the composite properties. Processing temperatures are
thus limited to about 200 °C, although it is possible to use a higher temperature for
short periods (Nisini et al., 2017; Ishak et al., 1998; Jawaid & Abdul Khalil, 2011).

In cellulosic hybrid biocomposites, the properties (physical and mechanical) of
the biocomposites are governed by the size of fibres, amount of fibres, orientation
of fibres, extent of intermingling of the two fibres and the interfacial interaction
between the fibres and matrix.

Most of the studies on cellulosic fibre hybrid composites are mainly related to
their mechanical properties, effects of coupling agents, chemical treatments, etc.
(Gao et al., 2003). Recently, Shahzad and Nasir (2017) have reported hybrid lami-
nated biocomposites with enhanced mechanical properties. Figure 6.4 shows the
bridging structure formed between cellulose nanocrystal (CNC) and cellulose nano-
fibre (CNF) arranged alternately. This configuration is advantageous; both the duc-
tile and the brittle phases are present in the composite. The CNF, due to its high
ductility, offers mechanical buffering in an alternating pattern and prevents the for-
mation and propagation of cracks in the brittle layer of CNC. Additionally, the CNF
layer establishes a strong network of hydrogen bonds with CNC layer which

Fig. 6.4 Schematic of chiral nematic cellulose nanofibre/random cellulose nanofibre (CNC-CNF)
biocomposite with an alternating sequence of layers and corresponding SEM image of layer.
Adapted from (Shahzad & Nasir, 2017)
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subsequently optimizes the load transfer property and enhances the strength and
toughness of the biocomposites. Such biocomposites may find their application in
soft robotics and calorimetric sensors.

5 Natural Fibre/Synthetic Fibre (Hybrid)-Reinforced
Polymer Composites

We have discussed in our previous section that the mechanical properties of most of
the natural fibres or their composites are inferior compared to that of synthetic
fibres/composites. Also reported are some inherent challenges like poor dimen-
sional stability, moisture absorption capacity, low thermal resistance and most
importantly, adhesion of the natural fibres with the polymer matrix. Hybridization
of natural fibres with synthetic fibres in the polymer matrix is considered as a prom-
ising option to overcome the disadvantages of natural fibres. The incorporation of
synthetic fibres would improve the overall mechanical properties due to their poor
water absorption capacity, dimensional stability, good interaction with polymer
matrix, etc., owing to their relatively superior mechanical properties, negligible
moisture absorption and compatibility with polymer. A comparative list of the
mechanical properties of some natural fibres and synthetic fibres is given in
Table 6.3. Glass fibres, carbon fibres and aramid fibres are the most important and
widely used synthetic fibres for the manufacture of natural fibre/synthetic fibre
hybrid composites. Though the hybrid composites exhibit superior mechanical
properties compared to natural fibre-polymer composite, they are traded with biode-
gradability (Eichhorn et al., 2010).

The industrial applications of hybrid composites have slowly but steadily taken
a good pace. The commonly used natural fibres for the purpose are bamboo fibres,
coir fibre and jute fibre. Structural materials like wall (interior/exterior) of build-
ings, emergency shelters, deck, offshore deck platforms, insulated panels, roofing
panels, etc. are generally made from hybrid composites. In 2010, Bachtiar et al.
studied kenaf-glass hybrid epoxy composites and suggested their applications in car
bumper beam materials. Tensile strength and modulus of hybrid composites were
found to be higher than the typical car bumper beam material. Likewise, in 2015,
Birat et al. (2015) reported a balance of properties (impact, strength, flow and heat
deflection) desired for various automotive components. These reports are quite
favourable and suggest the considerable potential of these materials in various
industrial applications.

However, hybridization of natural fibres with synthetic fibres has some associ-
ated issues which need to be considered before the hybridization process. These are
reinforcing efficiency of the two fibres (the hybrid effect discussed earlier), mois-
ture content of natural fibres, dispersion of natural fibres in the matrix, fibre/matrix
interface, thermal stability of natural fibres and biodegradability of the composites
(Zhang et al., 2020).
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The effects of hybridization have been elaborated on in previous sections. It can
be said that the natural fibre-synthetic fibre hybrid composites exhibit hybrid impact
in terms of their improved mechanical properties. The natural fibres absorb mois-
ture from their surroundings due to their hydrophilic nature, but synthetic fibres
exhibit inhibition of moisture absorption. The hydrophilic nature of natural fibres
does not favour proper adhesion with polymer matrix. It can be overcome by hybrid-
ization of the natural fibres and synthetic fibres as the synthetic fibres are more
compatible with polymer matrix and resistant to absorption of moisture. Natural
fibres also exhibit lower thermal stability, which can be overcome by hybridization
with synthetic fibres, which are thermally more stable. In terms of biodegradability,
due to the presence of synthetic fibres, the biodegradability of the hybrid compos-
ites is reduced (Jawaid & Thariq, 2018).

6 Application of Hybrid Biocomposites in Aerospace Sector

Recent couple of decades have witnessed a steep growth in the aerospace sector
which can easily be gauged from the exponential rise in air travellers and the number
of satellites launched in space in the same period. This calls for better technological
advancements in every aspect ranging from material procurement to manufacturing
capabilities. The responsibility rests on the shoulders of engineers and researchers
working on the frontline. The success of an air-/spacecraft relies to a much extent on
the materials used for its manufacturing. A material is deemed good for aerospace
industry if it is light and strong at the least. However, in recent times there are con-
cerns which have gained importance and should be addressed on a priority basis.
One is the noise generated from the aerospace vehicles and the other is the environ-
mental degradation due to material manufacturing, and the disposal in the later stage
(Scheff et al., 2020). The use of lightweight materials gained much popularity due to
aerospace applications. It is known that majority of the aerospace industries relies
on metals such as aluminium due to its high strength-to-weight characteristics.
However, the use of metals is discouraged due first to the environmental factors and
second to the high cost associated with them. There is an urge to explore alternatives
that are cheaper, stronger, environmentally friendly and widely available in abun-
dance. To this end hybrid biocomposites are being looked upon as a material of great
potential for aerospace applications. A significant amount of research in recent years
has shown that a large amount of aerospace structures can be made with materials
derived from sources of biological origin. Many of the lightweight modern aircrafts
have been made possible just because of the developments in composite materials.
Hybrid biocomposites can be used inside the fuselage of the passenger aeroplanes
that will not only reduce the acoustic signature from the engine and from the sur-
rounding airflow but will also be cheap and eco-friendly (Winter et al., 2020).
Hybrid biocomposites have found application in the development of sound-
absorbing materials which can potentially be used in the construction of anechoic
chambers. Anechoic chambers are widely used in aerospace industry for free field
testing of noise generated by aircrafts and rocket nozzles. Some of the earlier
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studies have shown that natural materials such as wood and coconut coir have good
sound-absorbing characteristics and are suitable for making anechoic chambers
(Ward et al., 2021) (Bhatnagar, 2006).

7 Direction and Future Applications of Hybrid
Biocomposites for Advanced Applications

It is a well-established finding that several limitations are associated with biocom-
posites composed of a single natural fibre in a matrix. Many such problems can be
addressed by the method of hybridization. A hybrid biocomposite, which consists of
more than one biodegradable reinforcement material, exhibits extraordinary favour-
able properties. The most important aspect is that their properties can be tailored
according to the requirement. Various such properties which cannot be imparted in
a simple biocomposites can be imparted by developing hybrid biocomposites.
Therefore, hybrid biocomposites have great scope in various crucial applications in
future. Although such applications include aerospace sector, automobiles, sports
accessories, furniture, civil structural components, etc., the most attracting and
demanding applications are in the field of aerospace. Several applications in the
aerospace industry need highly specific requirements which can be fulfilled by the
hybrid biocomposites. The most important property of an aerial vehicle is that it
should be as lighter in weight as possible. However, the reduction in weight cannot
be made responsible for reduction in other crucial properties. For instance, the
strength of such structures cannot be sacrificed at any cost. Lightweight unmanned
aerial vehicle is one of the application areas where the hybrid biocomposites are
attracting the researchers. The lightweight structure of the vehicle must have the
desired strength compatible with unfavourable conditions. These criteria can be eas-
ily fulfilled while selecting proper reinforcement materials and arranging them in a
proper fashion. There are several biodegradable materials which serve the purpose
satisfactorily as described in the previous sections. Another application associated
with the aerospace industry is the development of soundproof structures for pas-
senger aircrafts. For unmanned vehicles, soundproofing is not essential. The con-
cept of air taxi is also coming to be in effect in the very near future. Significant
investments and research are being conducted in the area of urban air mobilities
(Ward et al., 2021; Winter et al., 2020). Safe, quiet and efficient aircrafts will make
the dream true (Scheff et al., 2020). Hybrid biocomposites are exhibiting the fea-
tures favourable for such applications.

8 Conclusion

Hybrid biocomposites have shown great potential in aerospace applications.
Conventional materials which are being used in such applications must be replaced
necessarily with the hybrid biocomposites as far as environmental issues are
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concerned. It requires the research to be shifted towards the development of such
hybrid biocomposites having required properties. Such combination of the proper-
ties, which cannot be achieved in a single conventional material, can be achieved in
a properly designed hybrid biocomposites. The addition of more solid fibre or com-
posite filler typically increases the mechanical overall characteristics, which is evi-
dent. The effect is sometimes referred to as a positive hybrid effect for hybrid
biocomposites. Likewise, a degrading impact is referred to as the negative hybrid
effect for a certain characteristic since it is added to weak fibre or filler. On the other
hand, the synthetic fibres are non-biologically degradable, offer certain dangers to
health and are more expensive, heavier and non-recycling. The path forward will be
the hybridization of polymer composites with natural or synthetic matrix strength-
ened by natural or synthetic reinforcements.

In the near future, great scope exists for the research and development in this
direction. Biodegradable matrix, two or more reinforcement materials, their orienta-
tion and stacking sequence, etc. are important parameters and must be taken into
consideration judiciously. Their proper selection tailors the characteristics of the
composites making them suitable for aerospace application. The research described
in this chapter demonstrates that hybrid biocomposites are very promising as alter-
native materials for developing environmentally friendly materials.
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