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Preface

Global environmental concerns and an increased awareness of renewable green
resources have led to considerable effort in providing biodegradable composite and
eco-friendly materials for the future generations. This has spurred the researchers of
different domains to collaborate in developing a flexible and sustainable process for
manufacturing the environment-friendly composite. As an outcome of it, Bio-fiber
composites become an attractive alternative to synthetic fiber reinforced composites
owing to their eco-friendly nature, strength, low cost and biodegradability. On the
top of that, the use of bio-fiber in composites has led to a reduction in greenhouse gas
emissions and carbon footprint of composites. Correspondingly, this book provides a
detailed overview of a wide range of bio-fibers, their use as reinforcements in compos-
ites and their overall performance. Also, this book aims at exploring the applications
of composites from bio-fiber for the industrial, medicine and domestic applications
by assessing the suitability of bio-fibre composites for specific application. Addi-
tionally, it focuses on the research work carried out by various investigators for
synthesizing the bio-fiber-based composites for using them in the engineering fields.
In this book, experimental investigations are carried out to evaluate the machining
performances on the bio-fiber reinforced composite materials. Besides, the influ-
ence of various factors like fiber content, stacking, fabrication methods and other
manufacturing process parameters on the mechanical and microstructural proper-
ties are examined in this book. Similarly, it also explains the pretreatment methods
by several researchers to enhance various physical properties of the bio-fiber rein-
forced composites. An overview of the Dynamic Mechanical Analysis (DMA) of
bio-fiber reinforced composites including the effect of different bio-fibre, chemical
treatment, fillers, matrix and compositions is presented to reflect on its multifunc-
tion purposes. Likewise, this book summarizes the main techniques used for thermal
analysis of bio-fibre to assess thermal properties of bio-fibre composite materials. As
well, it focuses on the wear performance of bio-fibre composites using a mathemat-
ical model. Mainly, it outlines the challenges in the development of bio-composites
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towards sustainability. Predominantly, it provides an in-depth look at bio-fibre and
their bio-composites to lead the researchers in the right direction.

Chennai, India K. Palanikumar
Kanchipuram, India Rajmohan Thiagarajan
Chennai, India B. Latha
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Bio-fibre Reinforced Composites: m
Mechanical, Thermal and Tribological i
Properties and Industrial

Applications—An Introduction
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Abstract The usage of composite materials in engineering has become unavoidable
due to the enrichment in properties, drop in the manufacturing cost and suitability
to many applications. The features of the polymer composite mainly depend on the
choice and composition of reinforcement. Bio fibre reinforcements have confirmed
excellent properties, application, and cost in the current situation. The excellent
accessibility and availability of bio fibres are the primary motivation for developing
new attention in sustainable technology. Bio fibres are a renewable resource that
has been replenished for many years by nature and human creativity. The enormous
disparity in qualities and characteristics of bio fibre reinforced composites makes
using them a difficult task. The purpose of this chapter is to highlight and to give a
broad review of recent progress and the options for the future. The present book covers
tribological and thermal properties of bio fibres for polymeric resins and explains
the different pre-treatment methods used by the researchers for the enhancement. It
will provide an introduction about the bio fibres and their bio-composites and point
researchers in the right direction.
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1 Introduction

In the growing world, there is an increase in awareness towards conserving the envi-
ronment, this awareness towards the environment made all the engineering fields
continue their research towards developing materials to be more environmentally
friendly, bio-degradable and sustainable. Researchers have seen bio-composites as
hope towards saving the environment. To bolster their hopes, bio-fibres have shown
higher strengths, stiffness and fatigue characteristics. Over the last two decades,
there has been much research in natural composites to find alternatives to replace
conventional reinforcements like glass, carbon aramid, and boron reinforcements in
various engineering applications. These conventional reinforcements have disadvan-
tages like increased production costs, harmful environmental effects etc. To overcome
these disadvantages, natural fibres have been the alternative. Natural Fiber Compos-
ites have shown their trustworthiness in showing good mechanical properties, lower
density, lower weight, environmental reliability, abundant availability and relatable
lower production and processing costs.

2 Natural Fibers

Natural fibres are made from various sections of plants, trees, and geographies and
are produced and offered by nature. Natural fibre, on the other hand, refers to fibres
that are not synthetic. According to where they came from (animals, minerals, or
plants sources).

All other types of cellulose fibres are among the plants that produce them (roots
and wood). Natural plant fibres are entirely biodegradable and made solely from
vegetal sources. Banana, coir, flax, hemp, jute, pineapple, and sisal are just a few
examples of plant fibres that have found use as industrial materials.

3 Classification of Natural Fibres

Cotton, flax, and jute are some of the most common vegetable fibres (cellulose-
base). Animal (protein-based). Asbestos is a significant mineral fibre. The natural
fiber based on the availability is illustrated in (Fig. 1).
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3.1 Plant Fibres

Based on where they come from in the plant, each comprises a single, long, narrow
cell. Bastfibres are made up of overlapping cells found in the interior bast tissue of
some plant stems, such as flax, hemp, jute, and ramie. Fibres found in the fibrovascular
system of leaves include abaca, henequen, and sisal. All vegetable fibres are mostly
made up of cellulose, but they also contain different levels that must be removed or
decreased during processing.

3.2 Abaca

It is a leaf fibre made up of long, thin cells that sustain the leaf’s structure. Abaca is
renowned for its high mechanical strength, buoyancy, saltwater resistance,and long
fibre lengths of up to 3 m. Fine, glossy, light beige, and very strong abaca are the
best grades.

3.3 Coir

Coir has the unique lignin content of all vegetable fibres, making it more durable but
less flexible than cotton and unsuitable for dyeing. Coir has a lower tensile strength
than abaca, but it is resistant to microbial action and saltwater damage. Coir is a
coarse, short fibre in ropes, mattresses, brushes, geotextiles, and automotive seats. It
is derived from the outer shell of coconuts (Fig. 1).

3.4 Cotton

It is almost entirely made of cellulose, and it is soft and breathable, making it the
most well-known natural fibre on the planet. The diameter of the fibres ranges from
11 to 22 microns, while the length ranges from 10 to 65 mm. Cotton absorbs moisture
quickly, making it comfortable to wear in hot weather, and its high tensile strength
in washing solutions makes it simple to wash. Cotton is the most frequently used
natural fibre on the planet, and it is still the unquestioned “monarch” of the textiles
industry.
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Milkweed
Cotton
Qil Palm
Kapok

Bio Fibre
Plant / Vegetables

Cereal Stem

Reed Canary
Grass
Cereal Straw
Elephant Grass
Switch Grass

Fig. 1 Natural fiber classification

3.5 Flax

Flax fibre, like cotton, is sharper and stiffer to handle, as well as more wrinkle-
resistant. Flax filaments can be up to 90 cm long and have a diameter of 12 to 16
microns. Linen is cool to wear in hot weather because it absorbs and releases water
fast. Flax was one of the earliest vegetable fibres to be harvested, spun, and woven
into textiles. It is one of nature’s most muscular vegetable fibres. Figure 2 shows
some of the natural fibers used in nature.
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Fig. 2 Fibre plants a Abaca; b Cotton; ¢ Hemp; d Pineapple; e Ramie; f Bamboo; g Palm; h
Bamboo; i Sisal; j Flax; k Kenaf; 1 Jute
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3.6 Hemp

Hemp fibres are roughly 70% cellulose and contain low levels of lignin, making
them long, strong, and durable (around 8—10 per cent). The diameter of the fibres
ranges from 16 to 50 microns. Hemp fibre transmits heat efficiently, resists mildew
well, blocks ultraviolet light, and has inherent antibacterial characteristics. Lignin
levels are higher in shorter, woody core fibres (“tow”). Hemp is being utilised in
agricultural textiles, automobile panels and fiberboard, and “cottoned” apparel since
it is easy to grow without agrochemicals.

3.7 Jute

Jute, often known as the “golden fibre,” is a long, soft, and lustrous fibre with a
diameter of 17 to 20 microns and 1 to 4 m. It is one of the most strong vegetable
fibres found in nature, second only to cotton in volume produced. Jute is an excellent
insulator and anti-static material. As well as a low thermal conductivity and moderate
moisture regain. Jute fibre threads are used in sackcloth worldwide, sustaining the
livelihoods of millions of small farmers.

3.8 Ramie

It is white with a soft, absorbent and dense like flax but coarser (25-30 microns). It
has poor elasticity and dyes quickly, making it one of the most potent natural fibres.
Ramie strands can be as long as 190 cm, with individual cells measuring up to 40 cm.
Ramie is brittle due to trans-fibre cracks, which allow for ventilation but make her
fragile. Ramie is a lightweight, smooth fabric created for summer that is seldom
known outside of the East Asian countries that produce it.

3.9 Sisal

Sisal fibre is lustrous and creamy white, measuring up to 1 m in length and 200 to
400 microns in diameter. It is a coarse, stiff fibre that cannot be used in textiles or
clothes. On the other hand, robust, long-lasting, and elastic quickly resists saltwater
damage. Sisal replaces glass fibres in composite materials used to create vehicles
and furniture because it is too coarse for clothing and upholstery.
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4 Applications

Because of its good qualities have a huge potential for replacing present synthetic
polymer— or glass fibre-reinforced materials. According to current indications,
industry interest in natural fibre composites will continue to expand over the world.

Table 1 The qualities of various commonly used plant and synthetic fibres have been compiled [4]

Fibre Tensile strength Elongation (%) Density Young’s
(MPa) (g/em?) modulus
(GPA)
B. Mori silk 208.45 19.55 1.33 6.1
Abaca 430-760 3-10 1.5 12
Banana 529-914 3 - 27-32
Areca 147-322 10.2-13.15 0.7-0.8 1.12-3.15
Cura 1.4 500-1150 3743 11.8
Bagasse 290 - 1.25 17
Bamboo 140-230 - 0.6-1.1 11-17
Henequen 430-570 3.7-5.9 12 10.1-16.3
Wood 1000 - 1.5 40
Coir 175 30 1.2 4.0-6.02
Oil palm 248 32 0.7-1.55 25
Cotton 287-597 7.0-8.0 1.5-1.6 5.5-12.6
Flax 345-1035 2.7-32 1.5 27.6
Kenaf 930 1.5 14 53
Piassava 134-143 7.8-21.9 1.4 1.07-4.59
Hemp 690 1.6 1.48 70
Tussah silk 248.77 33.48 1.32 5.79
Isora 500-600 5-6 1.2-1.3 -
Spider silk 875-972 17-18 - 11-13
Jute 393-773 1.5-1.8 13 26.5
Twisted B.mori silk 156.27 20.57 3.82
Sisal 511-635 2.0-2.5 1.5 9.4-22.0
Nettle 650 1.7 - 38
Carbon 4000 1.4-1.8 1.4-1.75 230-240
Half 180-1627 1.6-14.5 0.8-1.6 1.44-82.5
Pineapple 170-1627 2.4 0.8-1.6 60-82
Aramide 3000-3150 3.2-3.7 1.4-1.45 63-67
Ramie 400-938 3.6-3.8 1.5 61.4-128
Viscose 593 11.4 - 11
E-glass 2000-3500 2.5 2.5-2.55 73
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Table 2 The chemical make-up of plant fibres [4]

Fibre Lignin(%) | Hemicellulose (%) | Wax (%) | Cellulose (%) | Pectin (%)
Bagasse 22 21 - 37 10
Abaca 12 21 3 62.5 0.8
Banana 7.5 12.5 - 62.5

Coir 45 0.3 - 456

Alfa 38.5 38.5 2 45.4 -
Cotton 0.75 4 0.6 89

Eucalyptus | 254 32.56 0.22 41.7 8.2
Areca 23-24 13-15.42 0.12 57.35-58.21 -
Hemp 4 20 0.8 81 0.9
Bamboo 26 20.5 - 34.5 -
Hibiscus 22.7 25 - 28 -
Barley 14-19 27-38 2-17 31-45 -
Corn 7-21 28 3.6-7 38-40 -
Cura 7.5 5 - 73.6 -
Flax 2.5 14.5 - 72.5 0.9
Premium 11 30 - 67 -
Henequen 8 28 0.5 60 -
Isora 23 - 1.1 74 -
Ramie 0.8 14 - 72

Jute 9 16 0.5 67

Sisal 8 11.5 - 60 1.2
Kenaf 17 21 - 53.5

Wheat 17-19 26-32 6.8 33-38 -
Pineapple 8.3 17.5 - 80.5 4
Rice husk 12-14 23-28 14-20 28-36 -
Sorghum 11 25 - 27 -

Natural fibre bio-composites provide several advantages, including low cost, as
well as being more environmentally friendly. Owing to the cutting-edge tech-
nology and most advanced processing techniques available today, the applications of
natural fibre composites have increased tremendously, ranging in many areas. Bio-
composites are used as internal parts of automobiles and in the construction area. As
a reinforcing agent, the plant fibres have a replaced conventional reinforcement in
numerous applications. Natural fibres are used in surgical and medical applications
like medicines, implants, contact lenses, hip joints, wound dressing elements. The
automotive industry has implemented natural fibre composites concerning social,
environmental, design, and economic responsibilities in almost all their parts. Jute,
flax, hemp and coir are the reinforcements used in automotive applications and the



Bio-fibre Reinforced Composites ... 11

packaging industry. Usage of jute, flax, sisal kenaf are reinforcing agents in automo-
tive interior parts such as door, window panels, roofing has been increased. Many
automotive companies started to manufacture exterior parts of the vehicles using
plant fibres. The construction field uses plant fibres to make degradable door and
window panels, railings, fencing elements, false ceilings etc. Many household and
office appliances are made from plant fibres; they constitute tables, chairs, food trays,
suitcases, pipes, ropes, etc. Before these composites can be exploited to their full
potential in the industry, they must enhance their strength and stiffness and address
difficulties like water absorption and thermal instability.

5 Future Scope

There is a broad scope for bio-composites in the coming days. There will be increased
structural applications. Most of the applications depend on further improvements in
processing and enhancing the physical properties. So, a trend in the research can
be primarily seen in enhancing the physical properties of the composites. The major
challenge with the bio-composites will be adhesion. To improve the bonding between
the matrix and reinforcements, new fabrication methods will be incorporated. As
fibres are more sensitive to heat and temperature, research might be done in the areas
that overcome this issue. Composites exhibit good mechanical properties, but they
showed low impact strength and low long-term performance. Many of these flaws
will be addressed shortly. Bio-composites will be used to make more robust, more
durable, dimensionally more stable, and moisture and fire-resistant. More research
is needed to assess the various effects, such as pre-treatment and curing procedures.

There are numerous opportunities for improving the properties in the field of
nanotechnology. The field of research includes increased water uptake biodegra-
dation and volatile organic and improving flame resistance. Nanocrystalline cellu-
lose is one compound of focus because it has displayed a more muscular stiffness
than aluminium. Nanocrystalline as reinforcement could provide better performance,
durability, service life etc. Further research lies in overcoming the weaknesses like
moisture absorption, lower strength and low stability. Many researchers are carrying
their research in the files of bio-composites to overcome their weaknesses and to
have improved performance in engineering applications.

The incorporation of natural fibres in the processing of reliable polymers has been
a challenging task. Many research activities have proven natural fibres as a reliable
alternative as reinforcement in material science. However, there is much scope for
further research in this field to enhance the natural fibre-reinforced composites’
physical, thermal and chemical properties. Most research on bio-fibre is untapped,
and finding out the undiscovered advantages of bio-fibres is indeed a challenging
task.
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Applications
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Abstract In the modern world, polymeric composites derived from renewable
resources, such as biodegradable polymers, are sought out because of their inherent,
intrinsic characteristics, such as biodegradability, abundance, environmental friend-
liness, flexibility, and simplicity in processing. Also, manufactured artificial E-glass
fibers are unhealthy and capable of causing cancer, as proven by nature. Natural
fibers are due to their natural growth characteristics, making them more accessible to
processing and absorption of CO,. Many researchers concentrate on fibers such
as banana, sisal, bamboo, and grass to research alternatives to common natural
fibers, including re-grown brush made from grass, which is made into a polymer
matrix to degrade naturally and be eco-friendly. Natural fibers (NF) are suitable for
producing polymeric composites due to mechanical properties, such as low density,
high strength, high flexural modulus, and high impact strength. The present study
focused on Pineapple Leaf Fiber (PALF) reinforced polymer composites with a 15%
weight percentage. The mechanical properties of PALF reinforced polymer compos-
ites are compared with existing synthetic fiber composites. The experimental results
show that the PALF reinforced composites having stress ranges of 70-110 kPa;
Young’s modulus ranges of (4.81-438 kPa). The strain developed in composite
material is (11.01-13.29%), and the bending strength of the material is 14 MPa.
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1 Introduction

In the technological advancement of human beings and the environment, material
engineering plays a primary role. Composite materials are advanced engineering
materials that can have limitless application in aerospace, automotive, maritime,
civil engineering, electrical, sports, chemical, medical, etc. In reality, composite
materials compared to monolithic materials have led to significant cost savings,
strength, weight, stiffness, and life span. This is because monolithic materials alone
will not have all mentioned characteristics [1]. A composite material is a mixture
of two or more materials that are chemically bonded together often with different
properties. All of the components’ unique features and structure are maintained in
the composite. In general, the matrix and reinforcement make up the composite’s
structure. Continuous and discontinuous phases can be described as being the matrix
and reinforcement, respectively. It is the task of reinforcements to obtain the strength
of the composite and the matrix to connect the reinforcement. Matrix and reinforce-
ment materials have a familiar interface. However, composite materials typically mix
strength, weight, high-temperature efficiency, rigidity, hardness, corrosion resistance,
and conductivity that are not possible with the individual components [2].

It is known that there are small and unknown sources of goods dependent on
petroleum. So the choice is needed with inexpensive, sustainable and easily acces-
sible raw materials. Plant and fruit-growing countries are not just for agriculture,
but also for the supply of industry raw materials. Most developing nations exchange
lignocellulosic fibers to improve poor farmers’ financial conditions and assist the
country. Polymer composites containing cellulosic fibers have recently been concen-
trated in literature and industries [3]. S. Karthikeyan [4] investigated that composite
materials produced by a combination of natural fiber have good mechanical prop-
erties, making the majority of researchers pay attention to natural composites for
different applications. Mechanical properties of sisal with coir, hemp, and flax fibre-
reinforced epoxy hybrid composites are evaluated according to ASTM standards in
this work. The research community has paid considerable attention to the devel-
opment of green and biodegradable materials capable of replacing non-renewable
environmental materials [5, 6]. The extensive availability of plant fibers and acces-
sibility are the main reasons given attention to sustainable technology. Emphasis
is placed on composite materials due to their lightweight with eco-friendly, highly
specialized properties. During this century, the global production of modern natural-
resource materials has demonstrated tremendous breakthroughs in green technology
[7].

Increased needs for innovative food packaging materials that meet human require-
ments have given impetus to the advancement of nanomaterial science. The lack of
barriers and mechanical qualities of biopolymers has sparked interest in creating
innovative techniques to enhance these properties. Research and development of
polymeric materials and proper fillers, matrix to filler interactions, and innovative
formulation procedures for composites’ manufacture may have been used in food
packaging [8].
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Natural fibers have lower impact and heat stability along with high moisture
absorption rate [9]. Natural fibers have a number of limitations that can be remedied
via the hybridization approach. The hybridization process was applied by several
researchers, who discovered that it had a good influence on thermal and mechanical
properties. Two or more NFs are combined into a single matrix to create hybrid
composites. Many researchers have attempted to blend two fibers in order to maxi-
mize the favorable features of one fiber while minimizing its poor attributes as much
as possible. This NF is made up of thin fibers with strong explicit characteristics.
Unlike other reinforcing fibers, these are biodegradable and nonabrasive. However,
some disadvantages, including as incompatibility with hydrophobic polymer media,
and low moisture resistance, significantly limit the potential of NF as polymer
reinforcement [10]. However, previous research has shown that chemical treatment
approaches, such as surface modification, can improve the nature of the distinctive
fibers for more fiber—matrix bonding [11]. NFC also has enticing environmental and
economic views, as well as the ability to deal with human difficulties. Green fiber
composites have significant potential in the aerospace and automotive industries
[12]. Plant-based NF, a high-potential field for PMCs material, has lower density,
important material features and outstanding flexibility in forming due to lightweight
and cost effective products. Increased consumer demand for green technologies with
increased mechanical performance and functionality has been attracted by the use of
plant fibers in the core structure of composite materials. Fiber-based composites are
widely used for their superior characteristics in the building, automotive, packaging,
sport, biomedicine and defense sectors [13].

V. P. Wambua [14] studied the reinforced polypropylene composites of NF (jute,
kenaf, hemp, sisal, and coir) manufactured by compression molding using a film
stacking techniques. The mechanical properties of the various NFCs have been
checked and compared. A comparison was also performed with the parameters of
glass-reinforced polypropylene composites published in the various literatures. In
most cases, the specific properties of NFC have been favourably compared with
glass. W. Wang [15], studied moisture absorption of composites. This investigation
discovered that accessible fiber ratio and coefficient of diffusion permeability were
represented; the percolation model built was to calculate the critically accessible fiber
ratio; and finally, different fiber load composite moisture absorption and electrical
conductivity were evaluated.

K. Palani Kumar et al. [16] analyzed mechanical properties of artificial fiber (glass
fiber), and natural fiber (sisal) reinforced composite using the hand layup method. The
prepared sample has been subjected to various testing to evaluate mechanical proper-
ties. The study shows that hybridization of two fibers has considerable enhancement
in the mechanical properties and reduces effects on the ecosystem. The internal struc-
ture of fractured surface failure morphology and delamination of fiber has analyzed
with ultramicroscopic analysis. M. Harikishnan et al. [17] performed mechanical
properties analysis of hybrid composite with three different fiber materials such as
glass, jute, and banana fiber. The findings reveal that a jute-banana-glass fiber rein-
forced hybrid composite has outstanding qualities and can be utilized as a substitute
for composites with artificial fiber reinforcement.
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Vikas Kumar et al. [18] conducted mechanical properties analysis of hybrid
composite (jute-glass fiber with epoxy resin). The experiment is done with TiO,
as a filler material. The different weight percentage of filler material is 0%, 4% and
8%. The result shows the jute-glass fiber hybrid composite with 8% filler material has
maximum tensile strength, and 4% filler material has the ultimate bending strength.
Suresha K.V [19] conducted a study on hybrid composite is made with hemp fiber
and the artificial fibers used are glass fiber and carbon fiber. The fabricated hybrid
composite material has hemp/glass/epoxy and hemp/carbon /epoxy with the same
thickness of 3 mm through the hand layup technique. The prepared sandwich panels
were tested tensile compressive and flexural test.

Sunita. R et al. [20] studied the natural fibre-based composite with epoxy as
matrix material with horsehair and human hair as reinforcement materials. The test
result shows that the hybrid composite has better properties than each composite
material like human hair and epoxy or horsehair and epoxy. The different natural
fiber is used, and their mechanical and chemical properties compare to each other
[21]. The mechanical behaviours of glass fibers are also compared to natural fiber.
The study of mechanical property of natural fiber depends on the loading condition of
the material and weight percentage of fiber. Siva I [22] investigated coconut sheath
reinforcement in unsaturated polyester (general purpose grade). The results show
that the fiber volume fraction increases the flexural strength and hardness values,
while impact strength has reduced.

Investigation on natural fibre-based hybrid composite was performed by A. A Nair
[23]. The fibers used in this work are animal fiber (human hair) and plant fiber (coir).
The prepared three samples are pure coir fiber-based composite and coir/human hair
hybrid composite material. The flexural, tensile, compressive and impact strength of
composite materials were investigated. The result shows the investigated composite
material that is coir/ hair hybrid has better properties. Somashekar S.M et al. [24]
Developed glass and hemp fiber reinforced hybrid polymer composite. The artificial
fiber use is bi-directional, and the natural fiber is untreated. The mechanical test of
the composite is carried out with different fiber orientation. The test result shows that
natural fiber composite has better performance than glass fiber. The hybridization
of composites using jute and sisal fabrics reinforcement in epoxy by hand layup
method was investigated by Pereira A.L et al. [25]. The toughness of sisal 4+ curaua
(S + C) and jute 4 curaud (J + C) components have been found to increase through
hybridization (pure sisal and jute fabrics) due to hybridization of intralaminar has
limited crack propagation.

S. Suresh et al. [26] have investigated the cost-effective use of agricultural residues
by reinforcing coconut shell, rice husk and bagasse in PMCs. The weight propor-
tion of reinforcement particles in the composite material range (5-25 wt %) and
their effects on wear properties, water absorption and mechanical performance were
analyzed. The SEM shows that the inclusion of coconut shell, bagasse, and rice
husk particles improved mechanical and tribological characteristics. Hot-pressing
was used to create multi-layered hybrid composite films, and their performance in
electromagnetic interference shielding was investigated [27]. With the inclusion of
jute, the composites’ shielding efficiency dropped. However, the wear properties of
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composites improved with increasing jute content until it reached an optimal value
of 10% wt. After that, it began to deteriorate [27].

The superior mechanical and thermic properties of composite could be enhanced
through; PALF and Coir Fibers (CF) were mixed into a polylactic acid (PLA) matrix
that might be used as biologically degradable food packaging. Bio-composites were
produced using and a hot-press machine with different fiber ratios. Mechanical and
thermal analysis was performed, and the results compared [28]. SEM observed the
micro structural failure of the composites. All of the composites had higher tensile and
bending modules than pure PLA. In addition, strength values were increased when
PALF was added, while impact tests showed improved strength results when CF
was added. Dynamic mechanical analysis results confirmed that the CF/PALF/PLA
hybrid composite storage and loss module increased in relation to those of the clean
PLA, while the temperature declined. The added fiber reinforcement’s leads to a
coefficient of thermal expansion decreased in PLA composites. The findings demon-
strate that hybrid composites comprising CF and PALF in a 1/2 ratio (C1P1) are ideal
mechanical properties and increased thermal stability, making them appropriate for
applications in packaging and structural components [28].

Abir Saha et al. [29] examined the thermomechanical characteristics of PALF
reinforced PMCs with under the influence of micro-particular pineapple inclusion.
Constant weight fractions of PALF (30%) and five-level weight fractions (2.5—
10%) of particulates are taken to develop hybrid composites. The study includes
microparticle preparation, chemical processing (with a 5% NaOH solution) and
microparticle characterization. The results show that particulate processing has
better thermal stability and crystalline structure, which will improve mechanical and
thermal features of composites. Chemically treated particles were added to PALF
reinforced composites has enhancement in interfacial adhesion between the matrix
and the fibers will helps improvements in composites, especially thermal and mechan-
ical properties. According to the findings, 7.5% of the particle addition has the best
hardness, tensile, compressive, and flexural properties and better plane strain frac-
ture toughness. Water absorption and biodegradability test also revealed that better
water absorption and biodegradability in the addition of particulates. The SEM was
applied to study morphological behavior with particulate wt% and also analyze the
composites fracture behavior.

The hybridization improved the composites’ mechanical characteristics and mois-
ture absorption behaviors [30]. The mechanical properties of hybrid composites
(kenaf-PALF) confirmed that 10.90%, 16.13%, 6.80% improvements in tensile, flex-
ural and impact strength, respectively. In addition to that diffusion coefficient of mate-
rials was reduced to 56.12%. The hybridization of composites could help balance
the moisture sensitivity and mechanical properties. The mechanical characteristics
of a PALF-based short fiber reinforced polymer composite were investigated by
Jagadish et al. [31]. Addition of short fibers, capable of improving mechanical prop-
erties and improving their performance in every process composites of 10 percent
strengthening + 5 mm thickness than other combinations [31]. An impact on the
mechanical properties of PALF reinforced-epoxy composites was examined by the
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length and content of the fiber [32]. In this case, four composite samples were gener-
ated utilizing a hand lay-up method with four fiber length various 10 mm to 20 mm;
fiber content of 17,23, 34, and 43 vol. %. The composite tensile and flexural strength
was enhanced by 34 vol%, at 15 mm and 25 mm, 43 vol. % content has the highest
impact strength [32]. According to this study, the 60/40 wt% with 30 mm fiber length
of manufactured with ideal compression molding conditions is the most excellent
combination for obtaining a high tensile strength value. The tensile strength fell by
only 1.9 percent when compared to the projected value [33].

A unique approach for extracting PALF has been presented by Nanthaya
Kengkhetkit [34]. The extraction process enables the production of short and fine
PALF. With a cut length of 6 mm and a diameter of 3 m, the aspect ratio of this PALF
may be up to 2000 (length to diameter ratio). These properties make this PALF an
excellent choice for effective plastic and rubber reinforcing. It will be demonstrated
how to use this PALF to its full potential. This PALF could, as with other cellulose
fibers, be treated or used with a compatible or adhesion promoter on the surface.
Recent advancements will be discussed, as well as possible applications.

Ng Lin Feng et al. [35] performed a thermal compression process to manufac-
ture Kenaf and PALF-based composites. The results show that chemical treatments
increased composite materials properties. The best mechanical characteristics for
kenaf fiber and reinforced composites can be provided by 5% of NaOH and 3% silane
treatments. The results of chemical therapy have shown that composites treated with
silane have greater mechanical qualities than composites treated with NaOH. When
comparing kenaf- and PALF-reinforced polypropylene composites with its mechan-
ical characteristics, the overall results suggest that PALF composites have higher
mechanical characteristics.

To summarize the above-related literature, numerous researchers have done a
great job on composite materials as a general. However, excellent work on natural
composites is still being done due to the abundance of species addressed only by plant
researchers. This research will fill knowledge gaps and study such a new source of
materials for light mechanical applications.

2 Materials and Methods

2.1 Fiber Extraction

The fiber was extracted from pineapple leaf through hand scraping technique, rinsed
in distilled water, and dried in the sun for 1 h. The second step has to be pineapple
fiber mercerization. It has a process of treating pineapple fiber after oven with 10wt%
Na OH solution at room temperature for 24 h. Next, the fiber has rinsed with water
to remove the soda excess until PH~7 will reach. Finally, the fiber has been dried by
sunlight which is shown in Fig. 1.
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Fig. 1 Dry Pineapple fiber

2.2 Epoxy and Hardener

The commercially available epoxy [OCPOL-711 N] resin has mixed with hardener
2060. The blending of epoxy and hardener weight ratio 10:1 was used. Anhydrides,
polyamides, dicyandiamide, and other hardeners are among them. The mixing is done
in the containers. Although the bowl melting could be avoided during the process
with the tongue depressor, the bowl is prepared with nickel; the combination is done
carefully to avoid inducing any surplus air bubbles in the resin.

2.3 Hand Lay-Up Method

The mold has been filled with an adequate amount of epoxy resin mixture and layers
of pine-apple fibers (random), starting and ending with resin layers, using the hand-
lay-up method (Fig. 2). At room temperature, the amount of accelerator and catalyst
added to the resin was 1% by volume of resin. To generate high-quality random
fiber composites, fiber deformation and movement should be reduced. The mold was
subjected to a compression pressure of 50 bar (5 MPa) during the curing process.
The hydraulic press was used to gently press out the air gaps generated by the fibers,
forcing the air between the fibers and the resin, which is held for several hours in
order to produce excellent samples. Wet composite was then pressed hard and excess
resin removed and dried. The final prepared composites with 15% PALF and 85%
epoxy shown in Fig. 3.
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2 Reinforcement Optional

Fig. 3 Prepared composites [15% fiber to 85% epoxy]

2.4 Mold Release

The release of the mold is essential to prevent the epoxy from sticking to the mold
when the composite is separate. Although several types of mold releases are used
depending on the mold material and the desired characteristics of the finished part,
the most common type used for this work is paste wax and aluminium foil for better
surface finishing of the composite. The composite is dried within 2—-3 h in which the
fibers of the pineapple and the polymers adhere tightly in the presence of a hardener.
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ASTM D-3039 «

Fig. 4 Test specimens with ASTM D 3039 Standard

2.5 Experimental Test Setups

The experimental setup used for tensile, compression and bending testing is a
universal testing machine (UTM) shown in Fig. S5a—c correspondingly. The length,
width and thickness of the specimen were 250 x 25 x 5 mm given in Fig. 4. The
tensile test was performed as per ASTM standard, and the maximum machine loading
capacity was SOKN, but for each sample, it will not exceed such limit and all acting
loads are below such limits as shown in experiments. The test result shows very
good agreement with relevant literature. A compression test has performed to charac-
terize the compression strength of the PALF- epoxy composite for three test samples
prepared as per ASTM D3410 standard. The three-point bending test has performed
with maximum acting load for composite is SOKN, which have a standard size of
the specimen to be tested is length 250 mm, width 25 mm and thickness 5 mm, were
tested.

3 Results and Discussion

3.1 PALF Reinforced Composites—Tensile Test

The mechanical properties of PALF reinforced composites (tensile, compression
strength, and maximum strain) have been presented and discussed. Many variables,
such as fiber content and length, influence the mechanical properties of the composite.
The tensile test was performed as per ASTM 3039 standard using a UTM. The load
applied for such a case was 50 KN, and the specimen size was 250 mm, 25 mm
width, 5 mm thickness, and the test result shows very good agreement with relevant
literature.

Figure 6, Shows the tension test result of pineapple leaf fiber reinforced epoxy
composite stress versus strain curve of test; as stress increases, the corresponding
strain increases until the ultimate stress (100 kPa) of the specimen, then failure will
happen beyond this limit. All the three test specimens are similar fashion, and the
comparative results of stress and strain curve shown in Fig. 7.
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Fig. 5 a UTM—tensile test. b UTM—Compression Test ¢ UTM — Bending test
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Fig. 6 Stress—strain curve tensile test [sample 1]

Experiments were carried out on three specimens, each prepared as per ASTM
standards, and their strain, tensile strength, and young’s modulus values were
presented in Table 1. Tensile strength for ASTM D-3039 possesses a standard devi-
ation of 10, which mean that the observed in Table 1 tensile strength values disperse
from the mean value at a smaller range. Conversely, in the case of young’s modulus
standard deviation value is very small (1.156), which indicates that the data points
tend to be very close to the mean Young’s modulus values.

Figure 7 curve sample 1 shows the tension test result of pineapple leaf fiber epoxy
composite load versus deformation curve of test sample 1. The curve clearly shows
as the load increases, the corresponding deformation increases until the maximum
deformation (6.53 mm) of the specimen, which means beyond such limit, failure will
happen on the material. In addition to that, similar observation has found sample 2
and sample 3, the deformation values 6.27 mm and 6.42 mm, respectively. Table 2
shows that the comparison of test samples axial load versus deformations.

Table 1 Pineapple Leaf fiber reinforced composite tensile test result

Specimen no | ASTM Strain (%) | Tensile stress (KPa) | Young’s modulus (KPa)
standards
ST-1 ASTM D3039 |13.29 100 438
ST-2 ASTM D3039 | 14.62 90 436
ST-3 ASTM D3039 | 15.13 110 438
Mean 14.342 100 437.3
Standard 0.949 10 1.156
deviations
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Fig. 7 Pineapple leaf fiber reinforced composites tensile test [Stress—Strain curve]

Table 2 Pineapple leaf fiber tensile test result for load—deformation curve

Specimen No ASTM Standard Deformation (mm) Axial Load (N)
ST-1 ASTM D3039 6.53 50
ST-2 ASTM D3039 6.27 45
ST-3 ASTM D3039 6.42 48
Mean 6.40 46.77
Standard 0.1350 2.51
Deviations

3.2 Pineapple Leaf Fiber Reinforced
Composites—Compression Test

The compression test is done to characterize the compression strength of the PALF-
epoxy composite for three test samples prepared based on ASTM 3410 standard with
length 155 mm, width 25 mm and thickness 5 mm.

Figure 8 shows that compression stress versus strain plot of pineapple leaf fiber
reinforced composite subjected to compression load in universal compression testing
machine. Stress versus strain will continue until the material gets its ultimate stress
of 100 kPa. The comparative results of the other two test specimens exhibit similar
results presented in Table 3.

Figure 9 shows that compression test result of pineapple leaf fiber reinforced
epoxy composite load versus deformation curve of test sample number 1. The curve
clearly shows as the load increases, the corresponding deformation increases until
the maximum deformation (6.53 mm) of the specimen, which means beyond such
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Table 3 Pineapple leaf fiber reinforced composites—compression test result

Specimen No | ASTM Strain (%) | Compression stress | Young’s modulus (KPa)
standards (KPa)
ST-1 ASTM D3410 |13.29 100 8.14
ST-2 ASTM D3410 |12.29 95 7.52
ST-3 ASTM D3410 | 11.99 98 8.56
Mean 12.52 97.67 8.07
Standard 0.680 2.51 0.5232
Deviations
0.354
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0.254
=
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% 0.15-
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0.05 4
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0 129 235 315 413 611 815 1104 13.29
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Fig. 9 Compression test—stress—strain curve [sample 1]
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T&?ble 4 Pineapple leaf fiber Specimen No | ASTM Deformation | Load (N)
reinforced
. . Standards
composites—compression
test [Load—Deformation] ST -1 ASTM D3410 |6.53 50
ST -2 ASTM D3410 |5.53 52
ST -3 ASTM D3410 |7.56 47
Mean 6.54 49.66
Standard 1.015 2.517
Deviations

limit, failure will happen on the material. Table 4 shows the comparative test results
of the other two samples. The maximum deformation has been taken for sample 2
and 3 were 5.53 mm and 7.56 mm, respectively.

3.3 Pineapple Leaf Fiber Reinforced Composites—Bending
Test

Figure 10 shows the three-point bending test has a maximum acting load for
composite is SOKN, which have a standard size of the specimen to be tested is
length 250 mm, width 25 mm and thickness 5 mm, were tested. The bending stress
in MPa and loads in Newton’s are summarized in Table 5, which shows all results
are read from the computer attached with UTM. At the same time, each test is done
below the standard in which the UTM machine can work for composite materials;
these are recommended values for the test specimens.

0.16
0.14+
0.12+ ;/H' ‘\—0—0—0—\

0.104 f \
0.08- f N

0.06 4

0.04 .
0.02 ,_f
0.00 ._/H_/

T
0 1.25

Load (KN)

T T T T
3.01 497 510 5.21

Deformation (mm)

T
2.02

Fig. 10 Load—deformation curve for compression test [sample 1]
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T&?ble S Pineapple. leaf fiber Specimen No | ASTM Bending Stress | Max Load (N)
reinforced composites - 3
. Standards (N/mm~)
bending test
ST-1 ASTM D 7264 | 12 55
ST-2 ASTM D 7264 | 16 50
ST-3 ASTM D 7264 | 14 60
Mean 14 55
Standard 2.0 5
deviations

3.4 Comparison of Mechanical Properties

As shown in Fig. 10, a comparison of the experimental result obtained through this
research is compared with relevant literature. The properties obtained for pineapple
leaf fiber reinforced epoxy composite was comparable properties with other natural
and synthetic fiber epoxy composites.

Figure shows those comparative results of PALF reinforced epoxy composite with
existing literature [1, 15, 37]. Figure 11 shows that pineapple fiber epoxy composite
has comparable with relevant literature discussed on [1, 15, 37]. Hence elongation
of both pineapple leaf fiber reinforced epoxy composite have comparable elonga-
tion and strain with existing relevant literature. Therefore, it is better to use light
mechanical applications like packaging and bottling instead of synthetic fiber for

such applications.
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4 Conclusions

This experimental investigation to mechanical behavior of PALF reinforced epoxy
composites indicates the fiber have comparable strengths to substitute the glass fiber
epoxy composites which have strong environmental influence and cost. Therefore,
the following points are concluded finding of the research work: -

e Pineapple leaf fiber reinforced epoxy composite has better strength as compared
to other fiber reinforced epoxy composite and it has comparable strength with E
Glass and other fiber source.

e The tensile stress of PALF reinforced epoxy composite material has in the ranges
of 70-110 kPa
Young’s modulus of PALF reinforced epoxy composite was 4.81-438 kPa.

Strain of the material developed was 11.01-13.29% - Bending strength of the
material was 14 MPa.
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Bio-fibre Reinforced Polymeric )
Composites for Industrial, Medicine oo
and Domestic Applications

R. Vinayagamoorthy

Abstract Polymer based composites are nowadays in high demand due to
customized characteristics during its processing stage. In order to increase the bio-
degradability, polymeric composites are mostly incorporated with bio-fibres and
sometimes with both bio-fibres and artificial fibres in hybrid form. Many researches
have been attempted to prove that bio-fibres are on par with the artificial fibres in
terms of strengths and most of the researches have explored it successfully. Several
researches have been made in the last decade to study the characters of the bio-fibre
composites and few on the applications of such composites in different fields. Hence,
the present survey has been aimed to explore the applications of composites made
from bio-fibres, artificial fibres and under a combination of both in major areas.
This survey also show a vivid view on difficulties encountered during composite
preparation, suitability of the prepared composite and a comparative analysis on its
characters with the conventional materials for a specific application.

Keywords Applications - Bio-fibres « Hybrid composites + Characters *
Bio-degradability

1 Introduction

Bio-fibre based composite materials are prepared by using naturalreinforcements
such as plant fibres, animal fibres, mineral fibres etc. They are well proven to be the
best against the materials made of artificial reinforcements such as glass, kevlar and
carbon [1, 2]. Bio-fibres are broadly classified in to three types namely, anima fibres,
mineral fibres and plant fibres. Animal fibres are derived from the animal wastages
such as bones, furs, intestines, feathers of birds etc. Mineral are natural sources
obtained from the underground, sediments and from rocks such as asbestos, basalt,
soil, clay, gold, silver, talc, calcite, granite, limestone, marble etc. Plant fibres are
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extracted from different parts of the plant when they are destructed [3]. Fibres derived
from the stem are known to be bast fibres like flax, kenaf, bamboo, ramie, jute etc.
Fibres obtained from fruit include coir, husk, luffa etc. and fibres obtained from fruit
seeds include cotton, kapok, milkweed, linseed. Plant fibres are also obtained from
leaf which includes abacca, banana, henequen, pineapple etc. and fibres obtained
from plant roots includes vetiver, maize, marvel grass, bermuda grass etc. Apart
from these parts of the plants, several grasses have been used as fibres which include
rice, barley, corn, wheat, etc. [4, 5].

Pristine bio-fibres are not generally used as it possesses impurities and unwanted
substances hence; bio-fibres are to be synthesized before it is used as reinforcement in
composite material. This synthesis enhances the strength and other characters of the
fibre and thus elevates the characters of the entire material [6—8]. Due to the increased
usage of bio-fibres, they are produced commercially round the year. The annual
production of some common bio-fibres along with their important characteristics is
presented in Table 1. Bio-fibre based composites are used by almost all countries
around the globe. The major users are presented in Fig. 1. China being the leading
user of bio-fibres followed by India, USA, South Korea and Germany [9].

Applications of bio-fibre composites are wide. They produce commendable char-
acteristics such as high mechanical strengths to weight ratio, wear properties, water
absorption, sound and electrical characteristics. Bio-fibre composites find its place in
almost all industries like structural components in aircrafts, automobiles, ships, elec-
trical and electronic appliances, household utensils, structural elements in construc-
tion industry, replacement for human organs in medical field etc. They present survey
gives a comprehensive and avivid overview of various applications of bio-fibre
composites in major areas, their success, suitability and superiority in comparison
with the conventional materials and the reasons behind each phenomenon.

Table 1 Bio-fibre production in the world [10-13]

S. No Bio-fibres Production Density Tensile Young’s Strain at

(Tons) ( g/cm3) strength Modulus break (%)
(MPa) (GPa)

1 Abaca 70,000 1.5 980 - -

2 Ramie 100,000 1.5 500 44 2

3 Coir 100,000 1.25 220 6 15-25

4 Hemp 214,000 1.48 550-900 70 1.6

5 Sisal 375,000 1.33 600-700 38 2-3

6 Flax 830,000 1.4 88-1500 60-80 1.2-1.6

7 Kenaf 970,000 1.2 295 - 2.7-6.9

8 Jute 2,300,000 1.46 400-800 10-30 1.8

9 Bagasse 75,000,000 1.2 20-290 19-27 1.1

10 Bamboo 30,000,000 1.2 441 36 1.3
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Fig. 1 Bio-fibre users around the globe

2 Automotive Applications

Bio-fibre reinforced plastics have been mostly used as structural items in automotive
parts by major automobile manufacturers. The inner parts such as dashboard and
partitions of E-class cars are made up of bio-composites. The inner trim panels of
car door are made up of composite with 60% bio-fibre and 40% polyurethane matrix
[14, 15]. Kenaf on the other hand used along with glass as a sandwich composite
produced impeccable mechanical properties and makes it ideal for bumper beams in
cars [16]. Flax fibre reinforced plastics produced high coefficient of friction at low
wear rate during friction characterization and hence they are desirable for brakes
lining and brake pad in automobiles [17, 18]. Sound absorption is another impor-
tant phenomenon that helps a material to be suitable for sound boxes inside the
cars and the interior walls of the auditorium. Three natural fibres namely banana,
bamboo and jute have been reinforced in to the polypropylene matrix in the form
of composites. A detailed study on the mechanical and sound absorption has been
conducted and it has been divulged that, bamboo reinforced composites have exhib-
ited outstanding mechanical strengths and highest sound absorption. Next to bamboo,
jute also provides notable sound absorption whereas banana reinforced composites
showed a scanty sound absorption of 22% lesser than others [19].

Sisal fibres have been reinforced in epoxy matrix during the development of bio-
composites. An all-inclusive study on its characters has been made and recorded a
maximum tensile strength of 55 MPa, flexural strength of 86 MPa and impact strength
of 0.6 J/mm?. The composite has been developed in the form of mud guard and
bumpers for two wheelers and proclaimed that, sisal is lofty in strength as compared
to that of the conventional glass. In addition, the composite is found to be consummate
in cost reduction and weight saving [20, 21]. Like this, many interior parts of an
automobile are made up of bio-fibre composites. Some important parts are shown in
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Fig. 2. Disparate researches have been made in last decade to examine the behaviour
of bio-fibre composites as automotive parts. Some of them are listed in Table 2.

S

Centre console
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Fig. 2 Bio-fibre composites for various parts automobiles
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Table 2 Applications of bio-composites in automotive industry
S.No | Fibres/Matrix Application References
1 Jute and glass/polyester Seat backings, bumpers, luggage [22]
shelves in cars
2 Jute/polyester Body panels of prototype cars [23, 24]
Hemp and flax/polypropylene and | Floor-well panels in cars [25]
polyester
4 Coconut/ Seats and door panels in in [26]
rubber latex, Flax and sisal/ Mercedes Benz-A and E model
epoxy cars
Flax and sisal mat/polyurethane Door trim panels in Audi cars [27, 28]
6 Kenaf and flax/polypropylene Door panels and floor trays in Ford | [29]
cars
7 Flax/polypropylene Rear shelf trim panels in Chevrolet | [30]
cars
8 Roselle, banana and sisal/epoxy Visor, side cover, indicator cover, | [31, 32]
billion sear cover in two wheelers
9 Flax / High roof of cars [33]
Polyester
10 Coconut/rubber Seat bottoms, heat restraints, inner | [34, 35]
trim, backrests
11 Recycled fibrowood/polypropylene | Retainer for seat back panel [36]
12 Cotton/polypropylene Sound proofing, insulations, trunk | [37, 38]
panel
13 ‘Wood flour/polypropylene or Carrier for door panels, arm rest [39]
polyolefin and covered inserts
14 Wool/leather Seat covers and upholstery [40]
15 Bamboo/polyurethane Door panels [41,42]

3 Aerospace Industry

It has been recorded that, almost 50% of the parts of an aeroplane are made from
composite materials. The primary objective of using such materials is the optimum
strength to weight ratio. Flyer-1 made by Wright Brothers is the first one to use wood
and natural fabrics for its components [43]. Components of an aeroplane such as,
spoilers, rudders, doors, elevators, keel beams, fan blades, wings, rear bulkhead and
other interior parts are made up of bio-fibre based composites [44, 45]. Apart from
strength to weight ratio, flammability is also an important parameter to be considered
while designing parts of aircrafts. Synthesizing bio-fibre composites possessing high
flame resistance is one of the vital areas of research for aerospace industry [46].
Interior parts of an aircraft such as ceiling panels, cabinet walls, flooring etc. are
made up of carbon reinforced thermoset composites. Though thermoset composites
are good in flame resistance, they are poor in mechanical properties and also costlier
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Fig. 3 Bio-fibre composites for various parts of an aircraft

as compared to that of other polymers. Hence, the researchers looked for an alternate
hybrid composite made of bio-fibre which will balance flame resistance, mechanical
characters and cost [47].

A research on the comparison between natural and artificial fibre composite has
been made to study the suitability of materials for structural applications inside
the aircraft by using sisal, basalt and glass as fibres in epoxy matrix. It has been
divulged that, after comparing sisal-glass composite, sisal-basalt composite and sisal-
glass-basalt composite, sisal-basalt composite produced optimum strengths and other
characters as compared to that of the remaining ones and thus makes it apt for
interior parts of aircraft. Aircraft wing boxes replaced by ramie fibre reinforced
composites exhibited 14% reduction in weight as compared to that of the traditional
materials [48]. Like this, diverse parts in an aircraft are made up of bio-fibre reinforced
composite materials. Some of the parts are shown in Fig. 3.

4 Construction Industry

The Bio-fibre composites have wide applications for construction parts and they are
proven to be useful under all weathering conditions. Coir fibre reinforced composites
are deployed for producing house roofing and post boxes and the same is capable of
retaining its characters for more than 6 years [49, 50]. Bio-fibres have been utilized
as reinforcements in concrete matrix since the last decade. Though they are not on
par with the characters of steel reinforcements, they are apt for light load applications
where material cost can be saved to a notable extent. Coir reinforced panels have
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showed a high durability as they are not affected by sulphate and acid based environ-
ment. Jute fibre reinforced composites are tested for its characters and observed that,
they are apt for underground pipes. During the development of composites, it has
been recommended to keep the glass fibres as the skin layer and jute as inner layer
for trenchless storage of liquid in the underground pipes [51].In another research,
it has been proved that hemp and glass reinforced sandwich composites are more
desirable for curved pipes and it reduces the manufacturing cost by 20% and weight
by 23% [52].

Some bio-fibres when used along with a proper binder, behaves as a surrogate for
wood in structural applications. Chopped sisal and woven jute in hybrid form along
with fly ash and red mud is proven to replace wood and thus it reduces the cost of
building construction [53, 54]. Studies on the flax fibre reinforced composite reported
that, the fabricated composites are on par with the performance of conventional
wood and hence they may be used for building roofs [55]. As there is a scarcity
in wood, nowadays ply wood manufacturers are looking for alternate materials. Oil
palm fibres serves as a good alternate for wood and thus by reinforcing the oil palm
fibres in polymers, ply woods of high strength and durability could be produced in
large quantity [56]. Many indagations have been made to envisage the strength and
suitability of bio-fibre reinforced plastics for structural applications. Some of them
are listed in Table 3.

Table 3 Applications of bio-composites in construction industry

S.No | Fibres/matrix Application References

1 Rice husk/ Window frames [57, 58]
polyethylene

2 Bamboo/epoxy Ceilings, partition board [59]

3 Bagasse/ Medium density fibre board for | [60, 61]
polyester partition walls

4 Jute/Soybean oil based resin I-sectioned beams [62]

5 Sisal/cashew nut shell liquid Roofing materials [63, 64]

6 Coir, sisal and jute/cement mortar | Slabs for cupboards [65]

7 Coir/cement mortar Light weight cement board [66]

8 Bamboo / Park benches, bridge components | [67]
bamboo and fences

9 Basalt/cement mortar Horizontal beams [68, 69]

10 Jute, glass/vinyl ester Deck panels [70]




38 R. Vinayagamoorthy

5 Domestic Applications

Nowadays, bio-composites are replacing conventional plastic materials under several
circumstances. Bio-fibre is suitable for floor mattress and cushions for chair, bed
and sofas [71]. Banana fabric reinforced plastics are widely used for household
appliances such as telephone stands and furniture and this reduces the cost of the
product to a large extent as compared to that of the conventional wood and plastics
[72, 73]. In the similar way, areca and maize powder reinforced plastics produced
40% more strengths as compared to the traditional particle board and it is suggested
that maize and areca reinforced phenol composites are more preferable for domestic
applications and packaging purposes [73, 75]. Bio-fibres find disparate usages for
domestic purposes such as, carpet backing, wall decorations and yarns for woven
mats that give ravishing look. Palm fibres along with natural resin is utilised in the
form of flower pots and fruit trays. Starch and grass fibres are used for the preparation
of table wares and plates and they have the capacity of degrading before 40 days [44].
Bamboo reinforced poly lactic acid composites are made in the form of packaging
materials and it is suggested that they have the potential of replacing plastics. As
bamboo has lofty impact properties, it is apt for both rigid and protective packaging
[76]. Wood flour based composites are used for making perfume containers and
bagasse is used for making mobile phone stands. Like this there are many domestic
applications for bio-fibre composites. Some of them are depicted in Fig. 4.

6 Marine Industry

Bio-fibre composites have wide applications in marine industry. Majority of boats
which are used for recreation, fishing and transport are made up of composite mate-
rials [77]. Water absorption is one of the important parameters which must be
addressed while designing parts for marine application. As the materials are exposed
to sea water for a long time, the material should have the resistance to absorb water
and maintain the characters for a prolonged life. Generally, bio-fibres absorb water
largely as compared to that of the synthetic fibres. Hence, in order to alleviate the
water absorption, the bio-fibre must be covered by a thick layer of matrix resin along
with a gel coat. This enhances the life of bio-fibres and the composite when used for
marine applications. Based on this approach, a multi-hull has been prepared by using
flax reinforced polyester composite with balsa and cork as the sandwich cores. The
component has been tested after one year and it has been reported that, the material
perpetuate all the mechanical characters without degradation [78]. Basalt and flax
fibres have been used as skin layers during the design of a yacht desk hatch with
poly vinyl chloride as the inner core. Basalt as the upper shell provides a hard dark
surface whereas the flax at the bottom gives a brownish smooth internal surface. It
has been realised that, basalt and flax are superior in all its characters as compared
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Fig. 4 Bio-fibre composites for domestic applications
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to that of the conventional carbon reinforcements. Furthermore, the bio-fibres also
alleviate the cost of manufacturing to a notable extent [79].

A research on water absorption has been made by testing kenaf—polyester and
alovera—polyester composites with inclusions of nanoclay. It has been realised that,
the addition of nanoclay behaves like a barrier for water entry and thus elevated the
resistance to water absorption of the composites [80, 81]. Another study has been
conducted on water absorption by using luffa and coir as the reinforcements in epoxy
matrix with silicon dioxide nanospheres as the fillers. It has been culminated that,
the water absorption is significantly dwindled by the inclusion of silicon dioxide
particles. The silicon dioxide reduces the free hydroxyl group of the bio-fibres and
thus alleviates the hydrophilic character of composites. In addition, the silicon dioxide
particle enhances the bonding strength between the bio-fibres and the surrounding
matrix thereby elevating the mechanical characters of the composites to a remarkable
extent [82, 83]. Almost similar result has been disclosed in another study on water
absorption by using basalt reinforced epoxy with halloysite as the nanofillers. It has
been unveiled that the decrease in water absorption is due to the one dimensional
structure and high aspect ratio of the nanofillers that prevents the entry of water
molecules by means of tortuous path [84].

7 Electrical and Electronic Applications

Natural fibres made from animal wastes are utilized by severalresearchers as rein-
forcements in composites. Each animal fibre is special in its character and hence
they may be used for specific application. A research on chicken feather rein-
forced composite reported that, the chicken feather fibres augmented the mechanical
strengths, flame retardation, thermal degradation and peel strength. This makes the
composite desirable for development of printed circuit boards in electronic industries
[85]. Low thermal expansion, low dielectric constant, loss factor, volume resistivity
and low/high electrical conductivity are the vital characters required for electrical
applications. Bio-fibre composites are deployed as terminals, connectors, switches,
plugs, sockets, switch boards and circuit boards. The electrical properties of sisal fibre
composites has been studied and disclosed that, it has electric anisotropic character
[86, 87]. On the other hand, electronic industry uses the bi-fibre composites for fuel
cell parts, electronic packaging, interconnections, thermistors, sensor components,
interlayer dielectrics, lids, heat sinks and housings [88]. Hemp reinforced poly lactic
acid composites are used for laptop casing and protective cap for lamp bulbs are made
up of recycled paper pulp. On the other hand, coir fibre along with sepiolite rock
particles as binder provides excellent thermal decomposition and helps in elevating
the electrical conductivity of the composites. Hence coir based concrete composites
are more suitable for electrical and sensor applications [89, 90].

Electromagnetic interference is an important phenomenon which affects both
the performance of the electronic system as well as the biological system of human
beings. Metal sheets are generally used for shielding for electromagnetic interference



Bio-fibre Reinforced Polymeric Composites for Industrial, Medicine ... 41

but they have poor mechanical and corrosion properties. In order to augment its
properties, coating has been carried out by using copper, gold, silver and aluminium
resulting in elevating the cost and time of manufacture [91, 92]. In order to overcome
these difficulties, a probing has been made to study the electromagnetic behaviour of
kenaf fibre reinforced polyester composite and showed that, the fabricated materials
are ideal for electromagnetic shielding [93]. In another exploration, retted fibres are
produced by soaking the carbon in FeCls and FeCl, solutions for about 14 h. During
this process, iron oxide particles are settled on the fibre surface and the fibres are said
to be magnetized fibres. These magnetized fibres with 18% of iron particles produced
a shielding efficiency of 80% at a frequency of 11 GHz. Though it is well proven
that the composites have high shielding efficiency, it lacks in corrosion resistance.
The corrosion resistance could be aggrandized by introducing bio-fibre layers at the
extremities [94, 95].

8 Bio-medical Applications

The accomplishment of a bio-composite in medicinal field depends on disparate
factors such as, surgical techniques adopted, health condition of the patient, immune
system and life style of the patient. The compatibility of bio-composites in bio-
medical applications is a vital factor before its usage [96]. The compatibility differ-
entiates the capacity of fibre in terms of chemical, biological and physical suit-
ability. Bio-composites are suitable for implant and they must have optimum stiff-
ness during maximum loading at the implant/tissue interface [97].Bio-fibres in the
form of powders sometimes exhibit unequalled characters such that they are capable
of replacing conventional materials like stainless steel, titanium, cobalt, zirconium
etc. One such research has been made by using bio-fibres such as roselle, banana and
sisal in powdered form to make a plate for fractured bone. The research successfully
proved that, the bio-fibre based composites are capable of serving as an alternate for
conventional materials both for internal and external fixation [98, 99].

Many researchers have brought into play bio-fibres for bio-medical applications.
Pineapple leaf fibre is found to be versatile for several bi-technological usages such
as, drug delivery, medicinal implants, tissue engineering, etc. [100, 101]. Pineapple
leaf fibre based nano composites are widely used in cardiovascular implants, artic-
ulate cartilage, urethral catheters, penile prostheses, and scaffolds for tissue engi-
neering and as artificial skin [102]. On the other hand, nano fibres extracted from
flax, hemp, rutabaga and kraft pulp celluloses are tested and approved for its suit-
ability in blood bags, cardiac parts and as valves [103, 104]. Damaged and removed
tooth are nowadays replaced by using bio-composite permanent implant. Apart from
these, bio-fibre based composites also serves as a replacement for vascular grafts,
pacemakers, biosensors etc. Composites made by using collagen silk are found to be
ideal for lesioned tissues in human body. It has been observed that, an elevation in the
silk content enhances the tensile strength and modulus of elasticity of the composites
to a remarkable extent [105].
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9 Musical Instruments

Properties of materials are not constant throughout the component structure. It
varies according to its structure and other geometrical dimensions. This character is
common in conventional materials whereas, it is highly reduced in bio-fibre compos-
ites. This makes bio-fibre composites more compatible for musical instruments. Apart
from this, low production time and high resistance to environmental changes are also
observed as vital characteristics for musical instruments [106]. Bamboo and wood
fibres are widely used for developing musical instruments. Bio-fibre composites have
been used as a fill-in for wood since 1975 in the top plates of violin, guitar and other
string instruments [107]. A study on the characters of flax fibre composite divulged
that, flax fibre composites showed promising behaviour as guitar board as compared
to that of the conventional Sitka spruce [108]. Hemp and flax fibre reinforced in
polypropylene matrix has been used for developing violin boards by Jacob Winter,
a German based company. On the other hand, Blackbird, an American guitar manu-
facturer, uses linen fabric and bio-resin for developing guitar boards. It is observed
that, the linen fabric guitars produced optimum acoustic characters as compared to
that of the traditional wood based materials [109].

10 Other Industries

10.1 Energy Sector

Bio-fibre composites are playing a major role in all industries. During energy gener-
ation through solar panels, bio-fibre based hybrid composites are used as trough for
energy collection from sun. The collectors used for collecting the solar energy is high
due to its enhanced characters and this may be reduced to a notable extent by rein-
forcing bio-fibres and synthetic fillers in hybrid form without losing other properties
[110, 111]. Weight reduction of wind turbine blades is a major concern for turbine
manufacturers and this may be achieved by using bio-fibres as reinforcements. It has
been recorded that, the performance of blades made of bio-fibre composites at low
wind speeds are superior to the conventional materials and this may be achieved by
using basalt fibres in place of carbon fibres [112].

10.1.1 Ballistic Applications

Kenaf fibre has been widely in several industries due to its durability and strength. A
probing has been made to study the ballistic performance of composites comprising
kenaf as an alternate for kevlar fibres. Kenaf reinforcements have been tested by
placing it as the core layer, extreme layers and alternating layers. It has been identi-
fied that, kenaf when used as the skin layer produced consummate performance as
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compared to that of the other composites [113]. In addition it is also realized that,
the hybridization of other fibres with kenaf exhibited as negative effect on the char-
acters. In another study on the woven kenaf based composites reported that, woven
kenaf along with kevlar in hybrid form produced superior performance on ballistics
as compared to that of the nonwoven fibre based composites [114, 115].

10.2 Sporting Goods

Light weight, durability, low maintenance, thermal resistance, vibration resistance,
high strength, design freedom etc., are the important parameters to be considered
while manufacturing the sports goods. As majority of these are parameters are highly
satisfied, bio-fibre composites are found to be apt for sporting goods [116]. At the
inception, tennis racquets are made from wood based composite for its handle and
natural gut of cow for its wires. The natural gut is observed to be promising for its
strength and vibration properties. Several sporting tools such as, skis, wind surfing
plates, badminton racquets, fishing rods, swords, golf club heads, cricket helmets,
climbing ropes are manufactured by using bio-fibre composites [117].

11 Summary and Conclusion

Disparate investigations have been made since the last two decades to synthesize,
fabricate and analyse the characters of bio-fibre reinforced composites. Many studies
have also been done to assess the suitability of bio-fibre composites for specific appli-
cation and it is revealed that bio-fibre composites are apt for all such applications.
Although there are several characters for acomposite material, each application needs
some specific characters. Elevated strength to weight quotient, high biodegradability
and cost reduction are the vital characters for a composite to be used for struc-
tural application. On the other hand, weight reduction and high resistance to water
absorption are the primary characters required for marine applications. Light weight
and high manoeuvrability are the required characters for sporting goods and bio-
degradability and suitability are the vital properties for bio-medical applications. Like
this, the composite material need to be synthesized, fabricated and tested before it is
used for an application. Although, there have been many research works on diverse
bio-fibres, the way towards it is not a cul-de-sac. Still there are several bio-fibres to
be assessed for its characters and suitability. On the other hand, composites made of
both bio-resin and bio-fibre is an important area where there is no adequate probing.
Considering the bio-degradability as a major concern for technological research at
all the times, the bio-composites are the far-reaching materials that rules and save
the entire macrocosm.
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Abstract In recent years, considerable attention has been paid to the development
and use of natural fibres since they are eco-friendly, renewable and reasonably
economical. Natural fibres can be suitably used as a substitute for synthetic mate-
rials since they are lesser in weight and can conserve energy. They are available in
abundance and incur low costs during harvesting. They happen to be budding mate-
rials, and when reinforced with a suitable matrix, they can substitute metal-based
materials/composites that are presently used in aerospace and automotive indus-
tries. On the other hand, synthetic fibers are known to generate toxic byproducts and
pose issues in recycling. However, natural fibers are prone to degradation when they
are exposed to the external environment. The fibers pose a challenge while mixing
with the polymer matrix. Surface modification of fibers is effectively carried out
to overcome the weak interfacing bonding between the polymer and fibers. With
the ever-growing environmental concern and excessive usage of petroleum-based
reserves, the world is looking to develop composites that are compatible with the
environment. In order to have a healthier impact on the environment, industries are
often craving to use eco-friendly materials. The present paper focuses on the research
work carried out by various investigators for synthesizing bio fiber-based composites
aimed at using them in a variety of engineering fields.
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1 Introduction

Over the past few years, owing to the rigorous consumer’s consciousness focusing on
new products being manufactured, there has been a dramatic shift towards recycling
and green manufacturing.

The composite material first used in early days of human history was related to clay
reinforced with straw. The material was developed roughly around 3000 years ago.
The composite would be termed as natural fiber composite, but with the development
of technologies related to manufacturing while concentrating on better strength,
metals, ceramics and synthetic fibers were found to gradually replace the traditional
material using clay and straw.

Nowadays, the practice of using composites synthesized through natural fibers
has become very popular in almost all fields concerned with engineering. This may
be because the materials processed using bio fibers exhibit nearly the same charac-
teristics as conventional materials. Few features that excel for the bio fibre-based
composites would be properties related to lightweight, lesser cost of materials, and
more importantly, their environmentally friendly aspect. Day by day, consumers
are more inclined to think over products manufactured through an environmentally
friendly process. It was during this change in approach that led to the development
of composite materials. Traditional methods were supposed to be adopted during the
synthesis of new composite materials more sustainably. In Fig. 1, classification of
bio-composites are explained.

There is a need for sustainable usage of bio-composites to overcome the ecological
imbalance due to the petroleum-related synthetic-based resources. Artificial fibers
related to polymer-based composites have to be substituted by fibers available in
biodegradable and natural form. The various types of natural fibre reinforcement
methods are listed in Fig. 2.

Table 1 explains the international standards based on bio-based, biodegradable
and compostable standards. A thorough study about the applications of composites
reinforced with various natural fibers in various engineering fields is carried out
since bio fibers are available abundantly and can be renewed; they also happen to
be non-toxic and relatively cheap. Table 2 gives the broad classification of natural
fibers.

F.lg. 1 Clas.51ﬁcat10n of All Elements are from
bio-composites Green sl renewable resources

Man-Made or Synthetic
Pl fiber + Bio polymer matrix
Partlyeco [l
friendly

Natural Fiber + Petroleum-

I derived non-biodegradable
matrix
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Fig. 2 Types of natural fibre

reinforcement Particles

Aligned

Table 1 Bio-based, biodegradable, and compostable standards from the International Organization
for Standardization (ISO)

Label ISO Standard | Description

Bio-based 16620:2015 | Describes the general ideas and calculation procedures for using
the radiocarbon method to determine the amount of bio-based
material in plastic products

Biodegradable | 14852: 2018 | Specifies a method for determining the degree of aerobic
biodegradability of plastic materials by measuring the amount of
carbon dioxide released

Compostable | 17088:2012 | Specifies the methods and requirements for identifying and
labelling plastics and plastic-based products

Table 2 Natural fibre classification

Natural fibre | Cellulose/Lignocellulose | Bast Hemp, Flax, Jute, Ramie, Kenaf
Seed Cotton, Kapok
Fruit Coir
Stalk Wheat, Maize, Oat, Rice
Grass / Reed | Bamboo, Corn
Leaf Abaca, Banana, Pineapple, Sisal
Wood Hardwood, Softwood (e.g.,
Eucalyptus)
Animal ‘Wool / Hair Cashmere, Horsehair
Mineral - Asbestos, Ceramic fibres

2 Natural Fibre Reinforced Composites Have a Variety
of Applications

2.1 Coir Fiber-Strengthened Composite

The coir-based composites are extensively used in the aerospace industry and auto-
motive industry. The wings, tails and propellors in the aircraft are the specific areas
substituted by these composites. Particleboards [1], materials related to packaging
[2] and mortar prepared by cement sand [3] have been associated with the use of
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Fig. 3 Application of coir
fibre in automobile
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coir-based composites. Decks, panels, and slabs related to lightweight component
members in structural fields also indicate the use of the above-mentioned composites.
Figure 3 represents the thermal insulation provided by using coir related composites
in areas like cushioning of seats in automotive sectors [4, 5]. Researchers have also
been successful in designing water and other liquid storage tanks [6]. Considering
the research carried out in finding hardness, flame retardancy and tensile proper-
ties of polypropylene composites reinforced with coir fiber, an optimal panel design
was prepared for applications in interiors of automotive applications [7] through a
suitable weight proportion mixture of coir fiber, polypropylene powder and maleic
anhydride grafted polypropylene.

2.2 Kenaf Fibre-Fortified Composite

Polylactic acid thermoplastic, polypropylene and epoxy resin-based matrix mate-
rials fortified with kenaf fiber are used in bearings, tooling and some automotive
parts. Pultrusion and compression moulding methods are often used to synthe-
size these kinds of composites. The kenaf fibers have tensile strength and Young’s
modulus in the range of 223—1191 MPa and 11-60GPa [8]. Hybrid kenaf/glass fiber-
reinforced polymer composites showed enhanced mechanical properties with rain
erosion resistance and found suitable for aircraft application [9].

Presently, kenaf is used in the production of paper. Kenaf is found to have superior
properties in terms of toughness and improved aspect ratio compared to other fibers.
Kenaf fibers are also used in product applications such as summer forage, potting
media and animal bedding [10].

Owing to its lightweight, kenaf-based composites have reduced emissions and
fuel consumption when used in automotive sectors. The composites are also used
in Lexus package shelves. Figure 4 reveals the kenaf fiber based applications in
automotive sectors. The exterior and interior parts of automotive structural members
can be effectively manufactured. The beams of the bumper and parts related to front
end modules in automotive vehicles can be effectively used with the help of twisted
kenaf hybrid material [11].
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Fig. 4 Application of kenaf
fibre in automobile
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2.3 Ramie Fibre-Strengthened Composites

Ramie fibers are used as sewing thread, handkerchiefs, weaving canvas, fabrics
related to parachutes. The body armour and some applications in the civil field are
also linked to the usage of ramie fiber since it has nearly the same specific stiffness as
that of glass fiber. It has also used in the making of blouses, skirts, shirts and papers,
and banknotes.

The specific applications involve ramie-based fabric centric epoxy composite
bulletproof material. The conventional material used is heavier than the epoxy
composite since it comprises steel and ceramics. Socket prosthesis was also achieved
by using the fiber as mentioned earlier in epoxy matrix. Aluminium sheets were
inserted with ramie fiber in the epoxy matrix to synthesize laminated composites in
another application. Compared to aluminium, the tensile strength of the composite
is relatively improved than that of aluminium. Ramie whiskers in nano form can also
be used to prepare polymer-based electrolytes using polyoxyethylene [12]. Further,
short ramie fiber reinforced soy protein-based polymer composites can be used in
packaging and skins of appliances, whereas the long fibre-based composites can be
effectively used in transportation and structural uses [13]. Figure 5 represents some
applications in packaging related areas.

2.4 Flax Fibre-Fortified Composite

Researchers have worked on the possibility of using epoxy reinforced flax composite
in the form of tube as concrete confinement. The compressive strength of the
composite in the axial direction was superior when compared with the unconfined
concrete. The other benefit would owe to its light weight-related framework. Tube
made with flax reinforced composite covered the concrete as bridge pier [14]. Flax
based composites with vegetable oil-based epoxy resin could be used in construction
and automotive sectors (Fig. 6).
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Fig. 6 Flax fibre application LA

bicycle frame

Naturally available phenolic resin-like tannin strengthened with flax offers consid-
erable benefits by lowering the ecological footprint of lighter weight applications in
the automotive field corresponding to panels and trims of body and crash elements
[15]. Gopalan et al. [16] suggest that flax woven epoxy-based composite can also
be used in applications related to interiors of car, rail, panels of aircraft and equip-
ment related to sports. Composites with flax fibers are used in frames of windows,
decking, fencing, frame of bicycle, fork and snowboarding. Polypropylene based
flax fiber composites are used in floor trays of cars. The interior door lining panels
of few luxury cars also involve the use of flax fibre-based composites [17].

2.5 Jute Fibre-Strengthened Composite

Composite boards prepared from jute-coir are often superior when compared to
plywood boards and can be used as backing for sleeper berths in railway coaches
and fishing boats. Even the interiors of building, windows and doors have potential
applications using board processed using jute. Gon et al. [ 18] emphasised the idea of
using jute-based composites in backrest and backings of seats of vehicles. El-Sayed
et al. [19] fabricated jute-based polymer composites for bearing applications.

Toilet blocks were successfully developed with the help of jute fiber reinforced
plastic (FRP). Door shutters were sandwiched by FRP and synthesized within a short
period that find importance during the aftermath of disaster relief. Other potential
applications of jute-based composites were related to making doors using jute and
FRP. The principal materials to support them could be foam using polyurethane
and polystyrene. They can be used in construction fields like schools, offices and
labs. Resin-jute based materials were also used to develop packaging resources for
commodities like tea and fruits [18]. Gopinath et al. [20] highlighted the use of
polyester-based jute composites in paperweights, false ceilings, shower, partition
panels, tiles on roof, lampshades and bath units. Jute and phenolic based composite
found a potential application to replace steel material used in slipway primarily used
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Fig. 7 Jute fibre
applications
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for launching lifeboats since they were found to reduce the coefficient of friction.
Figure 7 represents application of jute fiber in making ropes.

2.6 Sisal Fiber-Strengthened Composite

Sisal fibers possess good strength of around 640 MPa, hence they are used in making
ropes, carpets and mats. The fibers have low density with good modulus and hence
can be potential candidates for applications in wall hangings and purses.

Swift [21] developed sisal/cement composites for structural applications. They
were suitable for cladding walls that consisted of adobe structures which were resis-
tant to earthquake. Water ducts, bins for storing grains were few other applications
of the composites. Medhi et al. [22] reported the mechanical behaviour of sisal
reinforced polymer composite and highlighted the potential to be used in industrial
and automotive sectors. The other possible applications of the composite include
laminates and construction-related material.

Researchers [23] have worked on cement-based long sisal fiber composite for their
use in panels as structural members and were found to be resistant against impact
and blast. The masonry walls which were not reinforced could be strengthened by
using the composite. Sisal fiber reinforced resin-based composite was used to prepare
brake pads that could possibly substitute pads using asbestos [24]. Glove box and door
panels of cars were prepared by using sisal reinforced polymer composites, while the
sisal/flax fibre-reinforced polyurethane-based composite was used in panels of door
trim. The interior door lining of few cars was also substituted by sisal and flax-based
composites [17]. Figure 8 represents the use of fiber in construction field.

I

Sisal fiber for construction material

Fig. 8 Sisal fibre
applications
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2.7 Silk Fiber-Fortified Composite

Silk fibers are of prime importance as natural fibers since it is found to be biocom-
patible and possess high toughness. They are used in clinical fields in the form of
braided suture threads in surgical operations. The support structure for cartilage in
medical fields also composes of silk fiber. The other fields related to the use of silk
fibers is in the textile industry. Since silk fiber is relatively costlier than most other
natural fibers, the waste obtained from the silk manufacturing industry is used as a
supporting material for polymer-based composites. The polymer composites have
the potential to be used in structural applications. The fibers are suitable as an alter-
native for glass fibers used as fortifying elements in applications like structures of
turbine and aerospace sectors [25]. Epoxy resin reinforced with silk was used as a
composite in the form of square tube energy-absorbers to check the crashworthi-
ness of passenger vehicles [26]. The composites were found to be useful in energy
absorbing applications. Figure 9 represents the use of silk fibers in making fabrics.

Since silk fibre is having superior resistance against fatigue, the composite
involving silk fibers can reduce the propagation of the crack. Silk fibers have
made bowstrings, fishing nets and wound dressings. Silk fibers exhibit piezoelec-
tric behaviour and hence could also be used as potential candidates for preparing
devices in optical fields.

2.8 Banana Fibre-Reinforced Composite

Banana fibers mixed with polyvinyl alcohol composite films were suggested as a food
packaging material since the swelling of the films reduced with the increasing content
of banana fiber in the blend [27]. Ramesh et al. [28] highlighted the importance of
the synthesized banana fiber and epoxy resin-based composite as a substitute for
fibre-reinforced polymer matrix composites since the natural fiber composite was
able to endure higher loads. Researchers have opined the application of banana and
cotton fibre-based composite in manufacturing of materials requiring lesser strengths.
Banana fibers reinforced in polymer matrix could be satisfactorily used in building
applications [29]. Venkateshwaran et al. [30] reported the potential application of
banana fibre-based polymer composite in automotive and machinery fields since the
fibers considered possessed high tensile modulus, relatively low density, and high
tensile strength.
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Banana fibers have been used in the manufacturing of ropes. Since it has natural
buoyancy, the fiber can be effectively used in the preparation of shipping cables. The
other desirable property of the fiber is its resistance towards seawater. Fishing nets,
decorative papers, cordage, cables in wall drilling operations and wall furnishings
also use banana fibers. Postcards, socks, note books, paper boards and tea bags are
few other applications of banana fibers [31].

Soybean associated polyester and epoxy matrix reinforced with banana fibers have
potential applications in transportation and automotive fields [31]. Hockey equipment
was another potential application of banana fibre-related hybrid composites that
effectively endured higher loads and could substitute the glass fibre-based composites
[32]. Fibers of banana are used in the preparation of medium weight and lightweight
composites. The composites are apt for agro-based industries.

2.9 Bamboo Fiber-Fortified Composite

Bamboo based composites are extensively used in designing interiors involving
panels and furniture. Their use is limited in automotive fields, but they are found
to have potential applications in structural and aerospace applications. Composites
with bamboo can be used in making ply bamboo and medium density boards. Bamboo
based composites have been found to have applications in the aircraft and vehicle
interiors; helmets used by bicyclists and decks prepared for leisure activities are some
other examples where the composites are widely used [33]. Bamboo fibre-reinforced
in resin have also got probable applications in architectural fields [34].

Wood interiors were replaced with bamboo-based composite owing to the strength
of bamboo and found to be ten times stronger than materials made up of wood. The
other desirable properties of the composite were low flame speed, low maintenance
and longevity.

The car-like dashboard, door panels, floor mats and cloth seats were also manu-
factured using bamboo composites. Spring chairs and stools as other applications of
the said composite in furniture [35]. Figure 10 depicts the use of bamboo fiber in
making door panels.

‘Bamboo fibre for door panels

Fig. 10 Bamboo fibre applications
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Sugarcane Bagasse for Sheets

Fig. 11 Bagasse fibre applications

2.10 Bagasse Fibre-Strengthened Composite

Sugar cane bagasse is primarily used in fuels, enzymes and feedstocks. Bagasse is
known to have low densities, and hence, structures of low weight, false ceilings,
particle boards are some applications where bagasse fibers are used as reinforce-
ment materials. Bagasse of sugarcane, oil palm and phenol-formaldehyde hybrid
composites were prepared for making thermal insulation boards.

The other applications were in the construction field involving the preparation of
cement panels using carbon nanotubes and fibers of sugar cane bagasse. The flexural
strength of the panels was found to have higher flexural strength when compared with
unreinforced cement panels. Panels of bagasse-based composites were found to have
potential applications in lightweight structures due to the economic benefits [36].
Xiong [37] observed the competitive advantages of composites involving bagasse
that do not require high mechanical properties like sound insulators. Composites
synthesized through bagasse could be used as conductive materials for applications
in the packaging industry. Heavy metals could also be absorbed by using composites
prepared through bagasse.

Anti-static and anti-bacterial material in packing applications is some poten-
tial applications of conductive composites synthesized using polyaniline conducting
polymer and bagasse. The process involved using dodecylbenzene sulfonic acid and
ammonium persulfate during polymerization [38]. Figure 11 represents the use of
bagasse in making thin sheets.

2.11 Cotton Fibre-Reinforced Composites

Cotton fibers are known for its absorbency and ability to blend effortlessly with
any fiber. They offer superior strength with durability. In thermo-acoustic insula-
tions, polymer composites reinforced with insulating cotton fibers are widely used.



Different Natural Fiber Reinforced Composites and Its Potential Industrial ... 61

Fig. 12 Wheat fibre
applications
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Recently, they have found potential applications in the automotive industries owing
to their inherent strength. Cotton fibre-reinforced polyester composites were used as
bearings involved with water cooling [39].

Unsaturated polyester and cotton fiber composite was suggested for packaging
applications due to their improved mechanical properties compared with coir and
cotton-based unsaturated polyester composite [40]. Composite plates prepared from
polyester-based resin and cotton fibers were investigated for use in structural parts
like panels and doors and found satisfactory [41].

2.12 Wheat Fiber Strengthened Composite

Elmessiry and Deeb [42] prepared wheat straw composite with resin and protein
colloid blues for applications in the flat board while hybrid composites involving
wheat straw and flax fibers were opted for potential applications as shafts having
round cross-sections. In Fig. 12, wheat fibre application is illustrated.

Further, wheat straw modified with caprolactam and polyethylene were used
to prepare composites using melt blend technique. The composites offered higher
mechanical properties since the modified wheat straw was found to have more excel-
lent compatibility with the polyethylene. The modified wheat fibres would function
as “biological steel” while forming bio composites [43].

2.13 Abaca Fibre-Reinforced Composite

Abaca fibers is regarded as one of the strongest available natural fibers. Presently,
it is used in ropes and twines. The fibre-reinforced composite material could have
potential applications in the airframe of crewless aerial vehicle. The fibre is also
used in textile industries, handicraft, gift boxes, packaging materials, decorative
accessories, wall coverings, foot wear, tea bags, coffee filters, surgical masks, caps
and orthopedic materials [44].
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The composites used as under floorings in cars had the reinforcement of abaca
fibers. Since the fibres had high flexural strengths and exhibited high resistance
against rotting, the exterior parts meant for the vehicle could pass the required
rigorous necessities related to the vehicle’s components [45].

Thermosetting plastic and abaca-based composites prepared through hand lay-
up technique were suggested for applications in chemical vessels, tanks and pipes;
however, since the fibers are associated with absorption of water, there are few
drawbacks of using the composite [46]. If they are suitably addressed, they would
have potential applications in the transport field, and the fibres could be selected
as possible reinforcement for materials in wind turbines and transport industries
[45, 47].

Sinhaet al. [48] discussed utilising polypropylene-based abaca fibre composites in
industrial and constructional applications; since the composites offered lesser trans-
verse thermal conductivity, they could be used as thermal insulators in refrigeration
components.

2.14 Oil Palm Fibre Reinforced Composites

Oil palm empty fruit bunch fibers have found applications in plywood and parti-
cleboard; oil palm frond fibers have been used in paper, pulp, biodegradable film,
downdraft gasifier and fibreboard, while the oil palm trunk fibers have been used
for making furniture. Thermoplastics and thermoset based oil palm fibre have exten-
sive applications in the field of automobile components. Components of car-like rear
parcel shell, splash shield, bumpers, plastic pellets and spare wheel could be made
by technologies offered by Malaysian Palm Oil Board through an extrusion process.
Oil palm fibers, when mixed with polyols, could produce lighter weight products
like roof insulators and packaging materials [48] as shown in Fig. 13.

Fig. 13 Palm fibre
applications
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Fig. 14 Areca fibre
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2.15 Areca Fibre Reinforced Composites

Areca fibers are generally inexpensive and generally found in abundance. The fibres
are hard and the cellular structure of the fibers are much similar to coir fibers. The
composite is suitable for preparing lightweight materials with potential applications
in office furniture, automotive body building and partition panels [49]. Some of the
applications of fibre reinforced composites are also found in the field of electrical
insulation.

The areca/betel nut fibre reinforced composites finds more significant advantages
in the latest development of composite materials such as electrical insulation, automo-
bile bodybuilding and light load applications. The composites that used treated fibers
were superior to glass fibre reinforced polyester and had nearly the same mechanical
properties as that of the glass-reinforced polyester. In applications related to low-cost
housing and packaging, areca fibre with maize powder strengthened composites were
found to be useful. The fibre of areca sheath was also used in automobiles’ interiors,
storage of grains, partition of boards, suitcases, and post-boxes [50]. The laminate
prepared by using areca fibre could be used to manufacture items like packaging
box and pen stand [51]. The flower pot stand frame was prepared using a combina-
tion of areca sheath, jute fibre, glass fabrics, and epoxy resin and had shown lesser
deformation [52]. Areca fibers also are used in making utensils (Fig. 14).

2.16 Okra Fibre-Based Composite

Okra fibre reinforced composites could be used in various parts of automobile. The
polyester-based composites with okra fibre have insulation property, hence finding
potential applications in the electrical industry [53, 54].

The bast fibers of okra which contribute to around 10 to 25% of the weight of
the plant, are usually strong and comparable to the fibers of hemp and jute. The
fibers are generally shiny and bright; the bast fibers from the stem are investigated
for their ability to act as load-bearing members in the composites. Since the hybrid
composite made from okra fibers have less weight, they are suitable for materials
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Fig. 15 Kapok fibre
application in making fabrics

in architectural and building sectors. Walkway paths, architectural landscaping and
panels for partition are few other areas where the composite can be used since they
absorb minimum water. The composite has better sound-absorbing efficiency and
resistance against shatter when compared to glass fibre reinforced composite. The
composite prepared from okra and polylactic acid was able to compost completely
after forty days in soil. This may reduce waste associated with construction and help
in the sustainability concept [54]. Onyedum et al. [S5] investigated banana and okra
fibre-based composite in bumpers of automotive cars.

2.17 Kapok Fibre-Reinforced Composites

The kapok fiber happens to be one of the lightest natural fiber available. It is lighter
than cotton fiber. It is generally called silk cotton since it lustres similar to silk.
Venkata Reddy et al. [56] synthesized polyester-based hybrid composites involving
sisal, kapok and glass fabrics and suggested the use of the composites in structural
applications like automotive interior parts.

Composite was prepared by Liu et al. [57] using kapok fibre and hollow polyester
and evaluated for sound-absorbing properties at low frequencies. In contrast, Lyu
et al. [58] used polye-caprolactone as matrix and kapok fibers as reinforcements
and composites were prepared using a suitable flame retardant through hot pressing
method. The composite was found to be suitable for applications in building mate-
rials. The kapok fibre-based polyester composites were found to be resistant to
chemical attacks [59]. In Fig. 15, kapok fibre application is represented.

2.18 Milkweed Fibre-Reinforced Composites

The stem of the milkweed plant is often used for making natural rubber, while the
seeds could be used to manufacture oil. The fiber had potential applications in the
field of textiles. The milkweed floss has been used as filling material in jackets due to
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a completely hollow center. Due to the milkweed floss’s low density, the composites
reinforced with milkweed floss were preferable for developing light weight compos-
ites [60]. The fibers of the milkweed plant could be used for reinforcing cement-based
composite structures. A higher amount of fibers per unit weight could be added due
to the low density of fibers, thus aiding in manufacturing composite structures with
lightweight is explained [61].

2.19 Pineapple Leaf Fiber Composites

Pineapple leaf fiber is generally white in colour and is smooth. The fiber is of medium
length and possess high tensile strength. The fiber is also known to have higher stiff-
ness, but it is hydrophilic due to the higher content of cellulose. Due to the incredible
mechanical properties of fibers, they could be used in preparing polymer composites,
biodegradable plastic composites and low-density polyethylene composites.

The fibers are abundantly used in industrial applications due to the ease of avail-
ability. Threads are made from these fibers for textile fabrics. Baggage, cabinets,
sports item, automobiles and mats are a few other areas where the fibers are used.
The belt, transmission cloth, conveyor belt cord, airbag tying cords, and transmission
cloth are other machinery parts prepared using palm leaf fibers subjected to surface
modification. Biopolymer’s coating, cosmetics and medicine are few other applica-
tions of using the fiber [62]. Jamaluddin et al. [63] studied the effect of addition of
palm leaf fiber in tapioca biopolymer and opined about its potential application as a
renewable and biodegradable polymer.

2.20 Nettle Fibre-Reinforced Composites

Nettle is an herbaceous plant of the Urticaceae family. The entire plant could be used
for various purposes like medicine, textile production, fodder, cosmetic and medicine
[64]. Fiber from nettle plant is used in producing threads and ropes, while the leaves
are used as vegetables. Sandeep Kumar et al. [65] worked on epoxy-based bauhinia
vahlii and nettle fibre-reinforced composite and concluded that they could be used
in products subjected to moderate tribological resistance. The composite could also
be used in products having reasonable mechanical strength.

Nataraj et al. [66] investigated on dynamic and mechanical properties of nettle
based polyester composites to check for the appropriateness of the synthesized
composite for structural applications like machine tools. Since the machine tools
operate at high speeds, high damping is preferred. The synthesized composites had
offered good damping ratio. The composite could be used in potential applications
involving automobile and aerospace applications.
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The fiber was considered for applications in gear wheels, dashboard panels of
automotive/aircraft. The nettle-based composites were suggested for applications in
machine tool structures like micro lathe bed [67].

2.21 Elephant Grass Fibre-Reinforced Composites

Elephant grass is yellowish in colour and generally grows in dense clumps in rich soil.
Studies were carried out to find the potential application of grass in the production of
biogas. Polyester resin reinforced with elephant grass was used to prepare composite
through hand layup technique. Since the density of the grass fiber was less, the fibers
find potential applications for making light weight structures [68].

Ramaiah et al. [69] synthesized composite using elephant grass fiber and polyester
resin using hand lay-up technique. The processed composites were found to be light
in weight and had good thermal insulating properties. Further, on comparing with
pure resin, the thermal conductivity and specific heat capacity of the glass fibre-
reinforced composite was always less. They were also economical; they could be
used in air-conditioners, interior parts of automobiles and electronic packages.

2.22 Luffa Fibre-Reinforced Composites

Luffa cylindrica, also known as luffa sponge, is known to have potential applications
in packaging, sound absorption, and vibration isolation. The fibers of luffa possess
good sound absorption coefficient and hence exhibit better acoustic properties. The
fruit can be used in making composite materials since it is able to offer decent adhe-
sion with the matrix due to its surface morphology. Luffa based natural composites
could be used in cars, airplanes and yachts due to their ability to isolate vibrations
and sound. Numerous researches had also projected using the luffa-based composites
in printed circuit boards and building applications [70]. Doors, fiberboard and house
panels were also some potential applications of luffa fiber composites [71]. Figure 16
shows luffa fibers.

2.23 Rice Fibre-Reinforced Composites

Rice husks are agricultural residues that are available in huge quantities during the
milling process of rice. In rural areas, it is used as a fuel. However, in the recent
times, composites were manufactured from agricultural wastes like rice husk. The ash
obtained from rice husk was mixed with cement to produce cement-based composite.

Recycled polypropylene pellets and rice husk-based composites were formed in
filaments for 3D printing applications by Maria et al. [72]. Automotive bumper was
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Fig. 16 Luffa fibre

Fig. 17 Rice husk fibre
applications

j Rice husk to Automobile components

manufactured by using epoxy-based rice straw fiber composite through filament
winding method [73]. In Fig. 17, the rice husk fibre application in automobile appli-
cation is represented. Composites manufactured with rice husk could be used as
substitute for wood. If the rice husk is properly blended with polymers, they could
be used for manufacturing plastic toys [74].

2.24 Roselle (Hibiscus Sabdariffa) Fibre-Based Composites

Hibiscus sabdariffa is a shrub pertaining to Malvaceae family. Fibers obtained from
the stem were examined for applications in particle boards, textile industries, paper
products and composite materials [75]. In Fig. 18, one of the roselle fibre application
is represented. Karakoti et al. [76] opined that the fiber from the plant could be used
in the manufacturing of polymer-based composite, particularly in light weight appli-
cations like sports goods, panels relating to interiors of automobiles and biomedical
fields.
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Fig. 18 Roselle fibre
applications

Fig. 19 Maize fibre
applications

2.25 Maize Fibre-Reinforced Composites

Maize (Corn) is a staple food in different parts of the world. Corn fiber is a byproduct
of the corn wet-milling industry. N H Sari and S Suteja [77] prepared Cornhusk
fibre reinforced polyester resin composites and communicated about its application
in exterior windows, decking, siding, and doors. Modified maize stalk fibers were
used as reinforcements in natural rubber and revealed about its possible use in the
production of shoe sole [78]. The application of maize fiber in fabric is shown in
Fig. 19.

3 Challenges in Using Natural Fibers

Natural fibers used in composites are found to absorb water and offer weak interfacial
adhesion with polymer matrix. They are subjected to degradation when exposed to
the external environment through mechanical, biological and fire means. Organisms
might attack cellulose and convert to digestible units. Hence, the interface between
the fibers and matrix will weaken and offer lesser strength in composites. Sometimes,
oxidation and reduction reactions occur through enzymes.

Degradation due to water is a major challenge with the natural fibre-based compos-
ites since they are found to be hydrophilic. They are easily able to absorb water in
the external environment due to ice, sea and sources like dew. Swelling is seen in the
reinforced composites when the fibers absorb water due to the presence of hemicellu-
loses. However, it is also observed that the composites also shrink when they dry up.
The interface between the fiber and matrix weakens when the fibers tend to absorb
water due to the presence of hydroxyl groups. Ultraviolet radiations degrade fibers
when lignin content present in the fiber is exposed to radiations. Wind, snow and
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dust also degrade the composite through the formation of cracks through mechan-
ical means. Resistance against fire is also found to be poor when the composites are
used for structural applications. Due to the thermal degradation, change of odour and
colour is also noticed in the biofibre reinforced composites [79].

4 Conclusion

Considering the challenges in processing bio fiber composites, surface modifica-
tion is effectively carried out to improve fibre surface properties, and researchers
have successfully improved the compatibility between the fiber and matrix. Several
properties that were once considered as challenging were improved during the modi-
fication of fibers. Silane treatment was used to modify some of the natural fibers and
could effectively enhance the strength and Youngs modulus of the fibers. In order
to reduce the absorption water, coupling agents were used during the synthesis of
the above said composites. For processing natural fibers, enzyme technology is used
significantly since it is considered to be environment friendly and cost-effective.

One of the exceptional features of synthesizing bio fibre-reinforced composites is
due to the fact that the mechanical properties could be custom made to such an extent
that it would rightly suit a specific application. The fiber orientation and placement
could be changed easily to exhibit either highly anisotropic or isotropic property
based on the end application.

As discussed earlier, natural fibers have been considered a substitute for non-
recyclable fibers since they are renewable, cheap, and easily recyclable. The other
advantages of using natural fibers would be owing to its high toughness, low densities
and CO; neutrality.

Further, the expense incurred in processing a bio fibre-based composite is quite
less compared to conventional materials used. The longing for making green products
is one more reason to deliberate on using the bio fibre-based composites in almost all
fields of engineering. The day-to-day improvements in technology related to synthe-
sizing bio fibre-based composites will also lead to improved product and material
features. The composites would become further diverse and venture markets that were
once considered unexplored and could be used in almost all fields of engineering.
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Biodegradable Fibers, Polymers, m
Composites and Its Biodegradability, L
Processing and Testing Methods

Magdi EL Messiry

Abstract The worldwide awareness of the environment urged the search for new
composites based on bio fibres. As a result, the focus shifted back to natural fibres,
which are biodegradable and typically less expensive than synthetic fibres.Besides,
there exists a huge amount of agricultural waste suitable to be used as bio fibre
composite materials. Such composites find a wide application, for instance in the
automotive industry, structural components, panels, noise control, acoustic wall,
agro-fibres biocomposites, wind turbine blades, and many more. Synthetic poly-
mers or eco-friendly polymers, such as poly(glycolic acid), poly(lactic acid), and
their copolymers—poly(lactic-co-glycolide) or poly(l-lactic acid), polydioxanone,
and poly(l-lactic acid), can be used to strengthen these fibres (caprolactone).The
choice of both components’ biodegradable in the bio-composites becomes crucial
from the environmental perspective. This chapter covers a wide range of topics,
including data on fibre/polymer composites and/or bio-composites, as well as the
design of fibre composites. Also, this chapter reviews the natural fibre/reinforced
polymers (NFRPs) degradability.

Keywords Biodegradable polymer - Structural designs + Bio-composites *
Poly(lactic acid) (PLA)

Abbreviations

PLA Poly(lactic acid),

PHAs Polyhydroxyalkanoates,

PHB Polyhydroxybutyrate,

PHBV Poly(hydroxybutyrate-co-hydroxyvalerate),
PCL Polycaprolactone,

PBAT Poly(butylene adipate-co-terephthalate),
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PBS Poly(butylene succinate),

PE Polyethylene,

PP Polypropylene,

PET Poly(ethylene terephthalate),

PEG Poly(ethylene glycol),

NR Natural rubber,

LCP Liquid crystal polymer,

LDPE Low density polyethylene,

LLDPE Linear low density polyethylene,

HDPE High density polyethylene,

HMWHDPE High molecular weight high density polyethylene,
MBS Methacrylate-butadiene-styrene terpolymer,
pPvC Polyvinyl chloride,

TPU Thermoplastic polyurethane

1 Introduction

The bioeconomy is defined as the activity related to the design of biodegradable mate-
rial using biological resources materials and it has been adopted widely in USA, EU,
and Canada [1]. Bioeconomy is needed for the low carbon economy worldwide. The
current bioeconomy market has been estimated at € 2.4 billion [2]. Biocomposites are
used in numerous industries to produce variety of items, such as construction mate-
rials, sporting goods, and consumer electronics. The advantage of the biodegradable
composite may be summarized as [3-7]:

using renewable biodegradable sources,

low energy consumption,

cheaper production composite,

reasonable specific strength and specific elastic modulus,
availability in many countries across the globe,
biodegradable product recycling is possible,

reuse of agricultural waste,

recycle natural fibre products.

Many countries have instituted laws to promote recycling and turned out into
green products [3] in several applications such as various civil engineering locations
including roofing and bridges, thin sheets, shingles, roof tiles, prefabricated shapes,
panels, curtain walls, precast elements. Cement bonded wood fibre formed from
wood fibres in cement matrix is used for the manufacturing of panel sheet bricks as
thermal isolators [8—16]. Table 1 gives some products of fibre/polymer composites.
The global natural fibre composites market size, valued at US$, will reach about 8
billion [17, 18]. The fibres considered are wood, cotton, flax, hemp. Wood compos-
ites are the most popular, followed by cotton, flax, and kenaf fibre. The fibres used
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Table 1 Natural fibre/polymer composite applications [3, 10-17]
Product Reinforcement | Applications | Product Reinforcement | Applications
Fibre boards | Non-woven, Automotive | Granulate of | Natural Pallets,
fabrics interiors, natural fibres | granulated packages,
furniture blended with | fibres appliances,
thermoplastic
resin
3-D shaped Natural fibres, | Automotive | Boards Agriculture Furniture,
fibre boards non-woven interiors, residues panels,
mats furniture electric wire
Medium Bagasse mixed | Solid wood | Boards Mix of natural | Boats, water
density with other replacement fiber and glass | containers,
fibreboard agricultural fibres storage
(MDF) fibres grains, etc
Pultrusion Natural fibres | Different Roof shingles | Natural fibres | Civil
profiles fabrics profiles bundles, engineering
Non-woven applications
mats
Long fibre Natural fibres, | Different Cellular Rice, sisal, Interiors in
reinforced roving or yarns | profiles as Concrete jute, sugarcane | high
thermoplastic replacement bagasse, ramie | buildings for
for solid residues weight
wood reduction
Molded Nonwoven mat | Door siding,
products automotive
industry,
panels

may be in the form of loose fibres, granulated natural fibres, natural fibres bundles,
woven fabric, nonwoven fabric, and other forms of fibrous assembly. The natural
fibre/polymer composite (NFPC) that can be made from fibres in different forms,
yarns, woven or nonwoven, knitted, braided fabrics, is used as reinforcing to form the
three-dimensional structure of the composite. The matrix is a polymer that gives the
final rigid form of the composite and protects fibres from the surrounding environ-
ment. The purpose of the matrix is to keep the fibrous structure in final form through
adhere the fibres together and redistribute the applied stress on the fibrous structure
so that the applied stress is supported by all fibres in the composite cross-section
[5, 19, 20]. Furthermore, a large amount of agricultural waste can be used to make
acceptable biodegradable composites [3, 18]. For example, agricultural waste from
wheat and rice straw amounts to roughly 710 million metric tonnes and 670 million
tonnes, respectively, per year [3, 24-27].

Agriculture and forestry produce 11.9 billion tonnes of dry matter each year, with
agriculture producing 61% and forestry producing 39% [28-33]. This is besides the
recycled waste of the textile garment (In USA 16.9 million tons, 11.15 million tons
were landfills). According to Nova-Institute [34, 35], demand for bio-composite
board materials would increase at an ascending rate. Figure 1 demonstrates the
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Fig. 1 Distribution of material flow in the cotton production chain

approximate percentage of the waste extracting during the life cycle of cotton fibres,
which indicates most of the fibres will be landfilled.

2 Biodegradable Composite

The principle of the circular economy has gained great attention in the last
decades, and environmental protection changes the scenarios of the material used
for the formation of the different parts constructions, replacing the metal materials
with composite materials, and further progress to use biodegradable composites.
Replacing manmade fibre decreases the environmental impact of composite mate-
rials. The BioSource materials and biodegradable polymers as an alternative to tradi-
tional synthetic polymers will result in the biodegradable composite. The choice of
both matrix and fibres being biodegradable results in biocomposites.
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2.1 Biocomposite Reinforcements

The composite may be constructed in various shapes from the different types of
fibres, either in 2-D or 3-D structures.

e Fibre-reinforced polymer
(short or continuous filament),
e Yarns reinforced polymer
(spun or multifilament),
e 2-D fabric reinforced polymer
(woven or nonwoven fabrics),
e 3-D fabric reinforced polymer,
e Particle reinforced polymer
(whisker, microparticles, or shopped fibres).

The construction of biocomposites can be classified depending on the shape of
the material and the layout in the composite as well as the number of layers, single
layer, or multi-layer, and finally, the orientation of the fibres in the different layers,
Fig. 2.

3 Biodegradable Natural Fibrous Materials

Biodegradable composite is the combination of the biodegradability of the natural
fibrous materials when combined with biodegradable polymers or natural resins
to form a composite material.Several species of plants can produce fibres from its
different parts, for instance from the stem: Jute, Flax, Ramie, Kenaf, leaves; from
palm: Sisal, Banana, Abaca, or Cotton. Textile reinforcement for composites totalled
$4.3 billion in 2018, with an annual average of 3.3% [5, 36]. Natural fibres are
assortedas:

¢ Cellulosic.
Seed: Cotton, Kapok.
Stem: Flax, Hemp, Jute, Kenaf, Ramie.
Leaf: Manella, Sisal, Banana, Abaca, Agave, Pineapple, Palm.
Fruit: Coir.
Wood: Hardwood, Softwood.
Stalk: Rice, Wheat, Barley, Maize, Oat, Rye.
Grass: Bamboo, Bagasse, Corn, Esparto, Canary, Rice.

* Protein.

Hair: Wool, Alpaca, Camel, Cashmere.

Secreted by the gland: Silk, Spider silk.

Bast fibres are environmentally friendly and can replace glass fibres in forming
good biodegradable composites [3]. The world production of the bast fibres according
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to the different species is given in Fig. 3. Cotton fibres represent the highest produc-
tion; it reaches 25 million tons while the bast fibres approximately 4 million tons [1,

29]. Bamboo fibres may reach 30 million tons [37].
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Fig. 4 Examples of different sources of natural biodegradable fibres [30-46]. * World annual
production

Figure 4 shows examples of the different sources of natural biodegradable fibres
[38-54].

3.1 Biodegradable Fibres Properties

Some Biodegradable fibres properties are provided in Table 2.

Table 3 provides the mechanical properties of the most used fibres for composite
manufacturing, which vary greatly according to the source of the fibre’s species and
where it was cultivated.
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Table 2 Fibres physical properties [3, 55-59]
Type of Fibre Fibre Average fibre diameter mm Density Cellulose
length g/cm’ content %
mm
Flax 33 0.019 1.45 75
Hemp 25 0.025 1.48 68.5
Jute 35 0.020 1.4 55
Kenaf 2-6 0.02 1.29 51
Ramie 160 0.06 1.48 73
Sisal 1-5 0.125 1.45 57
Banana 2.84 18.5 1.4 63
Pineapple 3-9 6 1.44 81
Abaca 6.0 0.02 1.5 60
Coir 200 0.48 1.1 30
Cotton 37 0.02 1.4 87.5
Bamboo 800 - - 35
Soft wood 33 - 1.5 42.5
Hard wood 1-2 0.022 0.75 45

Table 3 Fibres mechanical properties [3, 55-59]

Fibre Tensile strength (MPa) | Young’s modulus (GPa) | Specific Young’s Strain
modulus GPa/(g fem3) | %
Flax 500 80 41 43
Hemp 550 45 30 3
Jute 625 37 27 25
Kenaf 550 25 24 2
Ramie 915 23 15 34
Sisal 450 15.5 10.5 8
Banana 720 30 22 2
Pineapple | 1020 71 50 0.8
Abaca 700 13 9 6
Coir 140 6 52 1.1
Cotton 500 8 8.25 7
Oil Palm | 330 150 2.7 22
Bamboo | 575 27 18 3.1
Nettle 590 87 52.8 2.11
Coconut | 150 30 27 5
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The analysis of the different fibres world consumption (not included cotton) is
illustrated in Fig. 5 which shows that flax fibres are most consumed.

4 Classification of Biodegradable Polymers

As has been mentioned, the polymer can be a natural material or synthetic, its molec-
ular structure affects physical, mechanical, thermal, and other composite properties
[3, 61]. The polymer properties are a result of the mechanical entanglement between
chains and forces along with the molecules. Polymer’s different properties and its
structure define its end-use as well as the biodegradable properties of the biocom-
posites. The Biofibre composite materialscan be divided into fully biodegradable
and partly biodegradable [62], depending on the biodegradability of the matrix that
is capable of being decomposed by bacteria or other living organisms. Recently,
several biodegradable matrixesare developed [63]. Polylactide acid (PLA), thermo-
plastic starch, cellulose esters, are examples of the biodegradable polymers from
a natural source, while aliphatic polyester, aliphatic—aromatic polyester, polyvinyl
alcohol, polyanhydrides, and polyethylene terephthalate are examples of biodegrad-
able polymers from petroleum-based polymers [1]. Partly degradable composites are
those using non-degradable polymers, such as polypropylene, polyester, or polyvinyl
alcohol.

Natural biodegradable polymers are extracted from biomass or through organi-
cally modified organisms [62]. In the last decade, biodegradable polymers, especially
PLA, are widely used in the manufacturing of NFPC and other industrial products
[64]. Biodegradable polymers are classified:

Agro-polymer: Polysaccharides: starcheswheat, potatoes, maize, lignocellu-
losic products, wood, straws, chitin, chitosan, gums, alginates.
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Bacterial polymers: Semi-synthetic polymers, polyhydroxyalkanoates,
Poly  (hydroxybutyrate-co-hydroxyvalerate). = Microbial polyesters;  Poly-
3-hydroxyalcanoates, Poly (Hydroxybutyrate-Hydroxyvalerate), Poly
(Hydroxybutyrate, Poly- e-Caprolactones.

Polymers chemically synthesized: Polylactic Acid or Polylactide, Polyglycolic
Acid.

In the selection of polymers for each application, some properties are essential for
the compatibility of fibre properties, mechanical stresses applied on the composite
during services, the suitability for the manufacturing technique of composite forma-
tion. The biodegradability of the composite can be tested according to international
standards ASTM (D6400 or D6868) for duration of 90 days and up to 180 days,
according to standard specifications for compostable plastics. Some other polymer
properties are essential for compatibility with the end-use to fulfill matrix perfor-
mance under various loading conditions, the manufacturing process requirements,
and the life cycle analysis of the product.

The polymers can be either natural or synthetic, such as [3, 64]:

Natural
1. Polysaccharides

Starch
Cellulose
Chitin
Pullulan
Levan
Konjac

[\

. Proteins

Protein from grains
Collagen/gelatin
Casein, albumin, fibrogen, silks, elastin

3. Polyesters

Polyhydroxyalkanoates, copolymers

4. Other Polymers

Lignin
Shellac
e Natural rubber

Synthetic
1. Poly(amides).
2. Poly(anhydrides).
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. Poly(amide-enamines).
. Poly(vinyl alcohol).
. Poly(ethylene-co-vinyl alcohol).

. Poly(vinyl acetate).

<N N b W

. Polyesters.

Poly(glycolic acid)
Poly(lactic acid)
Poly(caprolactone)
Poly(orho esters)

8. Poly(ethylene oxide).
9. Poly(urethanes).
10. Poly(phosphazines).

11. Poly(acrylates).
A biodegradable polymer’s chemical structure is given in Fig. 6. The bio-
composites components can consist of biofibres and biopolymers.

5 Biocomposites

The biocomposites consist of two biodegradable components; biofibres and
biopolymer as illustrated in Fig. 7.

Several combinations of fibres and polymers can be used for the manufac-
turing of the biocomposites as illustrated in Fig. 8. The choice of its components
differsaccording to the composite end-use.

Fiber type, fiber volume fraction, water content, and matrix specifications deter-
mine the composite properties. The strength and modulus increase after a certain
fiber volume fraction valueminimum,about 30% [3, 67-70]. Figure 8 shows some
combinations of the biocomposites components.

Application of cellulose nanofibers increasesconsiderably on the account
oftheirmechanical and degradability parameters [71].

6 Polymer Properties

The designer should be acquainted with the followingpolymer properties to assist in
the selection of the suitable matrix for a certain application:

1. Intrinsic viscosity measurement
2. Density measurement
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Fig. 6 Chemical structure of some biodegradable polymers [3]
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Fig. 6 (continued)

10. Identification of polymer additives

11.  Adhesive properties

12.  Aging testing for plastics and polymers
13. Chemical resistance testing

14.  Environmental testing

15. Ballistic properties

16. Chromatography analysis of polymers
17.  Mechanical properties of polymers

18. Mold shrinkage determination

6.1 Polymer Testing Methods

The polymers with different properties, such as the length of the polymer chain and
chain structure, are used to form the matrix. There are thermoset and thermoplastic
polymers [1]. When the thermoplastic polymer is heated, the de-bonding between
chains occurs and the viscosity of the polymer increases, on the contrary to thermoset
polymers—on heating of the polymer no movement between the molecules. The
International standards used for polymer tests are given in Table 4.
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7 Biodegradation

Synthetic

Polyanthuses,
Polyanhydrides, Polyester
amides, Polyamides,
Polylactide acid (PLA),
Thermoplastic starch,
Cellulose esters,
Poly(glycolic acid),
Poly(lactic acid), and their
copolymers —Poly(lactic-
co-glycolide),

Poly(l-lactic acid),
Polydioxanone,
Poly(caprolactone)

M. EL Messiry

Natural

Chitosan,
Alginate, Guar
gum, Starch,
Carrageenan,
Albumin,
Gelatin, Soya

Biodegradation is the ability of materials to break down to get disintegrated under the
effect of the action of microorganisms, bacteria, fungi, enzymes, therefore thedete-
rioration of material structure [72, 73]. Choice of the type of fibre for biocomposites
will mainly depend on its properties, suitability for end-use, and cost. The ideal life

cycle of the biodegradable composite may be as given in Fig. 9.

As biodegradable materials, they must completely decompose within a short time
after disposal—typically a year or less. Biodegradability of some materials is given
in Table 5, which indicates that the biodegradable time of material depends on the
surrounding media, and it may vary between few weeks to several years.

In some cases, such as in the case of nylon fabric, it needs 30—40 years for
biodegradation time. Biodegradability processes pass through two phases [76].



Biodegradable Fibers, Polymers, Composites and Its Biodegradability ... 89
- 3
- <: Biofiber Flax/PLA
Jute, Flax, Hemp, Sisal, reinforced Jote/
Kenaf etc. biopolymer PLA
o R
o | st N
glue
PBAT
NR |
.;I Natural polymer |
Fig. 8 Types of biocomposites
Table 4 Polymer testing methods
Test ASTM | Test ASTM
number number
Intrinsic viscosity measurement | D4603 | Creep D7337
Density measurement D792 Glass transition temperature (TG) | D7028
Tensile properties D3039 | Thermal expansion properties D696
D5083
D638
D638
Chemical family E1252 | Deflection temperature under load | D648-01
E168,
Flexural strength D7264 | Moisture absorption D5229
Thermal properties Chemical resistance
Compression D6641 | Flammability E2058-13a
D3410
D695

1. Polymer undergoes significant weight loss, reduction in molecular weight, and
fragmentation of soluble low molecular weight compounds.
2. Low molecular weight compounds degraded into CO2, water, and cell biomass
(in aerobic conditions), and CH4, CO2, and cell biomass (in anaerobic

conditions).

Biodegradability testing may be either aerobic (with oxygen available) or anaer-
obic (no oxygen available). The following equations indicate these two processes,
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Fig. 9 Ideal life cycle of compostable, biodegradable composite

Table 5 Biodegradability of some materials [74, 75]

Material Time (Terrestrial environment) Material Time

(Marin environment)
Paper Two to five months Paper towel Two to four weeks
Cotton T-shirt Six months Newspaper Six weeks
Wool socks One to five years Cotton gloves | One to five months
Nylon fabric Thirty to forty years Wool gloves One year
Plastic bags Plywood One to three years

where Colymer T€presents either a polymer or a fragment that is considered to be
composed only of carbon, hydrogen, and oxygen [77].

* Aerobic biodegradation.
Cpolymer + O2C02 + HZO + Cresidue + Cbiomass + Salts.

* Anaerobic biodegradation.
Cpolymer CO2 + CHa+ Hy0 + Cresigue + Chiomass + Salts.

The biodegradation process is accomplished when the polymer is completely
transformed into gaseous products and salts.
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Table 6 Bacteria and enzymatic for degradation of polymers [81]

91

Bacteria Enzymes Polymer
Pseudomonas sp. E4 Alkane hydroxylase | LMWPE (Polyethylene)
P. putida AJ Alkane hydroxylase | Vinyl Chloride (Polystyrene)
P. chlororaphis Polyurethanase Polyester, Poly urethane (PUR)
P. aeruginosa Esterase Polyester, Poly urethane (PUR)
P. protegens BC2 12 Lipase Polyester, Poly urethane (PUR)
P. fluorescen Protease Polyester, Poly urethane (PUR)
Pseudomonas sp. Lipase Polyethylene terephthalate PET
Pseudomonas sp. AKS2 | Esterase Polyethylene succinate PES
P. stutzeri PEG dehydrogenase | Polyethylene glycol (PEG)
P. vesicularis PD Esterase Polyvinyl alcohol (PVA)
R. arrizus Lipase Polyethylene adipate (PEA), Poly butylenes
succinate (PBS), and Polycaprolactone (PCL)
P. stutzeri Serine hydrolase Polyhydroxy alkanoate (PHA)
Tremetesversicolor Laccase Nylon, polyethylene (PE)
Rhodococcusequi Aryl acylamidase Polyethylene (PE),
Polyurethane (PUR)

It was revealed that the biodegradability of the material depends on the microbial
effect and is influenced by the availability of oxygen, temperature, and the availability
of water in the surrounding environment. The aerobic degradation in the presence of
air will convert into CO2 water and biomass. While in the absence of air it will be
converted into CH4, CO2, traces of H2and H2S, and cell biomass [78, 79]. The degra-
dation of the polymer differs according to its chemical structure. The CO2 production
is accelerating at the beginning of the test till it reaches a plateau level as shown in
Fig. 9. The time taken to reach the fixedvalueof CO2 development in the test was
about 75-90 days [80]. Polymer with a high melting point is not expected to disinte-
grate. Factors, affecting microbial degradation, are moisture, potential hydrogen pH
value, temperature [81, 82]. Table 6 gives the types of bacteria and enzymes used in
the degradation of the different polymers [81].

8 Natural Fibre Biodegradations

The biodegradation of a material takes place in three steps: degradation, change in
the properties of the material, digest of the material. The degradation rate of cellulose
material not only depends on the presence of microorganisms and the availability
of oxygen [76] but also the physical properties of natural fibres that, in its turn, are
mainly determined by the chemical and physical composition. Growth of microor-
ganisms is used in decomposition of substrate depends on several factors [83],and the
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addition the enzymes results in damaging the structure of the fibres. Biodegradation
percentage is evaluated using the following expression:

= (mg of CO,produced/mg of CO; theoretical) x 100

Figure 10 shows the percentage of degradation as a function of time. The loss in
weight of the sample starts at a high rate and slows down till it reaches a platform
after 100 days.

In the case of the natural fibre (cotton, flax, jute, ramie) or regenerated fibres
(viscose rayon, cellulose acetate), the fibre degradability depends on its internal
structure, the degree of crystallinity, the cellulose percentage, and the fibre internal
structure. The high crystallinity is the degradation rate [84]. Figure 11 shows the
percentage of degradation of some fibres after 40 days [72].

Soil test, according to the ISO 11721- 1:2001 and ISO 11721:2003 standard] [85]
for biodegradation of cellulosic fabric requires three months.It was revealed that jute
and flax are more biodegraded than cotton. The weight loss of the sample after a
degradation time of 3 months is shown in Table 7.

It was found that the degradation of the fibres starts at the surface and proceeds
inside the fibre structure. The highly crystalline fibre structure will slow down its
degradation [86].

Fig. 11 Percentage
degradation of fibres after
40 days [72]

Percentage of degradation
after 40 days
= N w S (%) D ~
o O o O o o o

o

Viscose rayon Cotton Ramie

Type of fiber
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months Hydrophilic Hydrophobic
Cotton 38.69 40.97
Flax 30.27 28.08
Jute 38.79 41.94
Wool 33.16 14.92

9 Degradation of Biocomposites

The composite biodegradation depends on both fibre and polymer biodegradation.
With the addition of natural fibre to the biodegradable polymer, the polymer proper-
ties and biodegradability of the resulting composites can be changed in comparison
to the base polymer [76]. Crystalline structures of the polymer are responsible for
the slow degradation of polymers. For example, use polypropylene as a matrix,
the composite percent of degradation reaches 5% of that of natural fibre [80].From
the experimental results of biodegradability, when using Polylactic acid (PLA) as
a matrix for flax and rice husk, the addition of natural fibres slightly improves the
biodegradability of Polylactic acid. Again, the use of Kenaf/Polylactic acid composite
has a more significant effect on the biodegradation rate than in the case of rice
husk/Polylactic acid composite [87]. Polymer biodegradability, standardized testing
procedures may be carried out according to (ISO)or (ASTM) standards [88, 89].

Biodegradable composites offer great potential for achieving green, high-
performance composites. However, PLA is degraded at a slow rate, ultimately staying
at 33% at the end of the 100-day degradation [90, 91].

10 Methods for Determination of Biodegradation

The biocomposites have undergone remarkable improvements to be used for high-
performance applications [76].Different standard methods have been applied to
evaluate biodegradability as given in Table 8.

Test products are assessed for key chemical properties relating to the material’s
carbon content and then added to the method test chambers for analysis. Standards
are measuring carbon dioxide (CO2) emissions or oxygen consumption under envi-
ronmentally controlled conditions [92-95]. Biodegradation Testing for Compostable
Solids includes ASTM D6400, ISO 16929, and ISO 14855. ASTM D6400 is most
often used for composite and also as recommended composability method. The
ISO standard organization has several other standards such as ISO 14855 and ISO
17556:2003.
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T.able 8 Stz.mdards for. . Standard No Test duration Standard No | Test duration
biodegradation determination
ASTM D5338 | upto 180 days | ISO 9439 28 days
ASTM D5864 | 28 days ISO 14593 | 28 days
ASTM D5988 | 6 months I1SO 14851
ASTM D6400 1SO 14852
BS 8472 ISO 14855 | 180 days
1SO 28 days
17556:2003

11 Testing Methods for Natural Fibre/polymer
Biocomposites Materials

11.1 Composite Materials Testing Methods

Generally, the mechanical testing of composite material includes:

1. Tensile strength

2. Compression

3. Flexure/bend strength
4.  Puncture strength

5.  Tear resistance

6.  Peel strength

7. Shear strength

8. Delamination strength
9.  Bond strength

10.  Adhesion strength

11.  Creep and stress relaxation
12.  Crush resistance

13.  Impact strength

12 Torsion

Depending on the application of the polymer and the composite end-use, the test
should be chosen. Table 9 gives some basic tests and testing methods for character-
ization of composite properties that depend on the end-use to provide the required
knowledge for a designer of a composite material.
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Table 9 Composite testing

Test ASTM Test ASTM
Moisture absorption | D570 Compressibility D3410
Impact D7136/D7136M | Density measurement | D1505-68,
D3763 D 792
D 5628
D256
D1822
Fibre push-out test STP1080 Compression D 6641/ D 6641 M-01
D 695-96
D7137
D 3410
Fibre pull-out D7332/D7332M Shear D5379
D7078
D3518
D3846
D5379
Three points flexural | D790 Fire calorimetry E 1354
Tensile testing D882 Flammability D635
D5083
D3039 / D3039M
Adhesive strength D 5379
D 5656

13 Examples of Biofibre Composites Applications

Biocomposites have several new applications. Table 10 gives some examples of the
biocomposites application.

In the straw fibre biocomposites different matrices can be used for example,
with wheat straw it can be Wheat Gluten, Poly(3-Hydroxybutyrate-Co-Valerate),
Natural Rubber, Polypropylene; for Wheat husks, Poly(Lactic Acid);for Rice
husk, Poly(3hydroxybutyrate) and Poly(Lactic Acid);for Cornstalk, Natural Rubber,
Poly(Lactic Acid); and for Corn husks, Polyethylene, Polypropylene [106—114].

13.1 Processing Methods of Biocomposites

The following is a list of technologies or approaches having implications for the
increased use of natural fibres, Table 11. Film stacking, injection molding, and
compression molding are the most widely used manufacturing methods.

Several factors affect biocomposites performance, such as processing method,
fibre properties, fibre laying, fibre moisture, natural fibre assembly form (loose fibre,
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Table 10 Examples of biofibre/polymer composites applications
Material Composite Applications References
Wood raw wastes (WPC) | Wood/plastic Possibility of using waste | [96]

and particle size of wood | raw materials for WPC

sawdust products, like decking and
railing systems,

‘Wood/natural fibre Wood/natural fibre-plastic | Have great opportunities [97]

composites (WPCs) in residential and
industrial sectors, oriented
strand board, angles and
lam-innated veneer
lumber, wood I-joist,
decking, railings, and
window/door lineals,
siding, roofing, and
industrial decking

Straw fibre Biocomposites with Bio-composite boards [98-104]
agricultural wheat straw fibres
wastes
Husk fibres Husk fibre/ polymer Sound absorber [102, 103]
Biocomposites

Table 11 Examples of Natural fibre/Polymer biocomposites and methods of manufacturing [3,

115, 116]

Reinforcement Manufacturing Reinforcement Manufacturing
Technology Technology
Non-woven Molding under hydraulic pressing | Natural granulated | Melting and
fabrics fibres composting in the
twin-screw
extruder
Natural fibres, Extrusion molding, Agriculture waste | Extrusion

non-woven compression molding (single-screw)
and compression
molding
Fibers and bagasse | Fibre de-fibreized format Fibres (jute, sisal, | Pultrusion
blend formation ramie) fabrics, or
hybrids
Fibres in roving or | Extrusions with feeders of yarns | Natural fibres Concrete
yarn forms bundles, manufacturing
non-woven mats, | technology
bagasse
Non-woven Resin transfer molding Rice, sisal, jute, Sinterization at

sugarcane bagasse,
ramie residues

high temperatures
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Table 12 Chemical structure of biodegradable polymers [3]

Polymer

Chemical structure

PLA:Poly(lactic acid)

i
s

HeC

PHB: Polyhydroxybutyr-
ate

CHs

PHB:Poly(3-hydroxy bu-
tyrate) or

PCL:Poly(g-caprolactone )

PHAs:Polyhydroxyalkano
ates

PHBV:
Poly(hydroxybutyrate-co-
hydroxyvalerate)

PCL: Polycaprolactone

PBAT:Poly(butylene
adipate-co-terephthalate),

0. _CHy _CH; _C
CcH, CH, CH,

0 0 o 0
%o—é«@—g—o-fcm)gu—g-(m,}ﬁ}

PE: Polyethylene
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Table 13 Examples of biocomposites constitutes [3, 10, 11, 24, 101, 109, 117-124]

Polymer

Polypropylene PP Flax, Coconut Husks, Hemp, Jute, Palm, Sisal,
Sugarcane Bagasse, Wheat Straw

Poly(lactic acid) (PLA), Polycaprolactone Sugarcane Bagasse
(PCL) and Copolymers of PLA-PGA (PLGA)

Starch Agricultural waste, Pseudo Stem
Soy protein Sisal
Poly(lactic acid) Flax, Hemp, Jute

yarns, woven, nonwoven, knitted fabric), composite structure (single laminate, multi-
laminate), porosity, type of polymer and its properties. In the present time, biopoly-
mers have been found an expanding application in the processing of biocomposites.
The chemical structure of the biodegradable polymers is given in Table 12.

In the literature, several applications using biodegradable fibres or waste using
different types of biopolymers were intensively investigated [3, 11]. Table 13 gives
some application of biocomposites constitutes.

A new trend has arisen where two or more polymers are being selected as matrices
for composite applications to get better results over individual biopolymers ones, such
as PBAT/PBS blends [125].
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Abstract Green composites are sustainable materials that are composed of
biodegradable polymer and naturally occurred fibre. These biodegradable green
composites are light in weight and possess fairly good mechanical properties. The
incorporation of a higher percentage of natural fibre into the polymer, selection
of suitable coupling agent and treatment method, to name a few, makes it quite
challenging to develop green composites. Also, the mechanical response of these
composites is determined by many factors such as fibre-matrix bonding, surface
treatment of fibre, fibre weight ratio, addition of various additives, and fibre aspect
ratio. It is a dire need to develop green composite with superior mechanical prop-
erties to extend their application in various engineering fields. In the present study,
bamboo in different forms like strip, short fibre, and woven mat was reinforced with
biodegradable polylactic acid (PLA) to develop the green composites. The different
forms of bamboo chosen for investigation were also chemically treated. Two types
of chemical treatments were performed using sodium hydroxide (NaOH) and potas-
sium hydroxide (KOH) to improve the surface characteristics of the different forms of
bamboo. The green composite developed in this study was manufactured by compres-
sion molding. The properties of chemically treated and non-treated green composite
specimens were experimentally evaluated and compared.

Keywords Green composite + Short fibre - Woven mat + Strip - Chemical
treatment - Tensile and flexural properties

1 Introduction

Composite materials are preferred as the most affordable materials because of their
multifunctional properties like (a) high strength, (b) high modulus, and (c) low density
as compared to the traditional materials. Two or more materials having different prop-
erties are mixed together to obtain composite materials. As a result, the characteristic
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of the resultant composites is quite different from individual constituents. The utility
of the green composites has increased tremendously in recent times due to the nonen-
vironmental friendly behaviour of the synthetic composites. Green composites are a
mixture of biodegradable polymer and natural fibre and thus can be disposed to the
environment [1-3].

Polylactic acid (PLA) is a largely produced biodegradable polymers in the world.
The striking features of PLA are (a) high strength, (b) high modulus, (c) high stiff-
ness, and (d) less energy is required for processing. PLA is extracted from renewable
sources like (a) corn starch, (b) cassava roots, and (c) sugarcane. Because of the trans-
parency, biodegradability, and good mechanical properties, biodegradable polymer
PLA is extensively used in various applications like (a) food packaging, (b) medical
and healthcare, and (c) structural and textile applications.

Green composites composed of PLA and natural fibre has promising mechan-
ical performance as compared to the composites composed of synthetic fibre and
polymer. Rawi et al. [4] evaluated the different properties of compression molded
green composites composed of PLA and bamboo fibre. The composite properties
were better in warp direction of the fiber than the weft direction. The maximum
braking force in the weft and warp and directions were 355 N and 649 N, respec-
tively. Porras and Maranon [5] studied the properties of green composites of PLA
reinforced with woven bamboo fabric by compression molding. The composite of
transverse bamboo fabric attained better mechanical properties than the longitudinal
bamboo fabric composite. The maximum modulus and strength of the composite
were 1.75 GPa and 77.58 MPa. The modulus and strength properties of the same
composite under flexural loading were 1.2 GPa and 149.34 MPa. It was also stated
that the composite properties were better than the neat PLA. Sukmawan et al. [6]
fabricated cross-ply green composites using chemically treated bamboo by compres-
sion molding. The maximum modulus and strength of cross-ply (0/90) composite
were attained as 10.5 GPa and 223 MPa. The strength and modulus properties of
composite were enhanced by 7.2 and 4.9 times when compared one-on-one with
neat PLA. Wang et al. [7] used compatibilizer to study its effect on the perfor-
mance of bamboo flour/PLA composites manufactured by means of compression
molding. The composite properties were improved because of the addition of PLA-
g-glycidyl methacrylate (GMA) compatibilizer when compared with composites
without compatibilizer. The properties were improved with an increase in the compat-
ibilizer to 15 phr, after that gradual decrement was noticed. At 15 phr of PLA-g-GMA,
the maximum modulus and strength of the composite reached to 6.3 GPa and 60 MPa
with an increment of 44% and 135% as compared to non-compatibilized composite.
The addition of compatibilizer resulted in even dispersion of bamboo flour. Kang and
Kim [8] studied the properties of saline treated bamboo/PLA fabricated by compres-
sion molding. By increasing the bamboo fibre content by 10%, 20%, and 30%,
the maximum tensile strength achieved was 16.2 MPa, 11.8 MPa, and 15.0 MPa.
The tensile strength of different composites showed 50% lower than neat PLA. The
surface modification was quite useful to extract lignin which affected the strength
of the composite. The flexural properties were also deteriorated as compared to neat
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PLA. Lee and Wang [9] used bio-based coupling agent to study its effect on the prop-
erties of bamboo/PLA manufactured by compression molding. With an increase in
the NCO content to 0.33% to the composite of bamboo/PLA (70/30%), the strength
and modulus improved from 29 to 49.2 MPa and 2.66 to 2.94 GPa. Kumar et al.
[10] fabricated bamboo/PLA/cloisite 30B hybrid composite to evaluate its proper-
ties. The performance of the hybrid composites showed better than the neat PLA and
bamboo/PLA. The maximum modulus and strength (tensile) of the hybrid composites
were 4.87 GPa and 48.56 MPa. Whereas the maximum modulus and strength under
flexural loading were obtained as 7.62 and 78.11 MPa. The fibre-matrix adhesion
was improved due to the addition of nanofillers. This resulted in better properties of
the hybrid composite. Li et al. [11] analysed the effect of interfacial compatibiliza-
tion on the performance of bamboo/PLA green composites. Alkaline (NaOH) treated
bamboo/PLA performed better in terms of tensile strength (19.43 MPa), modulus (5.1
GPa), and elongation at break (5.59%). These properties were increased by 20.7, 13.3,
and 30.1% as compared to nontreated fabric composites. NaOH treatment of bamboo
fibre improved the contact area between individual fibres by removing the impurities,
hemicellulose, pectin, and waxes. Kobayashi et al. [12] fabricated bamboo (contin-
uous fibre)/PLA composite by compression molding and studied the effect of mold
condition on the performance of the composite. Both strength and modulus were
increased as the mold temperature increased to 190 °C. Fazita et al. [13] investigated
the recycling and biodegradability of compression molded bamboo/PLA composite.
The tensile properties of the recycled composite deteriorated whereas the flexural
properties were improved when compared with nonrecycled bamboo/PLA compos-
ites. The decrement in the tensile properties was due to remolding the matrix in the
process of recycling. The shortened and dispersed bamboo fibre was the result of
an improvement in the flexural properties. Chen et al. [14] studied and implemented
a new method to improve the bonding characteristics between the polymer (PLA)
and fibre (bamboo). A substantial improvement in the tensile properties was noticed
by the addition of epoxydized soyabean oil (ESO) to the composite. The interface
layer of ESO caused an effective load transfer. Dehghan et al. [15] investigated the
effect of heat treatment and bamboo mesh size on the performance of bamboo/PLA
composites. The modulus of elasticity was increased with the addition of 35% to
55% bamboo due to higher contact area between the fibres. However, the strength
was decreased by the addition of 35% to 55% fibre. The decrement was due to the
insufficient load transfer and poor fibre-matrix adhesion. Qian et al. [16] varied the
fibre content to study its effect on the properties of bamboo/PLA manufactured by
compression molding. The addition of bamboo particles created poor surface interac-
tion. Thus, the properties of the composite dropped down when compared with pure
PLA. The addition of ultra-fine bamboo fibre resulted in achieving better mechanical
properties than the composite of bamboo particles/PLA. Srisuk et al. [17] fabricated
the composites composed of bamboo charcoal (BC) as reinforcement and PLA as a
matrix by varying the weight ratio of the fibre. The addition of BC to PLA improved
the mechanical properties. The addition of more BC to the composite resulted in
a decrease in the strength of the BC/PLA composites. Qian et al. [18] examined
the effect of alkaline pre-treatment on the performance of bamboo/PLA composite.



110 K. Debnath and G. S. Rao

NaOH treatment of the bamboo fibre resulted in an improvement in the properties
of the composite. The modulus and strength of the nontreated bamboo/PLA were
noted as 406.41 MPa and 36.67 MPa. The composite attained the maximum strength
and modulus as 44.21 MPa and 668.3 MPa with an improvement of 20.56% and
64.44% as compared to nontreated composite due to the treatment of bamboo for
3 h. Lin et al. [19] investigated the influence of synergetic and alkali treatment on the
properties of bamboo/PLA. Compared to the nontreated bamboo/PLA, the flexural
and tensile strength of dopamine treated bamboo/PLA was improved by 13.6% and
22.6%, respectively. The addition of dopamine modified the chemical links between
the matrix and fibre, as a result, the stress resistivity of the composite was improved.
Wang et al. [20] studied the performance of PLA filled with chemically treated
bamboo fibre. The elongation and strength of the NaOH treated composites under
tensile loading was improved by 49% and 84% whereas a noticeable decrement
was observed in the tensile modulus by 21%. Zuo et al. [21] studied the effect of
the compatible interface of nano-SiO, on the properties of bamboo/PLA compos-
ites. The uniform dispersion of nano-SiO; particles resulted in improved tensile
properties. The energy absorption rate and stress distribution between the matrix
and fibre was improved with the nanoparticles content. Rizal et al. [22] studied the
degradation behavior and properties of bamboo cellulose nanofibre reinforced with
PLA-chitosan matrix-based bio-nanocomposite. The modulus and strength of the
PLA/chitosan matrix with 5% bamboo fibre biocomposite exhibited peak values of
89 MPa and 8.5 GPa. Whereas the strength and modulus of neat PLA were 65 MPa
and 2.5 MPa. In comparison to pure PLA, the similar bio-composite showed an
incremental trend in flexural strength from 70 to 91 MPa. It was also concluded
that the addition of bamboo nanofibre improved the compatibility which led to even
stress distribution throughout the composite interface. Nurnadia et al. [23] evaluated
the properties of bamboo/PLA-based green composite by implementing Taguchi
Lo experimental plan for optimization. The bamboo/PLA composite attained the
strength and modulus of 49.33 MPa (tensile strength), 0.79 GPa (tensile modulus),
69.87 MPa (flexural strength), and 2.9 GPa (flexural modulus). These properties of
composites were obtained at fibre size of 150-250 pm, fibre loading of 30%, and
mold temperature of 190 °C. At this parametric condition, a homogeneous dispersion
of bamboo fibre on the PLA interface was noticed. Ochi [24] analysed the influence
of mold temperature and bamboo fibre content on the performance of long bamboo
fibre/PLA-based green composite that was fabricated by hot-press compression. The
maximum flexural modulus and strength of the green composite were 6.83 GPa and
273.28 MPa which were obtained by maintaining the mold temperature as 160 °C
and fibre loading as 70%. Quin et al. [25] analysed the effect of maleic anhydride
on the performance of bamboo particles/PLA composite fabricated by hot pressing.
The NaOH treated bamboo/PLA composite with 1% MAH exhibited improved prop-
erties. With an increase in the MAH content to 2.5%, the authors noticed a decre-
ment in the properties due to the high oxidation effect with the compatibilizer. As a
result, molecular chain mobility was increased and an observable decrement in the
crystallinity was resulted in degrading the mechanical performance.



Role of Different Forms of Bamboo and Chemical Treatment ... 111

Fig. 1 Different forms of bamboo a strip, b woven mat, and ¢ fibre

It is clear from the above discussion that most of the researchers focused on
evaluating and improving the mechanical performance of PLA/bamboo composites
consisted of bamboo fibre. However, the performance of different forms of bamboo
like bamboo strip, short bamboo fibre, and bamboo in woven mat on the proper-
ties of resultant PLA/bamboo composites has not been compared and thoroughly
investigated. Thus, this study presents a comparative analysis of mechanical prop-
erties (tensile and flexural) of PLA/bamboo composite composed of different form
of bamboo (strip, short fibre, and woven mat). The different form of bamboo was
also treated chemically to study the effect of different treatments on the mechanical
performance of the engineered PLA/bamboo composite.

2 Experimentation

2.1 Materials

The pallet form of PLA used to develop the composite was collected from Natur
Tec, India. Both glass transition temperature and melting temperature of the PLA
are 50-80 °C and 145-180 °C whereas the density is 1.24 g/cm?. The bamboo in
various forms like strip, woven mat, and fibre was collected from Sri Lakshmi Group,
AP, India as shown in Fig. 1. In this study, the chemicals used for the treatment of
different forms of bamboo were supplied by Greenergy Lab Chemicals, Meghalaya,
India. The double distilled water was used for cleaning the bamboo strip, woven mat,
and fibre.

2.2 Chemical Treatment

The different forms of bamboo were well cleaned before performing the chemical
treatment. The detergent treatment was performed to remove the unwanted residues
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Fig. 2 Detergent treatment of different forms of bamboo a strip, b woven mat, and ¢ fibre

from the bamboo strip, woven mat, and fibre. The detergent treatment was carried
out for 20 min as shown in Fig. 2. The detergent solution was prepared by adding 10
gm of soft detergent to 21 L of water.

The digested debris, impurities, and dust particles were removed successfully
through detergent treatment. After the detergent treatment, the bamboo was neatly
cleaned with double distilled water to remove the deposited detergent on the surface
of bamboo. After cleaning, bamboo strip, woven mat, and fibre were kept at room
temperature until dried. Then two different types of chemical treatments (sodium
hydroxide and potassium hydroxide) were performed to improve the surface char-
acteristics of different forms of bamboo. First, bamboo was treated by using 2%
(w/v) sodium hydroxide (NaOH) aqueous solution for 4 h. The potassium hydroxide
(KOH) treatment was performed where the different forms of bamboo were rinsed
in the KOH solution at a concentration of 1.5% (w/v) for 1 h 45 min. Vinayag-
amoorthy [26] also reported a similar NaOH treatment process while fabricating
vetiver grass/polyester-based polymer composite by compression molding process.
The authors observed that in NaOH treated vetiver/polyester composite, the fibre was
properly covered with matrix material without any presence of cavities. Vinayag-
amoorthy and Rajeswari [27] used NaOH treated fiber to study the influence of
NaOH treatment on the performance of the vetiver/jute/glass-vinyl ester-based hybrid
composite. The composite was fabricated by conventional hand layup process.
The results revealed that chemical treatment changed the fibre surface properties
which helped to achieve better mechanical properties. After chemical treatments, the
bamboo was neatly washed with double distilled water to remove the excess chemi-
cals. Figures 3 and 4 show the chemical treatment of different forms of bamboo. The
chemically treated bamboo was then kept at room temperature until dried. The dried
bamboo was then kept in the oven at 60 °C to remove moisture.
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Fig. 4 Chemical treatment of bamboo a woven mat, b strip, and ¢ fibre

2.3 Composite Fabrication

The hot-compression molding technique was applied to fabricate the PLA/bamboo
green composite. During the fabrication, the mold temperature was monitored by
using thermocouples (K-type). The fabrication of the green composite by film
stacking method was implemented in this study. Initially, PLA pellets were kept in
an oven at an elevated temperature (80 °C) to remove the moisture. After preheating
the mold at the required temperature, PLA pellets were converted into thin PLA film
(thickness: 1.5 mm) by compression molding. During fabricating the PLA films, the
mold temperature was maintained at the melting temperature of PLA. The mold was
compressed at a pressure of 3 MPa to fabricate the PLA films. After fabricating the



114 K. Debnath and G. S. Rao

Fig. 5 Mechanical testing setup utilized to find the properties of the composite

PLA films, bamboo in different forms (strip, woven mat, and short fibre) were placed
between the PLA films and compressed at 6 MPa and 180 °C. The mold was then
cooled for 3 h to obtain the consolidated green composites.

2.4 Mechanical Testing

The properties of fabricated composite under tensile and flexural loadings were
evaluated following ASTM standards (tensile by ASTM D-638 and flexural by ASTM
D-790). The testing was carried out by using a UTM (UNITEK 9450). The maximum
load capacity of the UTM is 50 kN. The gauge length and jaw speed were considered
as 50 mm and 2 mm/min, respectively. The 3-point bending test was carried out
to evaluate the flexural properties of the chosen test specimens. Three specimens
were tested under both the loading conditions and then the average properties of
the fabricated green composites were calculated. Figure 5 shows the testing setup
utilized to find the properties under different loading conditions.

3 Results and Discussion

Both tensile and flexural testing was conducted to investigate the influence of different
forms of bamboo and chemical treatments on the performance of engineered green
composites. The chemical treatment improved the mechanical performance of the
composite. The treated composite specimens performed better in terms of mechan-
ical properties than the nontreated green composite specimens. The performance
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Short Fiber

Fig. 6 Green composites specimens fabricated by using a nontreated bamboo, b treated bamboo
(NaOH), and c treated bamboo (KOH)

of the green composite was evaluated by testing the specimens under tensile and
flexural loadings. The green composites of several combinations were prepared.
Figure 6a shows the green composites specimens fabricated using nontreated bamboo
in different forms. Similarly, Fig. 6b, c show the green composites specimens
developed by using chemically treated (NaOH and KOH) different forms of bamboo.

Table 1 shows the average tensile properties of both treated and nontreated
bamboo-reinforced green composites. The average tensile strength, modulus, and
percentage elongation of nontreated bamboo (strip)/PLA green composite were
found as 40.62 MPa, 0.70 GPa, and 18.80%. Green composites engineered by
using NaOH treated bamboo strip and PLA exhibited tensile strength, modulus, and
percentage elongation of 33.49 MPa, 0.71 GPa, and 17.01%. Whereas KOH treated

Table 1 The tensile properties of treated and nontreated green composites reinforced with different
forms of bamboo

Composites Treatment type | Tensile strength | Tensile Percentage
(MPa) modulus (GPa) | elongation (%)

Bamboo (strip)/PLA Nontreated 40.62 0.70 18.80

NaOH treated |33.49 0.71 17.01

KOH treated | 48.34 1.24 11.36
Bamboo (woven Nontreated 30.56 0.59 17.24
mat)/PLA NaOH treated | 32.36 L11 9.58

KOH treated | 24.38 0.71 12.66
Bamboo (short Nontreated 13.96 0.29 15.80
fibre)/PLA NaOH treated | 15.15 0.60 8.32

KOH treated 16.31 0.64 8.78
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bamboo strip-reinforced green composites exhibited tensile strength, modulus, and
percentage elongation of 48.34 MPa, 1.24 GPa, and 11.36%. The tensile strength
of NaOH treated green composites decreased by 17.53% and KOH treated green
composites increased by 19% as compared to the nontreated green composites. Both
NaOH and KOH treatment showed an improvement in the modulus (tensile) by 1.13%
and 75.53% while compared one-on-one with nontreated green composites. However,
percentage elongation was decreased due to the chemical treatment as a result the
green composites become more brittle. This corroborates the findings reported by
Srisuk et al. [17]. The better bonding between the polymer and fibre during KOH
treatment resulted in an improvement in the properties of the green composites. It
can also be inferred that the green composites reinforced with bamboo strip can
bear more load as compared to other developed composites. The green composites
obtained by reinforcing treated (NaOH) bamboo strip exhibited higher modulus but
lower in strength when compared with the nontreated bamboo strip-reinforced green
composites. The decrease in the tensile strength indicates poor stress transfer between
the composite constituents.

The strength, modulus, and percentage elongation obtained during tensile testing
of nontreated bamboo (woven mat)/PLA green composites were 30.56 MPa, 0.59
GPa, and 17.24%. Both strength and modulus of bamboo (woven mat)/PLA green
composites were improved by 5.87% and 88.10% because of NaOH treatment. The
properties of the KOH treated green composites consisted of bamboo woven mat was
decreased by 20.2% (strength) and increased by 20.83% (modulus) as compared to
the nontreated bamboo (woven mat)/PLA green composites. In both chemical treat-
ments, the percentage elongation of the developed green composites was decreased
as chemical treatment of bamboo resulted in more rigidity of the woven mat. In
NaOH treatment, the ions are separated as Na* and OH™ due to hydration reac-
tion. The OH™ ions then enter in the gaps between the layers of cellulose which
damage the H bonds. This leads to an increase in the active hydroxide groups. This
subsequently resulted in more amorphous area. With an increase in the amorphous
area of fibre, polymer penetration into the fibre is also increases. This subsequently
improved the adhesion between the chosen polymer and fibre. Wang et al. [20]
studied the characteristics of the chemically treated fibre. The treatment showed
superior performance of the composites. The strength, percentage elongation, and
modulus of the nontreated bamboo (short fibre)/PLA green composites under tensile
loading were 13.96 MPa, 15.8%, and 0.29 GPa. The strength and modulus of NaOH
treated bamboo (short fibre)/PLA green composites obtained during tensile testing
were improved by 8.46% and 103.8% as compared to the nontreated green compos-
ites. Similarly, KOH treated bamboo (short fibre)/PLA green composites showed an
increment of the tensile strength and modulus by 16.3% and 115.4%, respectively.
Both NaOH and KOH treatments resulted in a decrease in the percentage elongation
of bamboo (short fibre)/PLA green composites by 47.3% and 44.3%. The mechanical
performance of the short fibre-reinforced green composites was relatively poor as
compared to woven mat and strip-reinforced green composites. Figure 7 shows the
tensile tested specimens of both treated and nontreated green composites.
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Fig. 7 Tensile tested green composites specimens a nontreated, b NaOH treated, and ¢ KOH treated

Figures 8, 9 and 10 shows the overall comparisons of tensile properties of different
forms of bamboo/PLA green composites. The composites reinforced with bamboo
strip treated with KOH showed better properties among all the engineered green
composites. The strength and modulus of KOH treated bamboo strip-reinforced with
PLA obtained under tensile loading was 48.34 MPa and 1.24 GPa, respectively. The
percentage elongation of the same composites was 11.36%.

Table 2 shows the properties of treated and nontreated bamboo-reinforced green
composites obtained under flexural loading. The chemical treatment also resulted
in an improvement in the flexural properties when compared with nontreated green
composites. Initially, detergent treatment removed the impurities from fibre surface
and then chemical treatment improved the bonding characteristic of the fiber which
subsequently improved the adhesion between the polymer (PLA) and fibre (bamboo).
The average strength, percentage elongation, and modulus of nontreated bamboo
(strip)/PLA green composites obtained under flexural loading were 1.91 MPa, 13%,
and 0.03 GPa. NaOH treatment of bamboo strip improved the flexural modulus and
strength by 50.85% and 59.52%. Similarly, KOH treatment improved the flexural
modulus and strength by 101% and 221%. The percentage elongations of NaOH and
KOH treated bamboo (strip)/PLA green composite were 19.17% and 5.56%.

The green composites composed of nontreated bamboo woven mat and PLA
exhibited the strength of 2.4 MPa, percentage elongation of 7.59%, and modulus
of 0.1 GPa, under flexural loading. The strength and modulus of NaOH treated
bamboo (woven mat)/PLA green composites were increased by 51.31% and 60.87%
as compared to nontreated green composites. Similarly, the strength and modulus
of KOH treated composites was improved by 66.7% and 201%, respectively. The
percentage elongation of NaOH and KOH treated bamboo (woven mat)/PLA green
composites was 7.1% and 4.41%, respectively. The strength, percentage elongation,
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Table 2 The flexural properties of treated and nontreated green composites reinforced with
different forms of bamboo

Composites Treatment Type | Flexural Strength | Flexural Modulus | Percentage
(MPa) (GPa) Elongation (%)
Bamboo Nontreated 1.91 0.03 13.0
(strip)/PLA NaOH treated | 3.05 0.05 19.17
KOH treated 6.15 0.38 5.56
Bamboo (woven | Nontreated 2.40 0.10 7.59
mat)/PLA NaOH treated | 3.64 0.16 7.10
KOH treated 4.01 0.31 441
Bamboo (short Nontreated 2.52 0.11 7.43
fibre)/PLA NaOH treated | 2.02 0.03 7.92
KOH treated 2.18 0.18 3.87

and modulus of nontreated bamboo (short fibre)/PLA composites obtained under
flexural loading were 2.52 MPa, 7.43%, and 0.11 GPa. The chemical treatment of the
short fibre resulted in deterioration in the flexural properties. The flexural strength
decreased by 19.8% and 13.5% due to NaOH and KOH treatment. The flexural
modulus of NaOH treated bamboo (short fibre)/PLA green composites was decreased
by 69.5% whereas KOH treatment showed an improvement in the flexural modulus
by 3.5% as compared to nontreated green composites. The percentage elongation of
NaOH and KOH treated green composite was 7.92% and 3.87%. Figure 11 shows
the flexural tested specimens of both treated and nontreated green composites.
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Fig. 11 Flexural tested green composites specimens a nontreated, b NaOH treated, and ¢ KOH
treated

The chemical treatment of bamboo strip and woven mat resulted in improvement
in flexural properties of the composites as compared to the nontreated bamboo-
reinforced composites. NaOH treatment changed the surface structure of bamboo.
The compact fibril structure of the bamboo surface was turned into a less dense
structure by controlling the hydrogen bonds in the cellulose through depolymerizing.
The chemical treatment mainly removes the impurities as a result the porosity of the
bamboo was increased. This change in the bamboo structure allowed strong bonding
between the polymer and fibre. As aresult, the load bearing capacity of the composites
was improved. However, the properties of the treated composite composed of short
fibre obtained under flexural loading were not good enough in comparison to the
nontreated green composites. In this case, the chemical treatment is less efficient in
enhancing the interfacial bonding between the constituents of composites.

Figures 12, 13, 14 show the overall comparison of flexural properties of different
forms of bamboo-reinforced green composites. The green composites composed of
KOH treated bamboo strip and PLA exhibited better flexural properties among all the
engineered green composites. Both chemical treatments showed some improvement
in the properties when compared with nontreated green composites. The result of
the present study has also been compared with previous studies to understand the
improvement in mechanical performance of the engineered green composites. From
the comparative analysis, it can be inferred that the present experimental values are in
close agreement with the previous studies. Table 3 shows the mechanical properties
of different bamboo/PLA green composites obtained through different treatments.
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4 Conclusions

In this study, bamboo fibres in a different form (strip, woven mat, and short fibre)
were chemically modified by implementing different chemical treatments like NaOH
and KOH treatments. The effect of chemical treatment was investigated in terms of
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Table 3 Comparison of mechanical properties of bamboo/PLA green composites
Composites Treatment | Tensile Tensile Flexural | Flexural | Reference
Strength Modulus Strength | Modulus
(MPa) (GPa) (MPa) | (GPa)
Bamboo (strip)/PLA KOH 48.34 1.24 6.15 0.38 present
study
Bamboo (woven NaOH 32.36 1.11 3.64 0.16 present
mat)/PLA study
Bamboo (short KOH 16.31 0.64 2.18 0.18 present
fibre)/PLA study
Bamboo (woven - 48.72 £2.48 | 0.983 + 0.045 | 104.82 | 2.29 [5]
mat)/PLA
Bamboo (short 42 2.964 - - [9]
fibre)/PLA (NCO
0.33%)
PLA-g-BF (Bamboo - 194 5.1 - - [11]
Fibre)
Bamboo 452 0.54 - - [16]
(particle)/PLA/ultrafine
bamboo-char (5.0
wt.%)
Bamboo (particle)/PLA | NaOH 44.21 0.406 83.85 4.50 [18]




Role of Different Forms of Bamboo and Chemical Treatment ... 123

mechanical performance. The performance of the green composite developed by rein-
forcing different form of bamboo was evaluated by performing mechanical testing
under tensile and flexural loadings. The properties of the treated bamboo-based
composites obtained under tensile and flexural loadings were compared with the
nontreated composites. KOH treated bamboo (strip)/PLA green composites exhib-
ited better properties among all the developed composites. Both modulus and strength
of the green composites under tensile loading were improved by 19% and 75.53%
when compared with nontreated bamboo (strip)/PLA green composites. Whereas the
properties of bamboo (woven mat)/PLA green composites were better under NaOH
treatment than the nontreated bamboo (woven mat)/PLA green composites. The
properties of bamboo (short fibre)/PLA green composites were slightly improved
through chemical treatment.
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Optimization of Process Parameters )
in AW]J Cutting of Pineapple Fiber L
Reinforced Polymer Composites: Hybrid
SCCSA Algorithm

A. Tamilarasan, T. Rajmohan, D. Rajamani, and K. Palanikumar

Abstract The present study aims to prepare Pineapple Fiber Reinforced Polymer
Composite. The kerf taper angle is then measured by cutting the composite with an
abrasive water jet. The primary goal is to reduce the kerf taper angle in order to opti-
mize machining performance. In this way, mathematical model was first developed
by employing experimental approaches, beginning with the design plan called box-
Behnken using response surface technique. The model’s predicted values were found
to be reasonably close to the actual experimental values. Then, a hybrid SCCSA algo-
rithm has been utilized for optimizing the AWJ process parameters by single objective
optimization is considered, and optimal value is determined. The results indicated
that the SCCSA optimization strategy is a viable and effective method for optimizing
the AWJ cutting process.

Keywords AW] cutting - Composite + SCCSA algorithm - Optimization

1 Introduction

There is a great demand for cheap, environmentally-friendly, high quality that can
save cost without sacrificing important attributes [1]. The materials science commu-
nity is continuously involved in developing novel materials with improved properties
to meet needs of emerging technologies in many industrial applications [2]. Natural
fiber enhanced polymer composite applications, because of their bio-degradable
nature, show an enormous development rate in global market. In this scenario,
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machining is the only recommended way of generating holes and other needs [3].
It is difficult to manufacture fiber composites due to the fact that the composite
cutting process is distinct from that of traditional materials. In the typical machining
technique, the fiber refinement may produce additional tool wear, leading to serious
damage to the material. Compared to synthetic fibers, the production costs of Natural
Fiber Composites (NFCs) are lower, and the equipment needed to create them is less
wearable [4]. The market for these composites is rapidly increasing as prospective
substitutes for inorganic or synthetic materials across a wide range of applications,
including tooling, automotive, railroad sleepers, packaging, and shelving, industries
of construction. The tool constantly encounters filler and matrix materials, and the
varied force causes quick tool wear, work material damage (fiber full out, delam-
ination, and poor hole quality), and low productivity. To address these obstacles,
novel machining technologies Several techniques were used, including AWJ, UJM,
WEDM and laser cutting.

Water jet abrasive machining (AWJ) uses high-velocity streams of water to accel-
erate abrasive particles for material removal [5]. Water jet technique is suitable for
cutting fiber reinforced composites due to its special qualities. These industries have
attached great importance to abrasive water jet technology due to the unique advan-
tages it offers when processing composite materials (e.g. Tools do not get damaged by
heat, cutting pressures are not excessive, and production is high) [6]. This approach
has been shown to be a practical means of fabricating composite materials. Water
jet cutting allows for the configuration of a wide variety of machining parameters,
including water pressure, nozzle distance, cutting speed, and nozzle diameter. These
process parameters are more crucial in AWJM composites than grain size, mass flow
rate, and angle of contact for abrasive particles because of the type and amount of
abrasives being utilized [7]. Delamination, on the other hand, is the most preva-
lent composite problem when it comes to machining composites, which are largely
laminated composites. The effect of shock waves on the surface of the material
during the preliminary cutting stage of employing AWJM to cut composites causes
crack spots to form in the work piece material during the cutting process. Now, the
high-pressure AWJM reaches the fracture points, resulting in a water hammering
effect. Indeed, the success of the machining process is contingent upon making a
rational decision based on cost and quality considerations. Then, a critical diffi-
culty in the AW]J cutting process is determining an accurate result for assessing
machining performance parameters such as kerf taper angle and surface roughness.
The machine operator is able to choose the conditions of cutting during the machining
process. Researchers recently presented extensive assessments of new evolutionary
algorithms for prediction and optimization challenges. Over the last decade, meta-
heuristic optimization strategies have attracted researchers’ attention. ACO, PSO and
GA are examples of such techniques. These techniques have been used in a variety
of engineering domains, in addition to extensive theoretical research. The reason that
such algorithms have grown so popular in terms of application to engineering issue
solving is due to four primary characteristics: Simplicity, versatility, a derivation-free
method, and the avoidance of local optima. Meta-heuristic algorithms, in general,
are pretty straightforward in their application because they have been inspired by
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simple concepts throughout the majority of their existence. The inspirations are
drawn from natural occurrences such as animal behavior and evolutionary concepts.
This simplicity enables the simulation of various natural concepts, the development
of novel meta-heuristics, the hybridization of two or more meta-heuristics, and even
the enhancement of existing ones.

2 State of the Art

Shukla and Singh [7] attempted to optimize characteristics of performance (kerf
width-top and taper angle) and processing parameter ranges such as standoff distance,
transverse speed and mass flow rate for the AWJ cutting process. Seven optimization
approaches are used to do this, including the FA, PSO, ABC, black hole, SA, biogeog-
raphy, and NSGA-II. Comparing the effectiveness of various algorithms reveals that
the biogeography algorithm outperforms the others. The use of the NSGA to analyze
both objectives simultaneously is attempted. With the NSGA technique, it is possible
to generate a collection of one hundred solutions that are not skewed in the direction
of the region of the control factors under consideration. Results produced through
the use of NSGA are extremely consistent with those acquired experimentally. Zain
et al. [8] have used these techniques in order to determine the most suitable process
parameters for waterjet cutting. In some cases, genetic algorithm techniques were
used to determine ideal process parameters, which resulted in the best possible water
jet cutting performance with the least amount of machining required. All of the
following are considered process variables: standoff distance, water jet pressure,
abrasive grit size, and traverse speed for AWJ machining. Extracted from the work,
it concluded that integrated SA—GA-type2 is acceptable for identifying the optimum
process parameters. The study’s findings were supported by comparison to real-
world experimental data, demonstrating that both proposed integration systems were
capable of computing the optimal values, resulting in the lowest possible value of
machining performance. Using a GWO optimization tool, Chakraborty and Mitra
[9] were able to achieve success in the parametric optimization of the AWJ process,
which was previously unexplored. Results from single- and multi-objective opti-
mization problems using GWO vs. SA, GA, and TLBO algorithms also it is revealed
that the results provided by GWO are quite good. The generated scatter diagrams
depicting the response of various AWJM process parameters to changing values will
assist process engineers and operators can assist in optimizing those settings for
maximum machining performance. Jagadeesh et al. [10] conducted studies on three
laminates of variable thicknesses, adjusting input factors such as traversal rate and
standoff distance. The impact each input’s parameter on responses like kerf taper and
surface roughness was investigated using a response surface technique and analysis
of variance. The ideal parameters that result in the the finest machining quality was
determined using numerical and graphical optimization techniques. The researchers
noticed that increasing the traverse rate resulted in an increase in the surface rough-
ness and taper angle of the cut kerf on the cut surface, as well as an increase in the
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surface roughness of the cut surface. As a result, where machining quality is essen-
tial, a lower traverse rate is better. Dhakal et al. (2018) used abrasive water jet drilling
to investigate the effect of traverse speed variation on machining-induced damage to
fiber-reinforced composites. The vacuum bagging procedure was used to fabricate
three distinct types of epoxy-based composite laminates: flax fibers that are unidi-
rectional, carbon fiber-reinforced composites, and hybrid carbon-flax fibers. Surface
roughness and damage reactions generated by delamination drilling were shown to be
significantly influenced by traverse speed, according to the research findings. Indeed,
increasing the water jet’s traverse speed did seem to boost the damage responses in
the three samples.

Abrasive waterjet machining of a 7075 aluminum metal matrix composite was
investigated by Shanmugam et al. [12]. The responses surface approach and ANOVA
were used to find the effect of process factors on both taper angle and surface rough-
ness. The speed and pressure of the jet traversal were the most essential process factors
since they determined the roughness of the surface and the taper angle, respectively.
The roughness of the surface and the taper angle of the jet are raised by raising the
pressure and traversal speed of the jet. Simultaneously, lowering the standoff distance
and increasing the speed of the jet traverse could increase both reactions. Rao [13]
synthesized carbon, glass, and carbon-glass fiber-reinforced polymer composites for
use in abrasive water jet machining. The machining tests are conducted to ascer-
tain the effect of the primary machining parameters, on the intended machining
properties, namely surface roughness, kerf top width, and material removal rate, the
cutting speed, feed rate, and stand-off distance are dependent.). A multi-objective
optimization process known as the Elitist Non-dominated Sorting Genetic Algo-
rithm (NSGA-II) is then used to optimize the equations, with the three equations
Ra, kw, and MRR being used to establish the three objectives of a multi-objective
optimization problem (MOOP). Tripathi [14] established the effect of AWM vari-
ables on GFRP composites. Cutting speed and abrasive flow rate are employed as
input factors, whilst roundness, MRR, cylindricity and surface roughness are used
as outcome qualities within that experiment. The effectiveness of recently developed
optimization algorithms (Rao 1-3) was also investigated in parametric optimization
of waterjet abrasive machining variables, and the results were compared to those
obtained using established parameter-free optimization methods, such as JAYA and
TLBO. It has been noticed that the aforementioned techniques use significantly
less computation time and iterations. These recently discovered population-based
methods are straightforward and straightforward to implement in optimization appli-
cations. Thamizhvalavan et al. [15] described the research on the machinability of
aluminum hybrid composites with varying compositions via an abrasive water jet
machining technique. Stir casting was utilized to fabricate aluminum hybrid metal
matrix composites containing 5% Zirconium Silicate (ZrSiOy4) and 5, 10, and 15%
Boron Carbide (B4C).During the cutting studies, it was revealed that altering the
traverse rate and abrasive flow rate, as well as the abrasive mesh size, all had an
effect on cutting depth, MRR, and surface roughness. The Box-Behnken response
surface approach was used to construct the investigations, and response surface plots
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were used to analyze the data. Aluminum hybrid composites were shown to be suit-
able for machining with higher depths of cut and material removal rates while using
it has 100 MPa of water jet pressure and has a traverse rate of 120 mm/min. Addi-
tionally, in all types of hybrid composites, the abrasive mesh size 100 influenced the
creation of a smoother surface. The examined literature demonstrates a consensus
regarding the usage of RSM for assessing various response characteristics in AWJ
machining operations. It has been claimed that just a few attempts have been made
to design a hybrid optimization algorithm for optimizing the process parameters in
AWI cutting process.

The present work assesses the Abrasive water jet cutting performance of pineapple
fiber reinforced polymer composites for minimizing the taper angle. Four important
parameters have been investigated and modeled for kerf Taper angle using response
surface methodology (RSM). Experimental data were acquired through the use of a
box Behnken design in order to construct mathematical models for input variables
and output cutting characteristics. Then, the Sine Cosine Crow Search Algorithm
(SCCSA) is implemented for obtaining the minimal values of kerf taper angle.

3 Box-Behnken Design

Experiment design plays an important role for efficiency, accuracy in analysis, and
cost savings. The primary purpose of response surface methodology is to identify
how different AWJ cutting parameters affect output quality attributes [16-23]. RSM
is used to express quantitative relationships between cutting parameters and output
quality aspects in the form of the a second-order polynomial regression model:

k k
y=pHo+ Zﬂixi + Zﬂiixiz + Z Z:Bijxixj te
i=1 i=1 i

Here, ydenotesis the response and x;denotes the ith AWJ cutting parameter value;
Boindicates the model constant; 8;symbolizes the linear coefficient; B;; signifies the
quadratic coefficient; 8;;stands the coefficient for interactionand ¢ is the experimental
error. Lastly, the kindicaates the number process variables involved the process. Box—
behnken design was chosen for 29 sets of experimental design, based on the response
surface approach. Using Design-Expert 7 software, the BBD, the most effective RSM
with the fewest experiments, was utilized to plan the experiment.
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4 Development of Composites and Experimentation

The pineapple (Ananascomosus) is one of the most commonly cultivated fruits in
the world. Therefore, pineapple leaves can be used to manufacture natural fibers,
which are inherently considered to be waste products. It can be utilized in a variety
of applications such as artificial fibers, as a sound absorber and thermal insulator,
and so on. Compression moulding machine was used to fabricate the pineapple
fiber-reinforced polyester composite. The PALF slashed their ideal length of 30 mm
and then rinsed with water to remove any remaining residue.Then, dried in the air
for final preparation the composite. The high impact polystyrene mats were cut to
fit the dimensions of the mold cavity. To create layers of fiber matsand the resin
mixture was put inside the moldalternately, piling them one after the other.To get
a 3 mm thick plate, the split mold has to be closed with 15 MPa pressure. Finally,
the mold containing the composite was held at room temperature for 24 h under
steady pressure to allow it to cure properly. Around the mold cavity, the composite
laminate was removed with the use of Mansion Wood Polishing (White) Wax.To
ascertain the desired response, a series of tests was undertaken utilizing the RSM
methodology.The Box—Behnken design technique was used to assign each factor to
one of three magnitude values that were equally distant from one another. Certain
design parameters were altered within each block so that they could be explored in
all possible configurations, while others were kept at their initial settings.

The 3-axis AWJ machine was fitted with an ultra-high-pressure pump (Model:
Water Jet Germany) and an integrated auto abrasive delivery system capable of
continuously delivering abrasives for 500—800 min. The bed is 3000 mm in length
by 1500 mm in width. AWJM considered a number of machine variables like traverse
rate, jet pressure, abrasive mass flow rate, and stand-off distance. As shown in
Fig. 1(cutting zone), all cutting operations were carried out utilizing single pass

Fig. 1 The cutting zone of AWJ process
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Fig. 2 Cut section of composite

cutting in the longitudinal direction. Three slots with a length of 50 mm were cut
under the same machining conditions, and in which the kerf taper has an average
value measure was taken. The bottom and top widths of each through-cut slot
were measured using a Video Measuring System (VMS). Vertical orientation of the
composite plate was used to concentrate the slot on the top surface. For each exper-
imental run, the kerf taper was averaged over three slots [19-21]. Figure illustrates
the kerf width measurement used to calculate the kerf taper angle (Ta). Further, the
kerf angle was computed using the formula below. The transverse speed was shown
to be more important than water pressure and SOD in all three machining charac-
teristics. Filler reinforcement improves machining performance, resulting in better
surface quality and decreased kerf. The cut profile of an AWJ-machined workpiece
is depicted in Fig. 2. It is demonstrated here how an AWJ through cut was made on
the material where the top kerf wider than the kerf at the bottom and the material
will have kerf taper as a result to provide the best possible cut quality, keep the taper
to a minimum.

5 Statistical Modelling of Experimental Work

Experiments are conducted in the run sequence specified for the designed combina-
tion of various input parameters, and the output response as illustrated in Table 1,
the kerf taper angle is obtained.I t is necessary to model the AWJ process and deter-
mine the relationship between variables and responses through the use of regression
analysis. Further, the regression analysis was performed, and the quadratic model
produced from the experimental data for getting kerf taper angle(KTA) through AWJ
process as given in Eq. (2).
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Table 1 Controllable parameters and results

. Tamilarasan et al.

Exp. Run | Jet pressure | Abrasive mass | Traverse rate | Stand-off Kerf taper angle
(Mpa) flow (mm/min) distance (mm) | (degrees)
rate(g/min)

1 250 700 150 1 0.6552
2 300 800 100 2 0.5822
3 300 700 150 2 0.6093
4 250 700 100 2 0.7082
5 250 600 50 2 0.7221
6 200 800 100 2 0.7059
7 250 800 100 3 0.7439
8 250 800 50 2 0.6877
9 300 700 100 1 0.6652
10 250 700 150 3 0.6773
11 250 700 50 1 0.6765
12 250 700 100 2 0.7166
13 200 700 100 3 0.8374
14 200 700 50 2 0.7748
15 250 700 100 2 0.7182
16 200 700 150 2 0.7102
17 250 700 100 2 0.7102
18 250 600 150 2 0.6988
19 300 600 100 2 0.6461
20 200 700 100 1 0.6463
21 250 600 100 1 0.7439
22 300 700 50 2 0.6315
23 300 700 100 3 0.5641
24 250 700 100 2 0.7166
25 250 800 150 2 0.6309
26 200 600 100 2 0.7685
27 250 800 100 1 0.5641
28 250 700 50 3 0.7439
29 250 600 100 3 0.6758

KTA = —0.18778 4+ 5.46365E — 003 x A

+1.08900E — 003 x B 4+ 1.05553E — 003 x C

+0.036280 x D + 4.24011E — 006 x AC — 1.46036E

—003 x AD — 1.67315E — 006 x BC + 6.19640E

—004 x BD —2.26646E — 004 x CD —8.41651E (2)

—006 x A2 — 1.74616E — 006 x B2 — 4.57887E

—006 x €2 —0.014501

xD2(R? = 09977; R ;= 0.9956; Ry, . = 0.991)
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It is computed that R? values were 0.96977 for kerf taper angle, which means
that 95% of experimental data were appropriate. The greater the R? coefficient, the
more accurate the model is for the experimental data.The high adjusted R? value
(0.9956) suggests that the predicted vs. experimental values are highly correlated.It
is reasonable to expect that the predicted R-squared of 0.991 will be in close to with
the adjusted R-squared of 0.9956. This indicates that developed models fit the data
for both output quality characteristics effectively.

6 Sine Cosine Crow Search Algorithm

6.1 SCA Algorithm

A mathematical motivation focused on the trigonometric functions of the sine and
cosine is proposed in 2016 by Mirjalili [24]. With the help of the following formula,
The SCA repositions the particles within solution space to the optimal position [24].

. rg < 05
, rg 2 05

XfH _ {Xf + ry x sin(ry) x ‘r3PI.’ - X! 3)

X!+ x cos(r) x ‘l’_g})il - X!

ii

Where X/ position at which it stands, P/ is the best solution position and ry,r5,
and r3 numbers are produced randomly between zero and one. r; demonstrates the
direction for the update, r, defines the distance for the update, r3 guarantees a proper
balance between emphasis and desalination by creating a random weight, and ry4
chooses a movement of the sine or cosine [24].The difference between the motions
in the sine and cosine is shown in Fig. 3.

| Region on Next position when r;<1 |

{

P(destination)

[ Region on Next position when r;>1 |

Fig. 3 The Sine Cosine Algorithm’s fundamental principle [24]
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6.2 Crow Search Algorithm

Crow Search Algorithm (CSA) was devised by Askarzadeh and is a population-
dependent metaheuristic optimization technique. This method simulates the cognitive
behavior of crows in a computer environment. This algorithm is predicated on the
concealment of the surplus food stock. Crow is moral in stealing food from other
birds. Keep watching other birds find out where they are hiding their food [25].
This would allow crow to take food from other birds if they left the hiding place.
This action has encouraged by crows to develop algorithm called the crow-search
algorithm [25]. Due to various awareness of other birds, crows change the location
on the basis of the following formula [25].

X;+1={X§+rixflfx|mf—Xf, ri < AP} @

randomposition otherwise

where AP/ is the jth crow’s consciousness. When the victim bird realizes the crow
i follow, it tries to get the crow to a random place. Keep in mind that a crow j is
randomly chosen for each crow I to change crow ith location. In accordance with
the characteristics of length of a crow flight during the search process, as depicted
in Fig. 4 [25].

Fig. 4 Crow flight length
and search [25]

Search space .|

Crowj  State 2

o>l
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6.3 Hybrid SCCSA Algorithm

The CSA is used as the primary consideration in the hybrid algorithm. According
to the CSA, the fundamental disadvantage is that the search agents do not always
select the most optimal solution they have ever found for a specific problem. Further,
if » < AP/ is implemented, the search agents change their location because it is
assigned to a random location in solution space, which affects the CSA’s efficiency
[26]. Therefore, first of all, it is considered in order to improve the efficiency of CSA
to update and solution to the best solution to date or on the basis of the random status
of the search agent as follows [26].

, rs <05
, ryg E 05

XfH _ {Xf + ry x sin(ry) x ‘r3PI.’ - X! 5)

X!+ x cos(r) X ‘r3Pi’ - X!

ii

Where ry isa 0 to 1. Then, a SCA motions or the CSA update procedure can be used
by each search agent to update its position accordingly [26].

X+ xsin(rz)><|r3ff—X,.' ; r, <0.3
X = Xt +rxcos(ry)x B - X, 03<7,<06 ©
Xl.’+r1xﬂ:x|mf—X:|, r, 20.6

These measures ensure that are intelligent and do not create random, low-quality
solutions. Therefore, a different approach can be adopted by each search agent in
the solution area, thereby increasing its searching capacity [26]. To maximize the
use of metaheuristics, it is critical to ensure an efficient trade between exploration
and extraction. The solution space must be exploited in the first course of iterations;
however, we focus more on exploitation in the final iterations. To this effect, the
following method is used in SCCSA throughout focus more on experimentation in
the first and last iterations [26]:

- 7
r=a—t—
! T

where ¢ represents current iterations and 7' denotes the maximum number of iter-
ations. The flowchart for the SCCSA technique is depicted in Fig. 5. A group of
initial solutions produced randomly within the search space of the issue serves as the
starting point for SCCSA, just as it does for any other meta-heuristic optimization
process. Achieved global best position as optimal solution when algorithm achieves
maximum number of iterations.
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1
A 4
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1
A 4

Iteration=1
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evaluate the fitness of each crow
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crow and the global best solution
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| |
Y I
Update the position of all crows according I
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reached?

Fig. 5 The flow chart of Hybrid SCCSA algorithm
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7 Implementation of Hybrid SCCSA Algorithm in AW]J
Process

The goal of this investigation is to identify the most effective combination of AWJ
cutting parameters possible for achieving the smallest possible kerf taper angle during
machining. The mathematical model produced using response surface methods can
be considered of as an objective function constrained by the range of the cutting
parameters. The problem was framed as a bounded optimization problem with the
goal of minimizing the kerf taper angle.

i.e. Minimize kerf taper angle, with the limits,
200 Mpa <A <300 Mpa

600 g/min <B <800 g/min

50 mm/min <C <150 m/min

1 mm <D <3 mm

As a single objective optimization, the SCCSA approach is presented for mini-
mizing kerf taper angle. Matlab 2013a is used to create the Hybrid SCCSA algo-
rithm’s computer code. Control parameters are determined through trail runs, and the
resulting solutions are close to optimal for the given problem. In general, the SCCSA
method should be used in the AWJ process optimization to produce a set of process
parameters for the global optimum machining criterion at a reasonable computing
cost and in an acceptable amount of time. The SCCSA optimization results demon-
strate that the ideal kerftaper angle can be obtained by varying the jet pressure,
abrasive mass flow, traverse rate, and stand-off distance. The optimum values of the
input process parameters are given as: Jet pressure = 292.406 Mpa, abrasive mass
flow rate = 605.838 g/min, traverse rate = 140.62 mm/min and stand-off distance
= 2.94136 mm. The convergence profile in Fig. 5 indicates that the minimum kerf
taper angle value is 0.5342 degrees. Besides that, the optimal solution obtained for
the minimum kerf taper angle is at the 41th iteration of the SCCSA algorithm as
indicated on Fig. 5. In addition, the experiment was carried out to ensure that the
optimization result was valid. The AWJ machine was programmed with the expected
cutting parameters, and the obtained kerf taper angle of the machined composite was
0.5631 degrees, which was very near to the predicted value of 0.5342 degrees. As a
result, the SCCSA optimization validity could be validated.
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Fig. 6 SCCSA algorithm convergence profile

8 Conclusion

In this paper, the experimental investigation has been performed using RSM based
box behnken design to evaluate kerf taper angle in AWJ cutting of pineapple fiber
reinforced polymer composites. Then, a Hybrid algorithm has been applied for
minimizing the kerf taper angle. The following conclusions are drawn:

e The established second order equation exhibits a strong correlation between
predicted and measured values.

e Regression models have demonstrated a high aptitude for modeling and estab-
lishing correct fitness functions.

e The hybrid SCCSA algorithm is effectively implemented for obtaining the
minimum taper angle of kerf.

e The ideal combination of AWJ machining parameters to achieve the lowest
possible kerf taper angle of 0.5342 degrees was found to be 292.406Mpa,
605.838 g/min, 140.62 mm/min and 2.94136 mm for Jet pressure, abrasive mass
flow rate, traverse rate and stand-off distance, respectively

e Validation experiments confirm the outcomes acquired after optimization.
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Abstract Polymer Matrix Composite (PMC) is a potential candidate material for
structural, automotive and aerospace applications due to its high strength to weight
ratio, non-corrosive and affordable. Because of these reasons, PMC’s are widely
used as an alternate material for both load bearing and non-load bearing applications.
However, synthetic fibre usage in PMC fabrication limits its application in various
sectors due to increased environmental awareness like non-degradability, land-filling
and so on. This forced research community to develop eco-friendly material associ-
ated with equivalent mechanical properties and where bio-fibres are coming to picture
here. Recently, an importance of bio-fibre reinforced PMC’s have been realised and
numerous studies were carried out to study various mechanical properties such as
tensile, flexural, hardness and impact properties of bio-fibre reinforced PMC'’s. In this
chapter, the effect of single bio-fibre, hybrid bio-fibre and synergistic effect of filler-
fibre combination on mechanical properties are presented and reason/mechanism for
properties improvement is analysed. This motivates novice researchers to understand
failure mechanisms under mechanically loaded environment and lead to widen the
way to carry out further research in bio-fibre composites.
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1 Introduction

Testing of any material or composite is essential to predict their strength and
withstand-ability against mechanical load. These testing are helpful to avoid catas-
trophic failure of a material and severe damage too [1]. Under mechanical load,
behaviour of a composite material is different when compared to pure metals there-
fore measurement of various basic mechanical properties of a polymer composite
is mandatory. These behavioural differences of polymer composites are majorly
due to its anisotropic nature of composites and they are composed of two or more
constituents. Therefore, it can be realised that assessment of mechanical properties
of any composite material is highly important and based on those test results it can be
reveal that whether a proposed composite material is fit for a particular application
or not (Fig. 1).

Firstly, it is realised that testing of composite materials is important, and then the
following questions would come in to picture. What type of test or load? (Whether itis
tensile or compressive or shear, etc.), what would be the test environment? (Whether
it is room temperature or elevated temperature), what will be the test parameter?
(Whether it may be sudden load or gradual load or long-term load) and so on. The
answer for these questions is depends on end use of the proposed composite materials.
Hence, it should be screwed-up those properties requisite of a composite material
is highly depends on end application i.e. where a composite material is going to
use? Based on these a designer can perform design process (of any component used
in structural, automotive, aeronautics, and other applications) with the help of tests
data.

Fig.1 Most common tests Interlaminar
for a composite material fracture toughness

Tension Fatigue

Mechanical

Tests

Impact Flexural

Shear Compression
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2 Mechanical Characterisation of Composite Materials

2.1 Tensile Test

Tensile properties of a material can be assessed the most common test known as
tensile test and this test is simple test where two opposite collinear tensile forces are
applied along the longitudinal direction (as shown in Fig. 2). The applied force is
gradually increased till specimen fracture and a stress—strain curve is plotted simul-
taneously during the test. In general, one can able to get following properties from
tensile test (i.e.) tensile strength (in MPa), elongation at break (%), poisons ratio,
Young’s modulus. Among these, the tensile strength is the most fundamental prop-
erty of a material can be defined as an ability of that material against a force that
tends to pull/stretch it. For newly any developed composite material, measurement
of tensile properties is essential and outputs of this test are highly useful to predict
suitability of a material for selected application. In order to assess the abovemen-
tioned properties composite samples should be designed with ASTM standards or
any other suitable standards. Most commonly used standard is ASTM D3039 for
determining the tensile properties of a polymer matrix composite [2].

During bio-fibre reinforced polymer composites fabrication, a manufacturer
must concern about matrix/fibre interface, compatibility between fibre and matrix,

Fig. 2 Tensile test machine and its stress distribution



146 N. B. K. Babu et al.

porosity, distribution of fibre, and so on. The abovementioned parameters have enor-
mous influence on tensile strength and other properties of a composite material
(Fig. 2).

2.2 Flexural Test

Flexural properties of a material can be found through 3-point or 4-ponit bending
test (also called as flexural test) and the properties obtained such as flexural strength,
flexural modulus, elongation, etc. using this test are equally important to disclose
flexural strength of a material when a specimen is subjected to bending load. During
flexural test, a load is applied normal to the axis of specimen and subjected to bending
till the failure of a specimen (as shown in Fig. 3). Like tensile test, a stress—strain
curve is plotted simultaneously during the flexural test and aforesaid properties were
also recorded. Both tensile and flexural tests are regularly used techniques to assess
the fracture strengths of materials (Fig. 3).

(b)

Fig. 3 a, b schematic of bending tests a 3-point and b 4-point and their stress distribution (where,
F = applied load and ¢ = stress)
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2.3 Impact Test

Before introduction of the carbon fibre reinforcement, a minimum interest was paid
on study of impact response of glass fibre reinforced polymer composites (as shown
in Fig. 4). However, concern on impact response of a polymer composite material was
increased when carbon fibre reinforcement was used as reinforcement in polymers.
This was due to the higher brittleness of carbon fibre compared to glass fibre and
these glass fibre reinforced polymer composites exhibited better performance under
impact load [3]. Since natural fibre reinforced composites are gradually replacing
synthetic fibre reinforced polymer composites in structural and automotive applica-
tions, impact behaviour of these materials is likely to become increasingly important.
The impact resistance of bio-fibre reinforced polymer composites has recently been
tested using a variety of test methods. The capacity of a material to withstand a
shock/sudden load or an applied stress at high speed is known as impact resistance.
Impact strength is asignificant mechanical property of materials that are used for
many potential engineering sectors such as automobiles, construction, aeronautics
and many more. It is determined by a variety of factors, including strength, stiffness,
Young’s modulus, fibre span and orientation, and physical bond and compatibility
between fibre and matrix, among others. In addition, it also depends on method of
test used to assess the impact energy.

Fig. 4 Impact testing machine
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2.4 Hardness

Hardness is the significant property of a material this displays the resistance against
plastic deformation, typically by indentation. Polymers and their composites are
relatively soft materials, and the hardness of these materials is usually determined
using a shore hardness tester. Hard plastics are commonly graded on the shore D
hardness scale, whereas soft rubbers are graded on the shore A hardness scale. The
shore D hardness test is used to determine the hardness of polymer composites in
the majority of studies. In general, the output of shore D hardness range between 0
and 100 and the higher value of the polymer indicates that the material’s hardness
increases. The samples should be cleaned with acetone before being measured, and
the testing surface should be smooth. During the test, the sample is mounted on a flat
surface, the test probe is pressed against the surface for 15 to 20 s, and the tester’s
measurement is taken. The test is repeated seven times per sample to improve the
reliability of the results, and the average hardness of the samples can be taken into
account. The portability, ease of measurement/handling, and reduced measurement
time are all advantages of using the shore D hardness test. Figure 5 depicts a typical
image of a shore D hardness tester.

Fig. 5 Shore D hardness
tester
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3 Mechanical Characterisation of Single Fibre Reinforced
Polymer Composites

The polymer composites composed of long bio-fibres and polymeric resin could
be useful for structural or civil engineering applications and their usage have been
steadily increasing in the automotive and construction sectors due to their advan-
tageous features like high specific strength and stiffness. Conversely, performance
of various natural fibres reinforced polymer composites has been questioned due
to high variability in mechanical properties for structural reliability analysis. The
mechanical properties of a polymer composite can be studied through various tests.
From those tests, the effect of natural fibre content on stress—strain relationship, ulti-
mate tensile strength, Young’s modulus, ductility, and toughness can be determined
experimentally [3] (Fig. 6).

Intrinsically most polymers have less strength compared to metals. Hence, fibre
reinforcement has become essential to strengthen raw polymers and withstand against
mechanical load. In this way the synthetic and natural fibres are gained their impor-
tance in polymer composites and widened their use in different sectors. In general,
natural fibre shows lower mechanical strength relative to synthetic fibres. There-
fore, evaluation of mechanical properties of natural fibresis equally important before
manufacturing polymer composites. Reddy et al. analysed the tensile properties of

Thermoplastics
v'Nvlon
v Cellulose acetate

v'Polystyrene (PS)
¥'Polvpropvlene (PP) +- =) Biocomposites
v'Polyethylene (PE)

v'Polycarbonate (PC)

v'Polyvinyl chloride (PVC)
v'Polyether—ether ketone (PEEK)

¥ Acrylonitrille-butadiene-styrene (ABS)

Fig. 6 Different combinations of polymer composites
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borassus fine fibres and these properties of the fibres increased after 8 h of alkali treat-
ment due to better fibre structure. Based on enhanced tensile properties, renewability
and eco-friendly nature, borassus fine fibres was suggested as reinforcement in manu-
facturing of green composites [4]. The figure shows different polymer composites
which is composed of both biocomposites and green composites. The Fig. 6 discusses
natural fibre reinforcement in different category of polymers, in which a biocomposite
have anyone compound (either matrix or reinforcement) as biodegradable material
however, a term green composite is completely (all components) biodegradable mate-
rial. The natural fibres reinforcements have significant drawbacks like low mechan-
ical strength, poor thermal stability, low useful life span and soon. Kandola et al.
used jute and sisal fibres as reinforcement and fabricated jute/PP, sisal/PP, jute/PLA,
and sisal/PLA composites in this PP based composites are partially synthetic and
PLA based composites are fully eco-friendly materials. The mechanical strength
of prepared composites was assessed through tensile, flexural and impact test. The
higher Young’s modulus and flexural modulus were recorded in tensile and flexural
tests respectively by the PLA-based composites and these values were higher than
respective PP-based composites. In addition, sisal fibre reinforced composites exhib-
ited higher Young’s modulus and flexural modulus compared to jute fibre reinforced
composites [5].

Since 1990s, natural fibre polymer composites have been potentially employed
in automotive industries. For instance, major products such as interior door panels,
trunks, roofs, seat backboards, dashboards and analogous partsproposed for automo-
tives. Automotive parts made of bio-fibre reinforced polymer composites have been
significantly grew-up by ca. 50% from 2000 to 2005. Similarly, in domestic, construc-
tion, musical instruments, and packaging materials are the few areas where natural
fibre reinforced polymer composites are actively involved [6]. However, some of the
typical factors like non-linear behaviour of natural fibre, properties decay over time,
etc. are restricting their application in heavy load bearing sectors. In addition, bio-
fibres have reduced thermal stability than synthetic glass fibres. Most natural fibres are
partially/fully decay around 240 °C. Most importantly composition of natural fibres
(cellulose, hemicelluloses, lignin, and extractives) significantly depend on cultiva-
tion place like geographic location where the plants are grown up and mechanical
properties could vary when there is a change in these composition [7]. However,
bio-fibres such as coir, flax, sisal, jute, banana, kenaf, and hemp show the advantages
like minimum carbon footprint and biodegradable combined with a good specific
strength and stiffness at an affordable cost. Dobah et al. explained the mechanics of
jute/polyester composites using tensile and fatigue tests. The uni-axial and multi-
axial loads were applied on 25 vol.% of jute fibre reinforced polyester composites
and found that the composites showed 42 MPa of tensile strength and 7.5 N-m
of torsion strength under uni-axial tensile and torsional loads respectively. On the
other hand, these values were reduced to 22 MPa and 5 N-m in multi-axial static
tests. Based on the test results, the authors suggested that the use of jute/polyester
composite materials in sectors such as car and aircraft interiors could show effec-
tive performance with lower weight, cost and carbon footprints [8].Sivakumar et al.
investigated randomly palmyra fibre reinforced composites with effect of potassium
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permanganate chemical treatment. The composite plate fabricated by hand lapup
method and the results showed that treated plamyra fibre enhanced superior tensile
and flexural properties than the untreated fibre [9]. Karthikeyan et al. studied the
natural fibre as banana ribbon with polyester composites with effect fibre rope mat
and random orientation. The above composites were fabricated by using compression
moulding machine. From this study it has been asserted that by rope mat composites
showed maximum mechanical properties that when compared to other composites
[10]. Vijaya kumar et al. prepared a new natural fibre as caryota fibre to fabricate
the composites plates with help of compression moulding machine. The optimum
results were obtained at 40% of fibre content when compared other composites weight
percentages and utilized the material in automobile and other related industries [11].
Vignesh etal introduced a new chopped indian mallow fibre with polyester compos-
ites and compression moulding technique is adopted for manufacturing the composite
plate with different weight percent 10 to 50%. The result indicated that increasing the
fibre content in composites plate show the ultimate mechanical and thermal properties
of the composites [12]. Palanikumar et al. developed the mechanical and vibrational
analysis of bio caryota reinforced polymer composite to decreases the environmental
effect and light weight load carrying structures. Compression moulding machine is
used for fabricating the composite laminates with varying weight % from 10 to
45%. The bio caryota fibre shows better properties than other natural fibre compos-
ites in the literatures [13].The short bio-fibres have been used for semi-structural or
non-load bearing parts in the automotive sector where low weight vehicles imply
minimum fuel consumption as well as low carbon emissions. However, structural
or load bearing parts demand comparatively higher mechanical properties and this
could be achieved when using long natural fibres as reinforcement.

4 Mechanical Characterisation of Hybrid Fibre Reinforced
Polymer Composites

Versatile ways to improve a material strength is given in Fig. 7. From long year ago,
the natural fibres have been reinforced to improve the strength of polymer composites
and recognised as successful reinforcement for polymer composites. Over the time,
hybrid fibres have been used in polymer composites manufacturing and hybrid fibres
exhibited higher mechanical strength compared to single fibre reinforced polymer
composites because of synergistic effect of two fibres [14].

Currently, large number of researchers from engineering and science background
has been introducing new natural fibres due to increased environmental awareness
between researchers. This could be a bright chance to develop and analyse proper-
ties of hybrid natural fibre reinforced composites and leads to new material devel-
opment. In addition, researchers have been motivated towards the development of
green composites i.e. fully biodegradable material and there are huge opportunity
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Fig. 7 Evolution of
biocomposites

Hybrid bio-fibre
reinforced polymer
composites

Bio-fibre (single)
reinforced polymer
composites

Mechanical Properties

for such green composites development and only countable works have been carried
out in this fully biodegradable hybrid composites.

Hybridization two or more fibres can enhance mechanical properties because of
(1) the variation in diameter of two fibres is possible in hybridization, this leads to
effective settling of fibres within the matrix with increased surface area contact and
leads to effective stress transformation [9]. (ii) During mechanical tests, a fibre with
low elongation take applied load initially and break first; followed to this applied
load is taken by fibre with high elongation which could reduce the sudden failure of
matrix and leads to improved stress transfer from matrix to fibres and consequential
enhancement of mechanical properties [14]. Many researchers have been reported the
synergistic effect of synthetic and natural fibres reinforcement on mechanical prop-
erties hybrid fibre reinforced polymer composites and achieved good improvement
in mechanical properties. A composite contains hybrid fibres reinforcement balances
their properties deficiency by one another fibre(s) during mechanical loading.

Srinivasan et al. prepared hybrid epoxy composites in which the reinforce-
ments used were banana fibre, flax fibre and glass fibre. It was concluded that the
hybrid epoxy composite has better mechanical properties compared to single glass
fibre reinforced composite (GFRP)when subjected to impact and flexural loads.
Also, it is noticed that the hybrid composite exhibited better mechanical strength
compared to single fibre composites [15]. In another work, Alavudeen et al. devel-
oped banana/polyester, kenaf/polyester and banana/kenaf/polyester composites and
analysed their mechanical properties using tensile, flexural and impact tests. Among
aforesaid composites, the woven banana/kenaf fibre added hybrid composites showed
higher mechanical strength and this was due to hybridization effect of kenaf with
banana fibres [16].
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Ramesh et al. analyzed the mixing of sisal—jute—glass fibre reinforced polyester
composites to find increasing of various applications. The mechanical characteris-
tics of hybrid composites were tested through ASTM standards. Sisal-jute- GFRP
fibre composites showed best performance in terms of mechanical properties and
morphology studies of fractured specimen provides the internal cracks, internal struc-
tures and internal fractured of composites while various mechanical loading[17].
Palani kumar et al. investigated green hybrid polymer composites to evaluate the
mechanical properties of the composites. The result indicated better tensile, flexural
and impact strength due to hybridization of composites with low pollution effects. The
SEM analysis proved the fibre breakage, void and failure of resin packages were found
in after testing of composites specimen [18]. Stalin et al. studied the hybrid vetiver
fibre matvinyl ester composites to evaluate the tensile, flexural, hardness and impact
properties. The composites plate fabricated by compression moulding with various
combination at 45° and 90° direction.The hybrid double-layer fibre mat composites
indicates ultimate tensile and flexural properties and it is found that vetiver double-
layer fibre mat composites at 90° direction, indicating high impact strength than a
banana and other hybrid fibre mat composites[19]. Vignesh et al. focused effects of
their wood sawdust filler on hybrid and twisted hybrid indian mallow/ roselle fibre
composite. The ten combination of hybrid and twisted hybrid plates were fabricated
by compression molding machine and composite specimen were tested both warp
and weft direction as per ASTM standards. Twisted hybrid double layer composites
yarn mat and wood sawdust filler sample recorded significantly greater improvement
on the mechanical properties at warp direction, when compared other reported hybrid
composite materials. Above composites were recommended to fabricate the automo-
bile and electronics industries applications [20]. Stalin et al. carried out to evaluate the
mechanical properties of hybrid Typha angustata mat reinforced vinyl ester compos-
ites. The Typha angustata/Banana mat composites exhibited better impact strength
and hardness due to the exchange the properties between the two natural fibres and
sufarce morphology of fracture specimen such as fibre fracture, matrix fracture,
delamination of fibre, fibre bending and fibre pull out were found by SEM analysis
[21] (Fig. 7).

In short, the hybrid fibres reinforcement is an effective technique to achieve better
mechanical strength. Moreover the growth of scientific techniques and new fibre
establishment would allows us to develop new hybrid composites that could be a
good alternate for conventional single fibre added composites.

S Summary

In short the natural fibre reinforcements are gaining their importance in polymer
composites development because of its availability, affordability, renewable and
importantly low carbon footprint on the environment after useful life.
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As natural fibre is used as reinforcement in the manufacturing of polymer compos-
ites, mechanical properties such as tensile strength and modulus, flexural strength
and modulus, and so on can be effectively altered (or) changed.

The reinforcement of natural fibres in naturally derived polymers together forms
a green composite and such composites have been needed to be developed since
these green materials are biodegradable in nature and leads to sustainable devel-
opment. Introduction of new natural fibre opened door to next level research in
polymer composites and analyse of mechanical properties. More importantly, hybrid
natural fibres reinforcement need more focus since hybrid polymer composites shows
superior mechanical properties than to single fibre reinforced composites.

Hybrid surface modified fibre reinforced polymer composites are still more likely
to develop and evaluate their effect on mechanical properties of polymer composites.
With appropriate chemical treatment, the surface of the natural fibre can be changed.
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Fatigue Behaviour of Banyan/Neem )
Fibers Reinforced with Nano Cellulose oo
Particulated Hybrid Epoxy Composite

T. Raja, P. Anand, and V. Mohanavel

Abstract This research involves developing the composite laminates using natural
fibers of neem fiber, bidirectional woven banyan fibers, sawdust cellulose with epoxy
matrix varying with reinforcement weight fraction to quantify the fatigue behaviour
of epoxy composite. As per the ASTM standard fatigue test was performed with 3
different ratios of hybrid composites are 90/45 g, 67.5/67.5 g, and 45/90 g of banyan
and neem fibers. In this study, the life of composite laminates can reveal from fatigue
analysis in samples ‘A’ withstand more cycles of rotation 5979 compared with the
other two samples, which indicates when increasing bidirectional banyan is woven
mat weight percentage was given the positive influence of variable fatigue load and
at the same time short neem fibers are shows less efficient life of hybrid composite.
The surface morphological analysis was used to analyze the failure mode during
the fatigue test of this composite laminates by scanning electron microscope (SEM)
analysis.

Keywords Natural fibers - Neem fiber - Banyan fiber - Fatigue behaviour + Nano
cellulose + ASTM standard + Hybrid composite - Polymer matrix

1 Introduction

The natural fibers are pineapple, coir, ramie, flax, sisal, banana fibers, etc. are
minimum cost fiber and used as a substitution for synthetic fibers. It makes the
development of a hybrid composite with unidirectional, continuous, and 40% v/v
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hybrid of banana fibers and sisal fibers (1:1) natural rubber latex, and also it describes
the mechanical properties [1]. Developed a natural fiber of neem and banyan with
epoxy matrix was given 25 MPa with a maximum amount of bidirectional woven
fabric composite and it was 41% more than increasing of chopped neem fiber hybrid
composite [2]. The materials introduced from rubber latex are elastomer, and hybrid
fibers as reinforcement promoted the mechanical properties are tensile strength, flex-
ural strength and hardness [3]. The rigidity of the developed material also increased
when compared to the pure late and also this material can also be applied in the appli-
cations of engineering, industrial and commercial [4]. The manufacturing and proper-
ties of bidirectional banana/jute mixture fiber fortified composites and contrasts and
the single characteristic fiber strengthened composites [5]. The physical properties
of the natural fiber composites were acquired by testing the composite for thick-
ness, tensile, flexural, between laminar shear, effect, and hardness properties [6].
Newly introduced fibers like Polyester and nylon acts as a reinforcement in fiber-
glass for developing hybrid composite. It is a low-density material and very cheap
for fabricating parts with better impact and fatigue strength [7]. Due to this extreme
property level, these materials are used for fabricating parts for aircraft and automo-
biles [8]. A method for assessing the impact of porosity flaws on the interlinear tensile
(ILT) fatigue behaviour of carbon/epoxy tape composites, which can be employed in
fatigue-critical structural designs in aero planes. This work introduced the rotorcraft
engineering community to advanced structural methods that could account for manu-
facturing issues including porosity in composite parts and enable accurate assessment
of their capability and useful life [9, 10]. Natural fibers materials are easily avail-
able and the manufacturing process of natural fibers is easier than other composites.
Hence, the advantages of this natural fiber motivate the researchers to study the possi-
bility of developing reinforced composites and testing the properties of the material
for different applications [11]. Reviewed the chemical and mechanical properties of
natural fibre reinforced polymer-bonded composites and the processing techniques
compared for the reinforced composite materials. The awareness in the environment
and the greenhouse result promoted the building, motorized stuffing businesses to
look at the ecological resources able to restore the conservative artificial fibres [12].
The usual fibres considered better substitute as in leathery form and obtained since
basil greeneries at minimum charges. Because of, there is a strong faith in the natural
fibres compared to the natural fibres [13]. The Young’s modulus of the natural fibre
works based on the ratio of fibre weight. When the fibre weight ratio increased,
it also increases and then it is decreased. Various natural fibres consist of higher
young’s modulus when compared with the glass fibre. The other natural fibres have
the lowest young’s modulus when compared with the Jute, hemp, flax, pineapple.
Thus the chemical and mechanical possessions of usual fibre were reviewed [14].
The fatigue behaviour of basalt fibre reinforced epoxy polymer (BFRP) compos-
ites is investigated, as well as the degradation mechanism of BFRP under various
cyclic stress levels were analyzed the mechanical properties of kenaf fiber rein-
forced polymer composite [15]. The composite improves the features of the poly-
mers. Kenaf fiber has excellent tensile and flexural strength. 40% fiber loading is
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the optimum condition in polymer composites which give better mechanical prop-
erties [16]. The extraction of fibres requires less energy. Production costs are kept
to a minimum. During extraction, there is no tooling wear and no skin discomfort.
Excellent thermal and acoustic insulation. They are long-lasting, environmentally
friendly, and biodegradable. The fatigue behaviour of composite materials reinforced
with different types of glass fibers is characterized in air and seawater. Seawater
aging is shown to reduce fatigue lifetime [17]. Temperature is significantly influ-
enced by fatigue strength, the major negative influence of fatigue life is need on a
large quantity of new input of all material, and the constant amplitude fatigue life of
fiber-reinforced polymer composites is continuously higher than that of glass fiber
reinforced plastic [18]. Reviewed the manufacturing process with the reinforcement
fibre particle. Addition manufacturing is a robust paradigm of manufacturing for
producing efficient parts with better mechanical property than unreinforced parti-
cles. Practically all monetarily accessible AM strategies could profit by different
reinforcement of fibre processes. Ongoing advancements in 3D printing strategies for
fibre fortified polymers, to be specific, combined testimony displaying (FDM), over-
laid object fabricating (LOM), Stereo Lithography (SL), expulsion, and particular
laser sintering (SLS) assessed right now comprehend the patterns and future bear-
ings in the individual zones [19]. Notwithstanding additional quality, strands have
likewise been utilized in 4D printing to control the difference in shape or to expand
after 3D printing, directly out of the printing be [20]. Although AM of fibre/polymer
composites is progressively creating and under exceptional consideration, there are
a few issues should have been tended to including void development, poor adhesion
of strands and framework, blockage because of filler incorporation, expanded curing
time, modelling, simulation, and so on. Regardless, various imaginative procedures
spotted among ongoing work attempting to conquer these difficulties with new mate-
rial or manufacturing systems [21]. High throughput robotized methods are these
days assuming a key job in polymer composite assembling in various enterprises, for
example, car and aviation. There is a need to deliver high volume parts effectively
[22]. Supply and demand cycles of neem and banyan fibres robotized fabricating
strategies, for example, computerized tape layup and mechanized fibre condition
can create composite parts proficiently, and with the approach of added substance
producing the intricacy of these segments are expanding [23].

From the above motivation, this present study is related to natural fibers of banyan
and neem fibers are reinforced with epoxy matrix to develop a composite laminate
for three different samples by conventional hand layup methods and to analyse the
fatigue effect of this hybrid composite.
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2 Materials and Methods

2.1 Materials Used

Natural fibers are the potential alternate materials for synthetic in numerous appli-
cations due to their weight density ratio. In this work, natural fibers of neem fiber in
hewed type, banyan fibers are bidirectional woven material type used as prime rein-
forcement and epoxy polymer with hardliner is used as matrix material by 10:1 ratio
and the sawdust cellulose used as filler material and to fabricate with three different
samples to changing the weight fractions of reinforcement by conventional hand
layup technique is used for the fabrication process of this hybrid composite [24].
Neem fibers and banyan woven fabric were collected from the go green industry,
Chennai, India, and the epoxy polymer and sawdust filler were collected from
Jayanthi enterprises, Chennai, India. The details about the material extraction is
discussed in the following sections.

2.2 Banyan Fiber

Banyan fibres are considered to be one of the easily available material used for the
preparation of fibre reinforced composites. The banyan is long lived aerial root plant
and possess a fibre source for a very long time in manufacturing [25]. These plants
are considered to be a good potential for the reinforcing composite material and the
fibres used for the reinforcement can be extracted from the roots. In Fig. 1 shows the
banyan tree, fiber form and banyan woven fabric.

2.3 Neem Fibre

Neem tree is a largely available plant in the country with a source of fibre content in
the ancient times. It is hugely found on the home and office and it is a fast-growing
tree having a height of 15 to 20 m [26]. Though these years, numerous research work
has been conducted to experiment the preparation of fibre composite with the fibre
extracted from neem tree. The chopped neem fiber is shown in Fig. 2.

2.4 Applications of the Hybrid Epoxy Composite

The far-reaching utilization of NFPCs in epoxy composites because of its less weight,
generally good quality, moderately less manufacture charge, corrosion opposition,
absolutely recyclable, refining the superficial completion formed share composites,
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Banyan Tree Banyan Fiber

Banyan woven fabric

Fig. 1 Banyan fiber extraction from banyan tree

Neem Tree Chopped Neem fiber

Fig. 2 Neem fiber extraction from neem tree

reasonably significant mechanical strength, and accessible, sustainable bases when
contrasted with artificial fibres. Then again, there is a real disservice of the NFPCs,
for example, dampness assimilation, confined handling temperature, and variable
quality and this detriment prompted constraining their performance. The following
applications have done with neem and banyan fibers reinforced epoxy composite
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are floods, typhoons, seismic tremors and in storage gadgets are post-boxes, grain
stockpiling storehouses, bio-gas compartments. Also, using this composite laminate
can develop the natural fiber composite helmet, car dash panel and car bumper for
micro level automotive vehicles.

2.5 Fibre Treatment

Generally, the natural fibres are hydrophilic and having the polar groups in their
structure. These natural fibres are consist of several elementary fibres combined with
cellulose, hemicellulose, pectin, lignin, etc. For removing the excess elements from
these fibres chemical treatments are employed. Past research works proves that the
interfacial bonding can be enhanced by the modifying the surface finish of the fibre
through alkaline treatment which results in improving its mechanical and thermal
properties [27]. In that scenario, this research work, the natural fibre are chemically
treated by alkaline for the thermoplastic and thermoset plastic reinforcement. With
the hydrogen bonds in the network structure, it can increase the surface roughness
and fibre strength. It also modifies the natural fibre by the NaOH from hydroxyl
group to alkoxide group respectively.

2.6 Fibre Properties

Before the fabrication process, the collected fibre is analyzed with the natural prop-
erties for reinforcement. The property change of the fibre material will reduce the
mechanical properties and there by a suitable chemical treatment process is followed
in the fabrication to improve the properties of the material at the desired level.

Table 1 reveals the properties of the fibre extracted from the neem and banyan
fibre. The property is measured individually for each fibre before it gets reinforced.
The fibre is extracted from parent material and measure the properties for any further
modification.

Table 1 General Properties

Properti N Fib B Fib
of Neem and Banyan Fibre Topertics eem Tibre anyan Tiore
[12] Group Natural Fibre Natural Fibre
Type Short Fibre Bidirectional Woven
Fabre
GSM 150 100

Fibre diameter

20 micron (average)

20 micron (average)

Density

1.67 g/cc

1.52 g/ce
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Table 2 General Properties Feature (graphic) Strong runny
of Epoxy Bisphenol-F LY556
resin [30] Solidity at 25 °C 1.3 g/cc
Viscosity at 25 °C 11-13 Pa.s
Temperature for curing 75 °C
Glass Conversion Temperature 135 °C
Table 3 Properties of .
Flash P 110 ©
Araldite HY 951 Hardener ash Pont 0°c
[30] Mix Ratio 100:10
Specific Gravity 0.98 g/cm3 at 25 °C

2.7 Matrix Preparation

Epoxy resin is a word acquired by chemical starting point. Epoxy have less sub-
atomic weight. The shade of epoxy is dark colored (or) golden shading. This epoxy
resin is having high mechanical properties and furthermore expanded significant
equal of electrical protection and great concoction obstruction [28]. Epoxy resin
are likewise consuming recital properties like biocompatibility, eco-friendly and fire
resistance. Epoxy resin are glue and thirsty in some temperature from 41 to 302°F,
they additionally shrivel throughout relieving process. This is utilized to keep from
interior loads and furthermore keeps from synthetic substances. This can be utilized
in paint initiatives as it dries rapidly and gives self-protective layers, development
of automobile, air craft, boats, assembling of different molds and cast, overlays,
malleable tooling. Hardener is utilized to build the holding limit of resin. Epoxy
resin are not wealthy in holding limit thus to expand the bonding limit hardener is
utilized [29]. The epoxy resin properties is given in Table 2.

Hardener HY951 used as a catalyst for bonding purpose and woven glass fiber,
carbon fiber & natural fiber used as lamination sheets. This material is mixed with
epoxy resin for coating or encapsulating electronic components which work at low
voltages. In Table 3, shows the hardner properties used in this matrix.

2.8 Fillers

Fillers decrease the expense of composites, yet in addition, every now and again
impart performance upgrades that may not, in any case, be accomplished by strength-
ening and resin elements alone. Plasters are frequently indicated as extenders, in
contrast with resins and fortifications, fillers materials are the most economical of
significant ingredients. Filler materials can recover mechanical behavior including
fire and smoke recital by diminishing natural substance in composite concealments
[31]. Thus, filled resin psychiatrists not exactly unfilled resin, along these lines
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refining the dimensional control of formed parts. Significant behavior, including
water opposition, enduring, surface flatness, firmness, dimensional solidness and
temperature obstruction, these are able to be improved through best possible utiliza-
tion of filler materials. The utilization of inorganic fillers in composites is expanding.
At the point when utilized in composite covers, mineral filler materials can represent
40 to 65% by weight. There are various inorganic fillers that can be utilized including
with composites materials.

2.9 Fabrication Process

Initially, the fibres are wetted fully with sawdust blended epoxy and stacking the
fibre mixture to the required stacking sequence. A thin non-reactive laminate is used
to cover the steel board to attain a decent superficial surface. Once complete the
process, a mould discharging manager is functional for sticking with epoxy matrix
to the surface. The matrix material is applied as layers using a skirmish and the short
neem fibre is located on the harden board. Fabrication of neem/banyan fibers hybrid
composite was done by traditional hand layup technique, this method is suitable for
three different types of materials are used such as short neem fiber, banyan woven
fiber, nano particles of saw dust cellulose, and clear liquid of epoxy polymer matrix.
Therefore, the hand layup method is selected for fabricating this hybrid composite
laminates with variable three different weight ratio of laminates, then to enumerate
the fatigue effect of the epoxy composite.

In this fabrication process, initially 30 x 30 cm?steel box is selected for making
the composite laminates and liquid wax is applied thoroughly on steel mold for
composite releasing without any external damage during and after the fabrication
process. Then the matrix material is applying over the neem and banyan fibers are
placed as the second layer over the first layer of neem fiber. The process is frequent
for fabricating remaining specimens and this wetted composite laminate is allowed
to cure at the temperature of 80 °C on the hot oven for 4 h at a moderate rate of
heating 6° C/min, trailed by the after-curative procedure at the treating temperature
of 110 °C for 2 h. [32].

After curing the composite laminates are removed from steel mould and they can
be selected for further fatigue testing with standard dimensions as followed for this
hybrid composite the fabrication process by hand layup method as shown in Fig. 3.
The weight fractions of the epoxy composite are given in Table 4.

2.10 Testing of the Hybrid Composite

After complete, the fabrication process of the hybrid composite laminates is
conducted to fatigue test for analysis of the efficient life and endurance limit of
this natural composite material. As per the ASTM standard E606, the dimension
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Fig. 3 Fabrication process of epoxy composite

Table 4 The weight ratio of epoxy composite

Sample | Fillerin | Epoxy Banyan | Neem The weight Composite
gram matrix fiber in fiberin | fraction of laminate weight
weightin | gram gram Banyan/Neem | in gram
gram fibers in %
A 25 385 90 45 2:1 545
B 25 385 67.5 67.5 1:1 545
C 25 385 45 90 1:2 545

selected for this fatigue test is 119 x 13 x 5 mm? was prepared from each sample
of hybrid composite. During the fatigue experiments, samples are experiencing the
frequency of 3 Hz for polymer composite material [17]. Fatigue testing is undergone
of the hybrid composites as shown in Fig. 4, when the material inclines to a cyclic
load with stress level below the tensile and compressive strength is applied. It is a
mechanism to evaluate the damage due to the steady deterioration of the composite
with increased loads cycles leads to a decrease of load-bearing capacity [18]. The
testing parameters of frequency 3 Hz with three tensile properties for the A, B, and
C samples are 25, 23, and 20.8 MPa as given in Table 5.

A scanning electron microscope (SEM) is an electron microscope as shown in
Fig. 5, which scans a sample with a centered beam of electrons to create images of
it. In SEM analysis, the morphologic characterization of the composite laminates
superficial is detected. The composite samples are washed properly, air dried, and
treated with a 100-layer platinum ion coater, which is observed using a scanning
electron microscope at a voltage of 20 kV. Until the micrographs are drawn, a thin
layer of platinum is vacuum evaporated onto the composite specimens to increase
conductivity [5]. This test can analyse the fracture surface morphology of composite
specimens. Prior to SEM findings, both specimens were sputtered with a 10 nm
sheet of gold. Using double-sided electrical conduction carbon adhesive tabs, each
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Fig. 4 Fatigue testing of hybrid composite

Table 5 Process parameters in fatigue testing

T. Raja et al.

S. No Specimen description Load test parameters Test results

A Area — 65.000 mm? Frequency-3.00 Hz Load stable cycle-359
Thickness- 6.50 mm Tensile- 25 MPA Load half cycle-3000
Elastic Modulus- 2.7 GPA Last load cycle-5979
Poisson’s Ratio- 0.25

B Area — 65.000 mm? Frequency-3.00 Hz Load stable cycle-0
Thickness- 6.50 mm Tensile- 23 MPA Load half cycle-80
Elastic Modulus- 2.3 GPA Last load cycle-169
Poisson’s Ratio- 0.25

C Area — 65.000 mm? Frequency-3.00 Hz Load stable cycle-0

Thickness- 6.50 mm
Elastic Modulus- 2.1 GPA
Poisson’s Ratio- 0.25

Tensile- 20.8 MPA

Load half cycle-40
Last load cycle-80
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Fig. 5 SEM microscope

specimen was placed on the microscope’s aluminium holder. 5-15 kV was used as
an accelerating voltage [7].

3 Results and Discussion

3.1 Fatigue Analysis of Hybrid Composite

The materials can withstand high energy during static loading conditions and at the
same time to identify the stress-induced endurance limit of this hybrid composite
during cyclic loading can give a positive influence when increasing with bidirec-
tional woven fabric compared with chopped neem fiber composite laminates. The
experiments are carryout with three specimens with numerous dimensionality levels
are tested and the samples of composites are shown in Fig. 6.

The load cycles during the testing of composites are measures for half, stable and
last loads [10]. The results from the testing show that sample ‘A’ score higher while
the other two samples scores lower level respectively. The different level of loading
condition shows with a different stress, strain, and elastic modulus range is given in
Table 6.

A similar study was developed by glass fiber composite with two different
mediums are air and ocean water and to evaluate the cyclic loading capacity for
potential materials, in this compared with ocean water the air medium was given
more cyclic loading of 1200 cycles/min [3].
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Fig. 6 Fatigue tested
specimen of the hybrid
composite

In this work, the banyan woven fabric and chopped neem fibers are capable to
fabricate a composite laminate with three different weight fractions and enumerate the
fatigue consequence of this hybrid composite and the graph between load with cycles
rotation as shown in Fig. 7 and sample A was given the positive influence of hybrid
composite when compared with other samples, its reveals clearly when increasing
the banyan fiber loading was given 5979 cycles of the last loading and 3000 cycles
of half-cycle loading and its content more cyclic loading capacity compared with
increasing of chopped neem fiber. The major impact during this experiment the load
distribution from one point to another point in sample A is proper and less stress
concentration factor obtained in this sample due to the continuous fibers with woven
fabric and at the same time more stress concentration arises in sample C due to more
amount of chopped neem fibers was given 80 cycles for last loading and 40 cycles
for half cycle loading capacity of this hybrid composite. In the sample, B contains
a 1:1 ratio of banyan and neem fibers was given 169 cycles for the last loading
condition and 80 cycles for half cycle loading capacity. Therefore, among all the
three samples in sample A is 98% more cycles withstand for full and half loading
condition compared with sample C and 97% higher than sample B and compared the
samples between B and C, 53% more cycles in sample B for full loading and 50%
more cycles for half loading condition of the hybrid epoxy composite.

In another study, a composite made of sisal fiber and jute fiber reinforced hybrid
polymer composite has analyzed to fatigue behaviour and the outcome shows the
better fatigue capacity with increasing of jute woven fabric of 4850 cycles with that
loading of 10KN [11] and this hybrid composite is 18% lower fatigue compared with
this neem/banyan fibers hybrid composite. The graph between stress and strain is
shown in Fig. 8, and this graph revealed in sample A-induced stress of 17.13 N/mm2
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Table 6 Parametric analysis of fatigue in hybrid composite specimen

Parameter Samples
A B C
Test Cycles
Half Last Half Last Half Last
loading loading loading loading loading loading
Peak Stress 18.7 18.2 12.72 12.71 11.95 11.81
(MPa)
Stress Valley 8.7 8.5 5.16 5.10 4.46 4.37
(MPa)
Stress Range | 10.0 9.6 7.55 7.60 7.49 7.43
(MPa)
Calculated 342.8 339.5 287.51 291.54 272.15 273.25
Peak Strain
mm/mm
Calculated 178.04 177.2 134.62 138.85 111.898 111.77
Strain Valley
mm/mm
Calculated 164.78 162.2 152.88 152.68 160.25 161.47
Strain Range
mm/mm
Unloading 0.051 0.058 0.0483 0.0425 0.045 0.039
Modulus
Load Control
(MPa)
Loading 0.0409 0.059 0.0384 0.044 0.0386 0.0486
Modulus
Load Control
(MPa)

and the other samples are B and C follows 18.35 N/mm?2 and 21 N/mm2, the corre-
sponding strain values are also evaluated for samples A, B, and C are followed 0.007,
0.006 and 0.01 respectively.

3.2 Surface Morphology of Hybrid Composite

The finding from the Scanning Electron Microscopy (SEM) micrographs is apparent
from the figures that the fibre pull-outs, cracks and loss are the dominant cause
of hybrid fibre failure when subjected to tensile loading. These failures are mostly
caused by a weak interface between matrix orientations, which contributes to stress
accumulation and severe hybrid composite breakdown. The outcome of the Scan-
ning Electron Microscopy (SEM) micrographs is shown in Fig. 9. When hybrid
fibres are exposed to tensile compression, fibre pull-outs, breaks, and failure modes
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LTI T |

Fig. 9 SEM image of hybrid composite

are the most common causes of failure [9]. These failures are primarily caused by a
deprived boundary between matrix orientations, which causes tension accumulation
and extreme breakdown of the hybrid composite material [10]. Due to the unvarying
degree of stress delivery, using an established weight ratio of banyan fibre in produc-
tion of hybrid composites results in fewer matrix cracks. a more complicated number
of cracks is obtained.

4 Conclusion

The fiber reinforcements consist of short neem fiber and bidirectional banyan woven
fabric are loaded in three different sequences and evaluate the fatigue behavior of this
hybrid composite. The weight ratio of these two processed hybrid fibers are speckled
and evaluates the endurance strength limit and life through Fatigue testing. There
are lots of natural fibre reinforced composites but researches on the fatigue analysis
of banyan and neem fibre are not so familiar. The fatigue analysis of this polymer
composite is very rare. The major findings from the fatigue results of neem and
banyan fibers hybrid composite are identified and the efficient fiber natural fibers,
fiber ratio are evaluated and the followings points are the major outcomes from this
fatigue behavior of hybrid composite. In sample A contains a 2:1 ratio of banyan and
neem fibers with effective fatigue outcome compared with the other two samples, this
sample can withstand the maximum of 5979 cycles with 10 KN load. It can show the
positive impact of hybrid composite and the same time when changing the fiber ratio
of 1:2 of banyan and neem fibers was given negative influence for fatigue behaviour
of this hybrid composite. The stress-induced maximum of 21.62 MPa in sample C
and 18.35 MPa in sample B and the strain rate also is more compared with sample
A and it follows the less strain effect in sample A is 0.007 and it is more in sample
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C is 0.01. Therefore, from the results of fatigue behaviour for this hybrid composite
is suitable with higher cycles of sample A weight ratio of neem and banyan fibers
composite can select a potential alternate for synthetic fiber composite.
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Mechanical Characterization )
of Kenaf/Carbon Fiber Reinforced e
Polymer Matrix Composites

with Different Stacking Sequence

K. Karthik, C. Rathinasuriyan, T. Raja, and R. Sankar

Abstract The primary aim of this research is to look into the mechanical prop-
erties of hybrid composites materials. Hybrid composite laminates made different
reinforcements have found use in the automotive industry and aerospace industries.
These laminates incorporated the significant of the reinforcements used in construc-
tions. Hybrid composite laminates comprising carbon fiber and kenaf bio fiber with
changing stacking sequences over the hand layup process. Epoxy resin (LY556)
and hardener (HY951) are present in the matrix material with a mixed ratio of
10:1. Four different hybrid laminates were produced with five order kenaf and of
carbon in different stacking sequences. The arranged laminates were cut according
to ASTM and exposed to mechanical properties. Fractured surfaces of the sample
microstructure were analyzed.

Keywords Carbon fiber - Kenaf fiber - Hybrid polymer matrix composite *
Mechanical properties + Scanning Electron Microscope (SEM)

1 Introduction

Composite materials have lightweight and height strength. Hybrid composites are
more advanced composites as compared to FRP composites. Multiple reinforcing
phases and a single matrix phase are all possible in hybrids. When related to other
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fibre reinforced composites, they are more flexible. Usually, a high modulus fibre is
mixed with a low modulus of reinforcements. It provides stiffness and low bearing
qualities, while the low modulus fibre has more damage resistant and lowers the
material cost.

Changing the volume ratio and stacking sequence of different plies can changes
possessions of a hybrid materials [ 1-3]. Heavy metal, ceramic, or polymer may be the
reinforcement material and the matrix material, it provides reinforcement stiffness
[4-6]. When efficiently produced, the new collective material looks extra remarkable
than would be the case if each material were produced separately. The structural
properties of composites have been studied in aerospace industries applications [7].

Medical instruments need for the production of composite with both a polymer
and metal matrix are more straightforward. Thermosets and thermoplastics are
two commonly used polymer types, which is exact crossways a wide range of
polymer environments, implying the filling element is self-determining of matric
improper.[8—10].

The tensile strength outcomes presented the finest strength and the modulus was
in carbon way surveyed by Kenaf fiber [11, 12]. Studied the carbon fiber reinforced
Hybrid Matrix Composite designed to improve the properties of traditional material
damping. Carbon fiber reinforced with epoxy polymeric compounds interface reac-
tion. It is still curing epoxy-based process with a strongly cross-related morphology
and slightly cross-related and healing elastomer of polyurethane. The study of the
hybridized interfacial matrix’s carbon fiber and chemical reactions related to phase
reactions and flexible material damping after epoxy migration are discussed [13].

The experimental analysis has shown that they are in good agreement [14].
Because of their enhanced properties, hybrid laminate materials containing natural
fibres are becoming more popular in a variety of applications, including building
materials, partition walls, and sporting materials. Natural fibre hybrid laminates have
found use in a variety of fields, including automotive parts [15, 16]. The significance
of adding kenaf fiber as intermediate material in carbon fiber. It has a huge amount
of potential as a substitute synthetic fibres like glass fiber [17, 18].

Mechanical properties of hybrid laminate materials concerning stacking sequence.
The reinforcement materials were carbon and kenaf fibers, with the binding material
being a mixture of reinforcement.

2 Reinforcements and Fabrication Methods

2.1 Development of the Hybrid Composites

M/s S M Composites, Chennai, Tamil Nadu, India, supplied the carbon and kenaf
fibres. As shown in Fig. 1.
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(a) Kenélf fibers (b) Carbon fibers (c) Epoxy

Fig. 1 Materials used for fabricating hybrid composite materials. a Kenaf fibers b Carbon fibers ¢
Epoxy

Fig. 2 Fabrication of hybrid composite laminates

Table 1 Properties of

. Properties Carbon Kenaf Epoxy

reinforcements
q (g/cm3) 1.65 14 1.15
Longitudinal strength 3800 223-948 83
E (GPa) 240 53-56 35
% Elongation 1.6 1.4 4.2
Thickness (gsm) 300 190 -
Wave Type Woven Woven -—

Fig. 3 Specimen cut for
mechanical test




178

K. Karthik et al.

Table 2 Cqmp osite samples Properties Carbon Kenaf Epoxy
and calculations
q (g/cm3) 1.65 14 1.15
Longitudinal strength 3800 223-948 83
E (GPa) 240 53-56 35
% Elongation 1.6 1.4 42
Thickness (gsm) 300 190 -
Wave Type Woven Woven -—

The current study uses the hand layup method to create a hybrid laminate made up
of natural with synthetic fibers in different stacking sequences. The matrix material
was made by mixing epoxy and hardener is 10:1 ratio.

Example of single fiber composite laminate produced by below Eq. (1)

Vi =[pr-We/owWs + Wa]

Where since hybrid fibers are used Eq. (2) was changed as

]

S (V9 A
Tl ()

()]

3 Experimentation of Hybrid Laminates

3.1 Tensile Test

(D

(@)

The specimen for test (tensile) is made from hybrid composites that have been
produced.As shown in Fig. 4, the sample was cut according to ASTM D638 stan-
dards. Each specimen was fixed between the jaws of the UTM and the tensile load
was applied. The readings obtained during the test were recorded.

3.2 Flexural Test

The ASTM D790 standard was used to prepare the hybrid polymer matrix composite
specimen for flexural analysis, as shown in Fig. 5. Six samples, having different
compositions of reinforcement materials. The prepared specimen was placed over
the clamp of FIE UTM, as shown in Fig. 6 The three-point load was applied to the
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Fig. 4 UTM performing the tensile test

%
B

All dimensions are in mm

100

|

Fig. 6 UTM performing the flexural test
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Fig. 7 Specimens cut forcharpy test

sample gradually till the specimen gets fractured. The load applied wasrecorded as
the flexural load for the individual model.

3.3 Low Impact Test

The specimen for performing the impact test was cut as per the standards. Along one
of the linear edges, A 45° V notch with a depth of 2 mm was cut. As shown in Figs. 7
and 8, the specimen was clamped horizontally to the anvil and facing away from the
test machine’s hammer. To transmit the required impact load, a 20 kg deadweight
hammer was used.

The Charpy impact test V-notch teststandardized high strain-rate and how much
energy material absorbs during a fracture.This absorbed energy is a notch strength
and stiffness measurement that can be used to investigate sudden shock dependent
ductile-brittle nature. This test more used in the companies.

3.4 Hardness Test

The method is used to determine how much resin cured in reinforced thermosetting
resins. Figure 9. shows the barcol hardness testing machine.
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Fig. 8 Charpy testing machine

R

Fig. 9 Hardness test as per ASTM E 2240-05 standard and hardness testing machine

The penetration depth of a conical indent was used to determine the indentation
resistance of elastomeric soft plastic materials. The hardness of rubber materials was
measured with a Shore A durometer, while composites are measured with a Shore
D durometer.

4 Analysis and Discussion

4.1 Tensile Behavior of Composite Laminates

Hybrid laminatesare shown in Fig. 10. Because carbon fibres were present in all five
layers, the S6 laminate had the highest strength of 250 MPa of all the laminates. The
tensile strength of the composite made with all layers of carbon fibres was 20 MPa.
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Fig. 10 Tensile properties
of hybrid composites 250 250
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S2, S3, and S4 were the top three hybrid laminate contenders, with tensile strengths
of 45.89 percent, 56.17 percent, and 67.24 percent lower than S6.

The tensile strength of these laminates was lower, closer to S5.Carbon fibres have
a higher wettability than other materials, allowing the epoxy resin to disperse more
easily through voids fibre layers. Proper epoxy resin bonding improved the laminate
materials’ ability to transfer stress. This demonstrates that natural fibres can joined
epoxy resin and change its properties.Sathyaseelan (2020) found that the tensile
properties of pure kenaf fibre is more than the tensile strength of hybrid composite.

4.2 Flexural Properties of Hybrid Composite

Figure 11 depicts the flexural strength of the differentlaminates from base composites.
The S6 laminate, which contained all five layers of carbon fibres, had the highest
flexural strength, measuring 87 MPa.

Their flexural strength improves as the composites are reinforced with high-
strength carbon fibre. When specimens with carbon fibre outer layer material flexural
strengthare compared to specimens with kenaf fibre as the skin material, it can be
seen that specimens with carbon fibre as the skin material have a higher flexural
strength. Raja et al. discovered a similar result (2016).

4.3 Impact Properties of Hybrid Composites

This test results of laminates, adherence laminates, and reference laminate S5, which
had all the five sequences of kenaf fibres, had the minimum impact strength of 15 J.
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However, the presence of kenaf fibres has the potential to change the properties
of the laminates produced. This suggests that the carbon fibres’ properties were

suppressed by the kenaf fibres acting as cladding.
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4.4 Hardness Properties of Hybrid Composites

Figure 13 shows the hardness values of the hybrid composite the reference laminates.
The base laminate S5, which had all five layers of carbon fibres, had the highest
strength.

Values of 70 of D scale. Compared to S3, laminates S5 with all five kenaf layers had
a 20% lower hardness value. The S1, S3, and S6 hybrid laminates with kenaf fibres
as external layers competed with the S5 hybrid laminate’s hardness. The laminates
S2 and S4 with kenaf fibres in the outer layer, on the other hand, competed with S6.

4.5 SEM Analysis of Hybrid Composites

The crack appeared due to voids in the matrix and poor adhesion between the matrix
and the fibre. As a result, load changed intermediate the fibre sequences was poor.

The experiment fracturereason a matrix failure, fibre pull-out, and fibre breakage
in the tensile-tested specimen. Similarly, when the hybrid laminate S4 is compressed,
it fails due to kinking of the reinforcements, as shown in Fig. 14 that the fact matrix
had crumbled under theforce, the fibres remained intact.

However, the hybrid fibers improved mechanical properties because the tissues
lost their hygroscopic property in an epoxy matrix. According to the SEM image,
the microspores were also a major contributor to the breakage while applying load.
In the case of the hybrid composite with an epoxy matrix, the fibres was found to be
intact.

Figure 14 SEM image of the defects occurred at the composite surface during
the hand-layup method. There were noticeable defects like blow holes, wormholes,
and improper adhesive settings found in the microstructure. This may occur due to a
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Fig. 14 SEM image of after fractured composite specimens

wrong ratio of mixing matrix materials with the addition of fillers and binders. The
blowholes happened when the air was trapped between the layers of the reinforcement
and mainly when the binder was poured suddenly without al-lowing the air to escape.
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5 Conclusions

The impact of various stacking sequences of mechanical behaviorand microstructural
studies of the carbon — kenaf fibrehybrid polymer compositeisinvestigated in this
study. Reveled morphological of the fracture zone used SEM images.

1.

The hybrid laminate with carbon fibre of outermost layer and kenaf fibre as the
middle layer has more tension strength of 238 MPa and bending strength of
63 MPa, among the hybrid laminates. This is due to better kenaf fibre adhesion
to the matrix material.

Compared to its counterparts, the hybrid laminate with carbon fibre outer layers
and kenaf fibre core absorbed maximum impact energy of 20 J. Carbon fibre in
the stacking sequence CCKCC was used in hybrid composites to achieve this
result.

Hardness testing revealed that when compared to reference laminate S4, all
hybrid laminates with carbon fibres as top layers have the same hardness value.
Hybrid laminates with kenaf fibres as outer layers, on the other hand, had a
lower hardness but were able to compete with S6.

Based on the study, this work suggests using CCKCC fibers reinforced polymer

composite in high strength structural applications.
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Abstract Natural fibers are widely used in composite fabrication as they are cheap,
safe to manufacture, recyclable, bio-degradable and eco-friendly. In this study, three
types of composite panels such as woven Jute fiber and epoxy (JE), woven Jute
fiber and styrene-ethylene-butylene- styrene (SEBS) with epoxy (JES) and woven
Jute fiber and epoxy with Al metal powder (JEA) are fabricated using hand layup
method to investigate the improvement in their mechanical properties. The mechan-
ical proper-ties of three kinds are compared for their effectiveness in enhancing
the mechanical properties. It is revealed that the addition of SEBS/Al improves the
tensile, flexural, impact strength of the composites.

Keywords Mechanical properties - Woven jute fiber - Epoxy - SEBS -
Aluminium + Composites

T. N. Valarmathi (<) - R. Siva
School of Mechanical Engineering, Sathyabama Institute of Science and Technology, Chennai
600 119, India

S. Ravichandran
Department of Physics, Sathyabama Institute of Science and Technology, Chennai 600 119, India

S. Robin - V. Revanth
Department of Mechanical & Production Engineering, Sathyabama Institute of Science and
Technology, Chennai 600 119, India

S. Sekar
Department of Mechanical Engineering, Rajalakshmi Engineering College, Chennai 602107, India

K. Palanikumar
Department of Mechanical Engineering, Sri Sairam Institute of Technology, Chennai 600044,
India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 189
K. Palanikumar et al. (eds.), Bio-Fiber Reinforced Composite Materials,

Composites Science and Technology,

https://doi.org/10.1007/978-981-16-8899-7_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-8899-7_11&domain=pdf
https://doi.org/10.1007/978-981-16-8899-7_11

190 T. N. Valarmathi et al.

1 Introduction

Natural fiber composites are becoming trendy as they are very cheap and avail-
able plenty, light weight, etc. properties even though the preparation time is more.
Many research works which are performed proves the ample usage of natural fiber
composites. Nowadays, natural fibres are used in place of glass fibre, due to their
advantages [1]. The use of wood in furniture making can be reduced by replacing
natural composites like jute fiber composites [3]. The addition of polyester in jute
with epoxy composite reduces the processing time and improvement in flexural and
tensile properties [1]. The use of natural fiber composites in automobile industries is
increased. Increase in weight percentage of jute fiber composite with polypropylene
improves the mechanical properties [5]. The low cost and light weight properties of
Jute fabric epoxy composite layers, replaces the use of aramid fabric layer [5]. Addi-
tion of Al metal powder in hybrid composite panel improves the mechanical prop-
erties [4]. The machining parameters affect the natural fiber MDF wood composite
panels [6-9]. Various articles on modelling and optimisation of composite panels is
reviewed [14]. The tensile strength and elasticity modulus values are moderate for jute
reinforcement and Jute/PP commingled composite [11]. The length of jute fiber in
polystyrene based composites improves the mechanical properties [4]. Orthophthalic
polyester resin with eucalyptus fibers such as granis and urophylla composites with
varying fiber concentrations were analysed for the effect on physical and mechanical
properties [12].

In this study, three types of composite panels are made using hand layup process
using epoxy resin and resin (LY556) and hardener (HY951) such as woven Jute
fiber—epoxy described as JE, woven Jute fiber-Epoxy-SEBS described as JES and
woven Jute fiber-Epoxy-Al metal powder described as JEA to investigate their
mechanical properties and compared.

2 Experimental Procedure

2.1 Materials and Their Properties

Jute is a natural fiber belongs to bast fiber category. Jute is an environmental friendly
fiber material because it is biodegradable and also recyclable. Its tensile strength is
high. Initially it is mostly used in textile industries and nowadays used in automobile
and composite manufacturing applications. Epoxy resins have excellent mechanical
properties, heat and chemical resistance, cheap, durable and shrink-age after curing
is less. It is biodegradable and environmental friendly. Styrene-ethylene-butylene-
styrene (SEBS) behaves as rubber be-cause it is a type of thermoplastic elastomers.
The processing of SEBS is easy and it is a strong and flexible material. As it is
produced from styrene—butadiene—styrene-copolymer (SBS), its thermal stability
is high. Heat, weathering, ultraviolet and oil resistance properties are also high.
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Fig. 1 Materials used for fabricating the natural fiber reinforced composites

Aluminium metal powder is light in weight, recyclable, biodegradable ductile, high
thermal and electric conductive and corrosion resistive material. Because of the
above said properties it founds applications in automobile industries, paint making
and as a filler material in polymers as it is act as a stress reducing agent. As all
the selected materials are biodegradable, recyclable and environment friendly, the
fabricated composites are the best alternate to synthetic fiber composite products.
The materials used for fabricating the composites are presented in Fig. 1.

2.2 Composite Preparation

Three types of composites are fabricated. Composite specimens are fabricated using
woven jute fiber laminates, epoxy resin, SEBS, Al metal powder and hardener by
using hand layup method. The ratio of jute to epoxy is maintained as 1:3. In the first
type (JE), the epoxy resin (LY556) is mixed with hardener (HY951). The ratio of
epoxy and hardener is maintained as 10:1. In the next type (JES), the epoxy resin
and SEBS dissolved in Toluene are mixed with hardener. The ratio of epoxy and
hardener is 10:1 and the ratio of epoxy and SEBS is maintained as 10:1. In the third
type (JEA), the epoxy resin and Al powder are mixed with hardener. The ratio of
epoxy and hardener is 10:1 and the ratio of epoxy and Al powder is maintained as
10:1. Then the mixer is applied on the jute fiber laminates and allowed for curing.
The preparation of natural composite panels is presented in Figs. 2 and 3 respectively.
The fabricated JE, JES and JEA composite panels are presented in Fig. 4.

3 Specimen Preparation and Testing of Mechanical
Properties

The JE, JES and JEA composite specimens are prepared as per ASTM standards.
Tests were carried out in MET MECH LAB at Chennai.
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Fig. 3 Jute fiber with epoxy resin and Al powder (JEA) composite panel

3.1 Tensile Test

The test specimens are prepared using water jet abrasive machine according to ASTM
D 638 standard. Water jet abrasive machine is shown in Fig. 5. The UTM and the
specimens before and after tensile testing are shown in Fig. 6.
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Fig. 4 Fabricated JE, JES and JEA composite panel

Fig. 5 Water jet abrasive machine

3.2 Flexural Test

The test specimens are prepared according to ASTM D790 for the flexural test.
Flexural test machine and specimens before and after testing are shown in Fig. 7.
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Fig. 6 UTM and specimens before and after tensile test

Fig. 7 Flexural test machine and specimens before and after flexural test
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Fig. 8 Impact test machine and specimens before and after impact test

3.3 Impact Test

The test specimens are prepared according to ASTM D256. A hammer force of 7.5 ]
is given on the specimen. Impact test machine and specimens with dimensions are
shown in Fig. 8.

3.4 Shore D Hardness Test

The hardness test specimens are prepared for testing the hardness of the composites,
using Durometer. Durometer is typically used to measure the hardness of polymers,
elastomers and rubbers. Shore D test machine and specimens are shown in Fig. 9.
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Fig. 9 Shore D hardness tester and specimens before and after test

4 Results and Discussions

Natural fibers are finding increased applications because they are biodegradable,
pollution free and cheaper. Nowadays, natural fibers are replacing the use of synthetic
fibers in composite fabrication. In this study, three types of composites are fabricated
and tested to analyse the effect of epoxy, SEBS and Al on their mechanical properties.

4.1 Tensile Test Results

The tensile test results are presented in Table 1.

From Table 1 it is observed that breaking load for JE is found to be 1720 N, JES
is found to be 1833.3 N and for JEA is 1833.3 N. It shows the addition of SEBS/Al
increases the breaking load of the composites. Also, there is an increase in ultimate
strength and breaking stress of JES and JEA composites. It is also observed that the
percentage elongation of JES is higher than the other two types of composites. From
the Table 1 it is observed that the displacement is higher for JES and JEA composites.

The comparison graphs for breaking load, ultimate tensile strength, breaking stress
and percentage elongation are presented in Fig. 10a—d. From Fig. 10a it is observed
that the breaking strength is comparatively higher for JEA followed by JES composite
than the JE composite. The ultimate tensile strength (Fig. 10b) is comparatively
higher for JEA composite followed by JES than the JE composite. The breaking
stress (Fig. 10b) is comparatively higher for JEA composite followed by JES than
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the JE composite. The percentage elongation (Fig. 10d) is comparatively higher for
JES followed by JEA than the JE composite. From the test results of the three types,
the addition of SEBS/AI with epoxy resin shows improved tensile properties.

4.2 Flexural Test Results

Table 2 shows the results of the test performed on the JE, JES and JEA composite
specimens. It is observed that the breaking load of JES and JEA is increased with
the addition of SEBS/AI. The ultimate stress of JES is higher than the JE and JEA
composites.

The comparison graphs for breaking load, ultimate tensile strength, breaking stress
and percentage elongation are presented in Fig. 11a, b.

Table 2 Flexural test results

Trails Breaking load Ultimate stress
N) (N/mm?)
JE JES JEA JE JES JEA
215 230 245 4 4 4
2 220 240 225 3 4 4
230 200 220 4 4 3
Ave 221.67 233.33 230 3.67 4 3.67

Fig. 11 Comparison graph
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From Fig. 11a it is observed that breaking strength is comparatively higher for
JES followed by JEA than the JE composite. The addition of SEBS/Al increases the
braking strength and the ultimate stress (Fig. 12b) is comparatively higher for JES
than the JE and JEA composites.

From the flexural test results of the three types of compo-sites, it is revealed that
the addition of SEBS with epoxy resin improves the flexural properties of the jute
fiber composite panel.

The graphs of tensile and flexural test are presented in Fig. 12.
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Fig. 12 Typical load—displacement graphs of tensile and flexural test for JE/JES/JEA composite
panels
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4.3 Impact and Hardness Test Results

The impact and hardness test results of three kinds of composites are presented in
Table 3. Impact test and hardness graphs are drawn as shown in Fig. 13a, b. From
Fig. 13aitis observed that the impact strength is comparatively higher for JEA than
the other two types. The hardness (Fig. 13b) is comparatively higher for JE followed
by JEA than the JES composite.

Table 3 Impact and hardness test results

Trails Impact values (J) Hardness values
JE JES JEA JE JES JEA
1 0.5 0.4 0.5 62.3 64.8 66.7
2 0.4 0.4 0.5 65.4 60.8 60.1
3 0.4 0.5 0.5 62.7 60.2 62.8
4 - - - 63.5 60.7 58.1
Ave 0.43 0.43 0.5 63.475 61.625 61.925

Fig. 13 Comparison graph
for a impact test b hardness |mp act stren gth
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5 Conclusion

In this study the woven Jute fiber composite panels of three kinds such as JE, JES
and JEA fabricated and the mechanical properties have been tested using various
tests. The results have been compared to analyse the effectiveness of epoxy, SEBS
and Al metal powder in the Jute fiber composites. The conclusions arrived are:

e The tensile breaking strength, ultimate tensile strength and breaking stress are
comparatively higher for JEA followed by JES than the JE composites. And also
it is observed that the percentage elongation is comparatively higher for JES
followed by JEA than JE composites.

e The flexural breaking strength of JEA and JES composites are comparatively
higher than the JE composites and the ultimate stress of JES is comparably higher.
The impact strength is comparably higher for JEA than the other two composites.
The hardness value is comparably higher for JE than the other two composites.

From this investigation, it is concluded that SEBS/AI improves the mechanical
properties of the fabricated composite panels. Natural fiber composites are found to be
an alternate for synthetic fibers as they are environmental friendly and biodegradable.
The jute fiber with epoxy composites (JE) are already used in cars as door/ceiling
panels, insulating panels and also in structural applica-tions. The newly fabricated
JES and JEA composites can have prom-ising future applications. Further research
work is needed in this field to improvise the proper composition of these elements
for the best outcome.
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Mechanical and Resonance Properties m
of Sustainable Polymer Composite L
Reinforced with Unidirectional Bio Palm

Fiber

S. Vijayakumar, K. Palanikumar, and Elango Natarajan

Abstract The use of natural fibers to reinforce polymer matrix, called as green engi-
neering has recently attracted the industries for their high specific strength, low weight
and biodegradability etc. Palm fibers at 10, 20, 30, 40, 50 and 55wt% are used to
synthesize the eco-friendly composites. The mechanical properties of composites are
investigated according to the respective ASTM standards. The vibration characteris-
tics such as the resonance frequency and damping coefficient composites are deter-
mined through experimental modal analysis. The morphological structure, internal
cracks, mechanism of failure of the composites are examined and presented. The best
mechanical properties and damping coefficient are observed from 50wt% of fibers
loaded bio-composite. The increase of fillers more than 50wt% starts decreasing the
properties and hence the highest loading of palm fibers certain to be 50%. The results
observed from the examinations will be useful for industries for sustainable design
and analysis of their products.

Keywords Polymer composite + Palm fiber + Vibration - Resonance * Green
composite

1 Introduction

Many industries prefer to adopt green engineering, because of the high environ-
mental issues that the world faces in recent years. The green engineering expects
to incorporate principle of environmentally conscious attitudes and values in each
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design of the product in industries. The primary objective of it is to have local
and global environmental quality. The sustainable design involves use of bio mate-
rials, recycled materials or reusable materials in the product design. In addition, the
sustainable product design aims for longer life of the product without deploying the
nature or environment. One of the plump ways is to use bio-composites in sustainable
design that holds safety, health and welfare of the public. The natural fibers reinforced
composites are regarded to be light weight, biodegradable strong and free from health
hazards that serves to be solution to the environmental exterminate. These materials
have the potential to be used in automobiles, aerospace, leisure, constructions, sports
and packaging.

Mominul Haque et al. [1] used chemically treated raw palm fibers and coir fibers
to prepare reinforced polypropylene (PP) bio-composite. Benzenediazonium was
used to improve the compatibility of filler with the base matrix. They revealed that
chemically treated coirs of 30wt% yielded the better mechanical properties. They
also revealed that the increase of hydroxyl group increased the filler loading and
meanwhile, decreased the respective moisture absorption compared to virgin mate-
rial. Velmurugan and Manikandan [2] used palmyra fibers and glass fibers to rein-
force Rooflite resin and conducted mechanical tests and water absorption studies.
They revealed that addition of glass fibers could increase mechanical properties, but
decrease water absorption. Jawaid et al. [3, 4] prepared jute and palm fibers reinforced
polymer composite and reported that elastic modulus, viscous modulus, strength and
damping ratio were increased in the effect of fillers.

Ramesh et al. [5] attempted to develop reinforced polyester composite with sisal,
jute and glass fibers. They prepared hybrid composites with different combination
of these fillers and reported that sisal and jute reinforced polyester composite is
the one resulting a higher strength than any other combination of fillers. Arthannar-
ieswaran et al. [6] studied the effect of banana fibers, sisal fibers and woven E-glass
fibers in epoxy. They revealed that the strength of the composite could be improved
by the addition of many layers of glass fibers into the matrix. Also reported that
flexural strength was enhanced due to the addition of banana and sisal fibers and
the hybridization of such natural and synthetic fillers in the composite laminate is
suitable only for medium load applications and non-bio related applications. Ratna
Prasad and Mohana Rao [7], evaluated and reported the superior properties of Jowar
fibers with Sisal and bamboo fibers. The composites were prepared with unidirec-
tional reinforcement of fibers in polyester matrix through hand lay-up method. They
also reported that unidirectional arrangement of fibers increases properties of the
composite as the deformation is minimum.

It was observed that choice of fibers and the volume fraction are most impor-
tant factors affecting the properties of the resultant composites. The short fibers are
better than long fibers as they result better mechanical properties. Moreover, the
extraction of short fibers is simpler than long fibers. Gupta and Srivastava [8] eval-
uated unidirectional reinforcement and mat form reinforcement of sisal fibers into
epoxy matrix and reported that unidirectional is better than mat form in regard of
achieving high mechanical properties. Venkateshwaran et al. [9] used rule of hybrid
mixture to blend sisal and banana short fibers with epoxy composite. They reported
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random oriented fibers resulted better mechanical properties. Nilza et al. [10] eval-
uated the use of bagasse, banana trunk and coconut coir fibers for medium strength
application scoping to use in automobile interior parts. Cao et al. [11] reported that
alkali treated bio composite results high mechanical properties. Okubo et al. [12]
attempted to reinforce steam exploded bamboo fibers with PP matrix and concluded
that steam explosion method is better to extract bamboo fibers. Albuquerque et al.
[13] reported the effect of jute rover fibers in polyester in terms of mechanical prop-
erties and wettability. Nair et al. [14] revealed that benzoylation of sisal fibers results
the better mechanical properties for polystyrene/sisal composite. Jacob et al. [15]
used sisal and palm fibers to prepare hybrid fiber reinforced rubber composite and
reported that resorcinol-hexamethylene tetramine bonding is suitable for improving
the fillers-matrix interface. Geethamma et al. [16] attempted short coir fibers to rein-
force rubber and revealed that energy dissipation is higher at poor interface. Also
added that the viscous modulus and glass transition temperature are increasing as
the coir filler reinforcement increases. Lovino et al. [17] used PLA, thermoplastic
starch and coir fibers to prepare bio composites and investigated the biodegradation
of the material. Brahmakumar et al. [ 18] used coconut fibers to reinforce low density
polyethylene matrix and studied the effect of wax surface of the fibers in interfacial
bonding. Harish et al. [19] conducted qualitative studies and reported that coir fibers
will be a good alternative for glass fibers and carbon fibers. Valadez-Gonzalez et al.
[20] reported that alkali soluble compounds and the limited amount of lignin from
henequén fibers increases the adsorption of silane coupling agent. Vijayakumar et al.
[21] used the hybrid filler of caryota-glass and bamboo-glass fibers to reinforce the
epoxy matrix. They reported that bamboo-glass fibers reinforced polymer composite
has higher tensile properties, while caryota-glass fibers reinforced composite has
higher flexural strength and impact strength. In their another study [22], they reported
that 40wt% reinforcement of caryota fibers into the polymer matrix yields the better
mechanical properties.

Palm fibers are considered to be potential fillers for resulting high strength and
modulus.Goulart et al. [20] developed palm fibers reinforced polypropylene (PP)
composite to study the effect of fillerson properties. Palm fibers abundantly available
in southern India. They can be found from various parts of Palm tree (Borassus
flabellifer). The current research is focused on using abundantly existing palm fibers
for reinforcing epoxy resin and check for its effect on mechanical and vibrational
properties.

2 Materials and Methods

Palm fibers (Palmaceae) were received from the place called Karungal, Kanyakumari
District in India. Epoxy(LY556) resin and the catalyst araldite (HY951) as a hardener
were purchased from a resin supplier in India. The density of the epoxy resin and
hardener were 1.15 to 1.20 g.cm™3 and 0.97 to 0.99 g.cm~ respectively. These palm
fibers from palm trees were extracted by exposing them into water followed and by
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hand-picking. The extracted fibers were soaked into water for a week time and dried
in sunlight for about two weeks after thorough cleaning to remove moisture content.
The experimentally determined properties of palm fibers is presented in Table 1.

Firstly, Epoxy LY556 was mixed with HY951 in the weight ratio of 10:1. Mean-
while, araldite was added as 1% to the resin-catalyst mixture. The resin matrix was
poured into a mold of stainless steel in the dimensions 290 mm x 290 mm x 3 mm.
The unidirectional palm fibers of 290 mm in length were cut and prepared for the
reinforcement. The various weight fraction of natural fibers; 10, 20, 30, 40, 50 and
55wt% were added into the epoxy matrix in order to prepare specimen of different
reinforcement. Once the matrix-filler were arranged in the mold, the compression
molding was carried out at 9.8 N/mm? and 75° Celsius for 20 minutes. The curing of
the composite was performed for about 1 hour after the compression molding. The
prepared polymer matrix composite was removed from the mold after curing using
releasing agent.

The dimension of prepared natural fibers reinforced composites was 270 mm X
270 mm x 3 mm. The composite in different % of reinforcement were cut into the
required dimension for different mechanical tests.

Samples of 25 mm in width, 3 mm in thickness and 250 mm in length were uni-
axially loaded at 2 mm/minute according to ASTM D3038. Five samples in the same
weight fraction were tested one after another. The load—displacement data for each
specimen was recorded from which mean elastic modulus, % elongation at break
and ultimate strength was computed.

Samples of 25 mm in width, 3 mm in thickness and 125 mm in length were
transversely loaded at 2 mm/minute in comply with ASTM D790 standards. Five
samples in the same weight fraction were tested one after another and their respective
flexural modulus and flexural strength were noticed.

ASTM D256 was followed for carrying out Izod impact test. The competence of
the material to absorb energy during a collision or sudden impact load is generally
determined in impact tests. This test is required for the application like vehicular
collision, where the material undergoes a very rapid deformation. The pendulum
load was released from the known height to the attached sample in order to collide

Table 1 Physical properties

of palm fibers used in the Description Value

composite Density(g/cm3) 1.2-13
Cellulose(%) 28
Hemi cellulose(%) 25
Lignin(%) 45
Tensile strength(MPa) 220
Elastic modulus(GPa) 4.8
Percentage of Elongation(%) 2.84
Percentage of Moisture content(%) 11
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and fracture the sample. Five samples in each composition were tested in the similar
manner and the respective absorbing energy was measured.

The resonant frequency and damping factor of palm fibers reinforced polymer
composite were determined through the vibration testing experiment. The machine
consists of tri axial accelerometer, impulse hammer, sensors, data acquisition system
(DAS) and DEWE Soft 7 software for acquisition of data. The dimension of the
polymer composite laminate was 200 mm x 20 mm x 3 mm. It was firstly clamped
to cantilever beam set up using a “C” clamp. The tri-axial accelerometer was then
attached to the composite laminate sample with the help of wax. An impact force
was applied using impulse hammer and the vibrating signal produced by the load
was sensed by tri axial accelerometer. The respective data was captured by DAS,
which was then converted to frequency response time function by DEWE Soft7.

The damping factor(t) of the palm fibers reinforced polymer matrix composite
was determined using the below Eq. (1).

A
[ == (1)

2wy,

where { = Damping factor.
Aw = Band width.
w, = Natural frequency.

3 Results and Discussions

3.1 Tensile Properties

Figure 1 presents the tensile strength of palm fibers reinforced epoxy composites at
different fiber loading. Figure 2 shows load—displacement graph and stress—strain
graph of epoxy/50wt% palm fibers composite during tensile test. The graph shows
that the strain increases proportional to stress up to 70.5 MPa, beyond which, it
drops at the percentage of strain rate of 5.66. The experimental results indicate
that the reinforcement of 50wt% palm fibers yields the highest tensile strength of
70.75 MPa than any other samples. The strength got decreased beyond 50wt% of
filer reinforcement. This could be due to the brittle nature received by the resultant
composite at higher fillers loading and moreover the poor attachment of filler to
the polymer matrix. Hence it is concluded that the maximum of 50wt% is the best
reinforcement percentage to have the best result. Comparing the current results with
[21], it is noticed that the strength of 50wt% palm fibers reinforced epoxy composite
is 31% more than that of caryota fibers reinforced composite. Also the palm fiber
reinforced epoxy composites is 78.1% more than that of palmyra/glass hybrid fibers
reinforced composite developed by Velmurugan and Manikandan [2].
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Fig. 1 Tensile strength of palm fibers reinforced epoxy composite

Fig. 2 Tensile test results of
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bio composite a
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According to Harish et al. [8], the tensile strength of 50wt% chopped coir fibers
reinforced polymer composite is 17.86 MPa which is 3.9 times lower than the current
result.

3.2 Flexural Properties

Load-displacementof epoxy/50wt% palm fibers composite is shown in Fig. 3 The
result infers that the lateral displacement is increased with the increase of applied load
up to 105.92 N, beyond which, it is decreased. The sample fractured at the maximum
displacement of 9.2 mm. Figure 4 shows the bending strength of composites at
different fiber loading. It is noted that the flexural strength and flexural modulus
are getting increased up to 50wt% of filler loading. The highest flexural strength of
82.5 MPa was recorded by 50 wt% fillers reinforced composite.

Itis perceived that the bearing strength of 5S0wt% palm fibers reinforced composite
is 72% more than that of treated 30wt% palm fibers and 62% higher than 30 wt%
coir reinforced composites [1]. It is also observed that the flexural strength of 50wt%
palm fiber composites is 52% more than that of 55wt% palmyra/glass fiberreinforced
hybrid composite [2]. The current result is 2.76% higher than results published by
Harish et al. [18] and is 13% higher than that of caryota fibers reinforced composites
[21].

Load in [N] (Y¥-Axis)
111

100

Fig. 3 Load-displacement graph of epoxy/50wt% palm fibers bio composite drawn from flexural
test
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Fig. 4 Flexural strength of palm fibers reinforced epoxy composite

4 Impact Properties

Figure 5 shows impact strength measured for different wt% of palm fibers reinforced
epoxy composite. The trend of the results is similar to tensile strength and flexural
strength discussed in previous sections. The impact strength increases gradually at
the loading of palm fibers and the highest impact strength was recorded as 3.37 J
for 50wt% palm fibers reinforced composite. Mominal Haque et al. [1], observed
the impact strength decrease beyond 35wt% of fiber loading, but, in the current
research, the impact strength keeps increasing upto 50wt% of palm fibers. These
results asserted that the palm fibers are capable for absorbing energy, as there is

Impact strength, Joules

10% 20% 30% 40% 50% 55%

Fig. 5 Impact strength of palm fibers reinforced epoxy composite
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Table 2 Resonance frequency and damping factor of respective wt% of palm fibers reinforcement

W1t% of palm fibers | Resonance Frequency (Hz) Damping factor

Mode1 |Mode2 |Mode3 |Mode I Mode 2 Mode 3
10 7.32 14.65 3.06 0.000255 |0.00026 |0.000126
20 14.08 36.89 73.34 0.095 0.087 0.076
30 15.98 87.89 134.09 0.038 0.066 0.0136
40 19,53 165.98 253.85 0.0074 0.008 0.0098
50 17.09 271.00 358.89 0.075 0.0902 0.0652
55 17.11 63.64 144.48 0.331 0.111 0.153

a strong matrix-fibers bonding. In most of past research except research done by
Elango et al. [23] commented that low loading of fillers will result good result. From
the above examinations, it is concluded that high loading of palm fibers is possible
and also it will give high mechanical properties.

4.1 Modal Analysis

Table 2 depicts the modal characteristics; resonance frequency and damping coeffi-
cient of unidirectional palm fibers reinforced epoxy composite. The results revealed
that the resonance frequency and damping factor depends upon the wt% of palm
fibers loading of the composite laminates. The best damping factors was resulted
by 50 wt% of fiber loading, beyond which, natural frequencies and damping factors
started decrease. The best results noticed in 50wt% is caused by the better interfa-
cial bonding between the fibers and matrix, which is evidenced in other mechanical
tests as well. Obviously, the dynamic characteristic mainly depends on stiffness and
moment of inertia and mass density of the composites (Fig. 6).

4.2 Scanning Electron Microscopic (SEM) Analysis

The morphology of the fractured samples from tensile, flexural and impact tests
were examined. This was done to analyse the fiber pull-out, interfacial gap in the
cross section of the fractured samples. The setting used for scanning the image is:
resolution = 2.0 wm, magnification = 5 x to 250x, WD = 20 mm or less, electron
gun accelerating voltage = 0.5 to 20 kV, and pre-centered tungsten hairpin filament.

SEM images were taken from broken samples in each wt% to investigate the
surface texture, internal cracks and failure mechanism,interfacial properties etc.of the
fractured sample. Figure 7a, b show the fractured surface of 50wt% fibers reinforced
epoxy composite in low (x80) and high magnification (x250) respectively. It shows
voids and discontinuity in the tensile specimen that caused by breakage of individual
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Fig. 6 50 wt% palm fibers reinforced composite: amplitude versus time and amplitude versus
frequency

fiber and appreciable delamination from strong bondbetween fiber and matrix. The
strong matrix-fibers interface is the cause for having the highest tensile strength [24].

Figure 8a, b illustrates the SEM image of 50wt% palm fibers reinforced composite
specimen after flexural test. It indicates the fracture occurred in fiber bundle and the
discontinuity in fiber and matrix. It also evidences the close pack of bonding between
palm fibers and the polymer matrix. It is observed from the transverse cross-section
of the sample that there is no fiber pullout which ensures the enhancement of the
material property of the composite. It is understood that the palm fibers took a
homogeneous distribution over the polymer matrix that led to better fibers-matrix
bonding. And hence it caused the increased flexural strength of palm fibers reinforced
€poxy composite.

Figure 9 shows the SEM image of 50 wt% palm fiber reinforced composite after
the impact test. The porous cross section of the fibers is observed that caused more
area of contact between the fibers and matrix. The unidirectional fibers reinforcement
resulted in no voids and defects, and avoided the premature failure of the composite.
These reasons caused the improved impact strength, which represents the toughness
of composite laminates.
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Fig. 7 Scanning electron micrographs of 50 wt % palm fibers reinforced composite specimen after
tensile fracture a low magnification of x 80 b at x250

5 Conclusions

In this research, unidirectional palm fibers reinforced epoxy bio-composites was
prepared through compression molding. It is concluded from the investigations that
50wt% of palm fibers reinforcement is the best to have highest mechanical properties.
The respective resonance frequencies and damping factors were estimated through
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Fig. 8 Scanning electron micrographs of 50 wt% palm fibers reinforced composite specimen after
flexural test of x 80 b at x250

modal analysis. Since palm fibers are abundantly available and cheaper, they can
be used as bio resources to prepare sustainable materials. Industries can use the
presented material properties and resonance frequencies for product design. These
data will assist in mechanical model, static and dynamic analysis of the compo-
nent. Particularly,these polymer fibers reinforced polymer composite can be used for
developing interior automobile vehicle and housing sectors.
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Fig. 9 Scanning electron micrographs of 50 wt% palm fibers reinforced composite specimen after
impact test of x 80 b at x250
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Evaluation of Mechanical Properties )
of Woven Hybrid Reinforced Composites | @i
Fabricated by Vacuum Assisted

Compression Molding Technique

B. Murali, B. Vijaya Ramnath, and K. Palanikumar

Abstract In this present research we aimed to detecting mechanical properties of
Aloevera—Bamboo—Palm-Kevlar fiber reinforced composite materials. Among them
three different combinational fabrication was performed (i) Type I (blend of aloevera
and bamboo) (ii) Type II (blend of bamboo and palm) and (iii) Type III (blend of palm
and aloevera). The mechanical characterization of naturally derived bio-composites
was further analyzed. The Type-III strains showed higher strength as compared to
other bio-composite fabrications in tensile (175 Mpa), flexural (253.96 Mpa), and
hardness property (68 RHN). Similarly, the morphological characterization through
SEM analysis displayed that in hybrid combinations adhesion between fibers and
matrix was appropriate.

Keywords Kevlar fibre - Hybrid composites - Mechanical properties + SEM

1 Introduction

Biological and commercial chemical fibres was joined in the similar matrix to
generate the composite hybrids that takes the most benefit of the significant content
of the mixture compounds, and thus an ideal, greater but cheaper composite can
be inclined [1]. In commercial-biological hybrid fibres composites, mostly investi-
gation research drives to decrease the usage of chemical commercial fibres. Chief
elements of a composites includes fibers and matrix which highly impact the oper-
ating mechanisms existing inside the composites throughout the let-down modes,
loading, and impairment progression also mainly involved in the strength improve-
ment. In general polymer composite depiction reinforced with Kevlar, carbon, glass
and other natural fibers was investigated in the previous research [2]. The composite
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elements, including matrix and fibres, impact the working mechanism inside the
composites through failure modes, loading, progressive damage, along with the
composite strength. Generally, characterization of Jute-Flax Constructed Glass Fiber
Reinforced Composite were investigated [3]. Despite there is less research which is
highly focused on the Boron and Kevlar-49 thermosetting composite laminates prop-
erties which deliver commendable mechanical properties. Material selection and
characterization in synthetic woven fabrics the hybridization have to be performed
in a cautious method subsequently the materials of the composite with their specific
range of usage and confines. Operative hybridization of fabric woven along with E
glass, carbon, also the aramids including fibres belongs to Kevlar delivers signifi-
cant way to describe the potential biological composites [4, 5]. Regular fibers have
been utilized by people from early occasions. Lately, the usage of regular composite
fibers was changed to suggestively rising consideration [6—16]. In a previous study,
Ratna Prasad et al. [17] illustrated the diverse mechanical and physical properties
of a flax fibre-reinforced concrete (FFRC) in the new and hardened state. In their
study, they found that the effect of flax fibres in concrete has the impact of signifi-
cantly decreasing its efficiency. Generally it was perceived that raising the strength
of flexuralstrength was accompanied by reducing of compressive strength. Similarly,
the natural fibres of mechanical assets of polymer reinforcement composites enor-
mously rely upon singular assets of their parts also the inter-facial connection (bond)
among hydrophobic matrix of polymer and reinforcement of hydrophilic nature
[18]. Epoxy is multipurpose and built up with resin of thermoset holding epoxide
collections since the agent in their unit with structure of poly-metric spine [19].
Fiber-based nominal composite polymer provides significant strength of mechanical
also en-holds numerous benefits of interest over manufactured fiber on account of
more significant accessibility, low thickness, high firmness, high level of adaptability,
decreased vitality utilization, less wellbeing hazard, low abrasiveness. Regular fibers
are biodegradable, minimal effort and great outcomes as far as exhibitions are a truly
good fascination for the ventures [20-22]. Obviously not many investigations have
been carried on the Kevlar with regular fiber epoxy reinforced composites to adjust
its dynamic and mechanical portrayal things at the various proportions of framework.
Along the lines the present examination was intended to identify the properties of
mechanical fibre Aloe Vera—Bamboo—Palm-Kevlar fiber fortified composite mate-
rials through assisted vacuum resin transfer molding process. Thus, present results
will be helpful to determine the impending applications of the natural composites
and their manufacturing feasibility and more essentially reduces the chemical burden
of our society.
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Table 1 Physical nature of Aloe Vera, Palm, Bamboo, along with Kevlar fibers

Physical Nature Aloevera Bamboo Palm Kevlar
Density(g/cm?) 1.3 0.5-1.2 1.46 1.42
Tensile strength (MPa) 298 142-232 273 936
Elastic modulus (GPa) 44 10-16 3.75 52
Elongation at break (%) 2.3 1.3 11.8 1.4

2 Experimental Details

2.1 Materials

In this, present investigation, Bamboo, Palm, Aloevera, and Kevlar fibers was utilized
for composite specimen fabrication. Aloevera, Bamboo, Palm Fibers are in mat form
and were attained from Jute Weaver Association Anakaputhur, Chennai, TamilNadu,
India. Physical assets of Natural and Kevlar fibres are tabulated (Table 1). The Kevlar
fiber, epoxy resin (LY-556) with density 1.25-1.22 g/cm?, blended with hardener
(HY-951) of density (0.97-0.99 g/cm?) were procured from M/s Javanthee Traders,
Chennai, Tamil Nadu, India.

2.2 Composites Fabrication

The specimen composite which consists of 5 layers with top fixed Kevlar fiber layers,
middle also bottom specimen, respectively natural fibers includes Aloe Vera, Palm,
and Bamboo fibers were packed in second and fourth layers. The fibres schedules
for diverse composites were displayed in Table 2. For individual hybrid composite
the matrix ratio to fiber were taken as 30:70, 40:60, 50:50 of composite sequence are
displayed in Table 3. In this research, vacuum aided compression molding procedure
is utilized, It is extremely dependable also productive over every added technique.
In present method, downsides of diverse techniques are overwhelmed by making
a vacuum inside the shape with the goal with air trap could not be framed inti-
mate the composite. The different phases of this procedure presented (Fig. la—c). At

Table 2 Composite

. (TYPE -I) (TYPE -II) (TYPE -III)
Laminates Sequence
Kevlar Kevlar Kevlar
Aloevera Bamboo Palm
Kevlar Kevlar Kevlar
Bamboo Palm Aloevera
Kevlar Kevlar Kevlar
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Ta!)le 3 Composite samples | Epoxy resin (wt. %) | Reinforcement
Reinforcement/epoxy (WL.%)
composites formulation -

S-1 70 30

S-2 60 40

S-3 50 50
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Fig.1 Vacuum aided moulding of compression; Early stage of mold and design (a), Organization
of fibers in mold (b), and Process of Compression (c)

first void, a shield was made intimate the shape confine by means of demonstrated
(Fig. 1a). At that point, every one of the strands is set individually as appeared in
Fig. 1b. At long last, the wood design through the froth was utilized in compacting
the fiber layer displayed in Fig. 1c. Wake of framing the necessary blend, the shape
was permitted to dry through a timeframe (5 h). Afterward manufactured overlay
composite is launched out through the form. After the composite example gets
solidified unpleasant edges are ejected and cut according to required measurements.

2.3 Mechanical Testing

Tensile properties were studied using universal testing machines. Load of tensile
was higher while the stress amount practical on the laminate, which inclines to
extend primarily, and then lastly it causes specimen breakage. The specimen responds
towards the load is useful in any way axially inclined to the specimen breakage
at specific phase. The tensile investigation is conceded out through the standard
procedures of (ASTM D638). Fabricated composite laminate is blank as per the
dimension specifications of tensile experiment in that way it relates as per the ideals
[23]. Figure 2 Showed the ASTM standards for tensile tests to be carried out in
sample composites.

Flexural test or III-point bending test were carried out by utilizing Universal
Testing Machine (UTM). In flexural test, ability of specimen could tolerate the load
under deformation. The chief requisite to perform flexural tests is to control its
shear strength of inter-laminar where short beam shear investigations were executed.
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Fig. 3 Flexural test specimen [ASTM: D790]

Figure 3 shows the ASTM D790 standards for Flexural test to be carried out in the
composite sample (Fig. 4).

The Hardness test primarily rests on the material assets of the projected ration
inclines to grip impulsive shock which upshots in the testing the material hardness.
The standard procedure of ASTM was cast-off for the (ASTM D2583) hardness
assay.

3 Results and Discussion

3.1 Tensile Properties

The composite specimen I, Il and IIT were evaluated for the tensile properties (Fig. 3a—
¢). The difference in their stress (Mpa) was displayed in the Fig. 3a. The results
illustrate that in Type-I, S3 strains (Fiber 50% and Resin 50%) displayed significant
tensile strength (93 Mpa) as compared to Type-I S1 and S2 samples respectively.
Correspondingly, in Type-II natural composites, samples of S2 showed prominent
tensile strength (107 Mpa) and it was statistically different as compared to Type-II
S1 and S3 strains (Fig. 3b). Also, Type-III results displayed predominant tensile
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strength at S1 sample (175 Mpa) compared with S2 and S3 sample respectively
(Fig. 3c). In all categories of composites includes I, II and III significant difference
in the strength of tensile was detected between the samples. Also, the properties of
tensile of the different specimens were tabulated in Table 4. In a comparative result of
three categories, Type-III (S1) strains showed higher tensile properties as compared
to other samples. Similarly, Ramnath et al. [24] showed that the fabrication and
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Table 4 The properties of tensile in the different specimen

Composite | Break load | Displacement at | Elongation | Ultimate tensile | Tensile modulus
(KN) break load (mm) | (%) strength (MPa) | (MPa)
(TYPE -I)
SI 2.985 3.7 16.42 82 212.64
S1II 3.83 4.6 16.65 92 238.52
S 4.77 39 16.81 93 264.95
(TYPE -1I)
SI 3.59 3.8 14.02 79 221.87
S1I 4.935 4.7 14.72 107 261.23
S 4.62 4.8 14.43 89 289.54
(TYPE -11I)
SI 4.605 6.2 15.82 175 325.1
S1I 5.49 6.5 15.34 122 299.62
S 4.405 4.2 15.75 98 275.14

evaluation of Abaca and Jute fibers hybrid using glass fibres composites displayed 3
times higher tensile strength as compared to banana/sisal composite.

3.2 Flexural Properties

The different blends of materials of composite were experimented for its flex-
ural unique properties through standard testing machines (Fig. Sa—c). The results
displayed that in the Type-I category, S2 and S3 samples showed higher flexural
strength compared to S1 strains. However, there is no significant difference between
S2 and S3 samples. This illustrates that the strength of flexural of the composites
upsurges when the hybrid composition of aloe vera and bamboo fibres increased
with 40% and 50% of fibres in S2 and S3 samples respectively (Fig. 5a). Similar
results were displayed in the Category Il samples (Fig. 5). By comparing the ultimate
flexural properties, III Category showed significant strength as compared to I and I.
Thus, present results suggest that the alteration in fibre composition has significant
flexural strength effects (Fig. 5c). The tensile properties of the diverse specimens
were displayed in Table 5. Compared to our results, composites of hybrid banana
and flax through a fraction volume of forty percentage utilizing Epoxy resin and
Hardener (HY951). (GFRP) have better flexural strength than they are individually
used [25].
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3.3 Hardness

Rockwell hardness property of major three composite specimen results were
displayed (Table 6). In general, hardness is chiefly influenced on the intended portion
of the composites to absorb abrupt shock which upshots in testing of the hardness
material. The Maximum hardness of composite samples were observed in type-
I (S3-63 RHN), type-1I (S2-64 RHN) and type-III (S1-68 RHN) respectively. All
the samples were statistically different with one another. However, the maximum
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Table 5 The different specimen flexural properties

229

Composite | Break load (KN) Displacement at Elongation (%) | Ultimate flexural
specimen break load (mm) strength (MPa)
(TYPE -I)
S1 0.195 14.7 9.76 166.77
SII 0.44 12.3 9.93 195.13
S 0.465 20.8 9.81 176.26
(TYPE -II)
SI 0.27 12.5 9.12 135.66
S1I 0.405 14.8 9.54 196.3
S 1 0.445 10.2 8.65 165.45
(TYPE -III)
ST 0.175 20.7 10.02 253.96
S1I 0.605 18.3 10.34 221.14
S 0.595 17.8 9.76 207.84
Z?gll: gi ffl(;lf;in:;(iggl)gsmes Composite specimen Hardness (RHN)

(TYPE -T)

S1 59

S2 58

S3 63

(TYPE -1I)

S1 56

S2 68

S3 61

(TYPE -III)

S1 62

S2 65

S3 67

hardness of the bio-composite was observed in type-1II as compared to other two
categories (Fig. 6). Our results were well supported with the previous statement that
the percentage of the composite mixtures increase the stiffness of the individual
composites [26, 27].
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3.4 Morphological Examination Using Scanning Electron
Microscope (SEM)

The analysis of morphological changes through SEM in bio-composite materials is
executed and displayed (Fig. 7, 8 and 9). The samples from tensile tests of different
composite types (Type I, I & III) were characterized. The surface specific breakage
of fibre was displayed post tensile tested type-I sample (Fig. 7). Moreover, the SEM

e

“ Breakage of fibre

X50

Fig. 7 Scanning Electron Microscope (SEM) analysis of Tensile tested type-1 specimen
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Fig. 9 Scanning Electron Microscope (SEM) analysis of Tensile tested type-III specimen
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imageries were reserved to perceive the cracks exists in the internal part, Voids,
interfacial assets and more importantly core assembly of composite materials surface
fractured (Fig. 8). The individual bio composite fibre matrix (Kevlar, Palm and Aloe
Vera) internal assembly were clearly presented in the (Fig. 9).

4 Conclusion

As an endnote, the present investigation displayed the fabrication process of three
natural bio-composites derived from aloevera, bamboo, palm and kevlar fibers.
Among them three different combinational fabrication was performed (i) Type I
(blend of aloe vera and bamboo) (ii) Type II (blend of bamboo and palm) and (iii)
Type III (blend of palm and aloevera). The tensile, flexural, and hardness prop-
erty results revealed that the Type-III strains showed higher strength as compared
to other bio-composite fabrications. Overall, the present research suggests that the
bio-composites blend of palm and aloevera showed enhanced mechanical assets as
related to added natural-fabrications. Thus, the bio-rational plants will be helpful
to determine the impending uses of the natural composites and their feasibility of
manufacturing in different industrial sectors.
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Influence of Fiber Content on Tensile )
and Flexural Properties of Ramie/Areca L
Fiber Composite—An Algorithmic
Approach Using Firefly Algorithm

D. Vijayan and T. Rajmohan

Abstract Natural Fiber-Reinforced Composites (NFRC) are owing to their decom-
posability, biodegradability, and cost-efficient. They can be used as a reinforced
material with natural/synthetic resins to formulate a composite material for various
applications. The present work investigates the influence of fiber content of fabri-
cated ramie/areca natural fiber composite on tensile and flexural strength by varying
their fabricating process parameters, namely alkali concentration, curing tempera-
ture, and compression pressure. A scanning electron microscope was used to assess
the mechanical and metallurgical properties of the fabricated hybrid composite.
Results revealed that the quality of bonding and defects characteristics of the frac-
tured surfaces of the composite. Furthermore, a regression model was developed for
each response, such as tensile and flexural strength, to introduce an evolutionary algo-
rithm, namely the Firefly algorithm, to find optimal settings of processing parameters
of the composite. Further, the algorithmic results were validated with experimental
results to check the adequacy of the model. The results revealed that the obtained
optimal processing parameters close to the experimental values confirm adequacy
and yield the maximum tensile and flexural strength of 76.25 and 136.36 MPa.

Keywords Ramie - Areca - Firefly - Evolutionary - Metaheuristic - Algorithm -
Optimization - Natural fiber - Composite + Influence - Tensile * Flexural -
Mechanical

1 Introduction

Nowadays, NFRC has many mechanical engineering applications, including sports
cars, high-speed rail, and resistance systems [1, 2]. Composites made up of natural
fibers are highly tensile and compressive and the best modulus of elasticity. Compared
to polymer composites, natural composites are supplemented with additional binder
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materials such as silicon carbide, carbon nanoparticles, nano-silica, and fly ash [3—
5]. However, the properties of natural fiber composites depend on many crucial
elements, such as the ratio of resin and fiber, the quality of the fiber material, the
compression pressure, and the compression time [6]. Therefore, predicting their
mechanical properties is essential because it can aid in planning operations in the
early stages of product design that give precise product requirements. Also, the
best approach for estimating the mechanical properties of NFRC helps us save time
and costs during the product development stage itself. However, many material’s
mechanical properties are non-linearly conflicting in nature example, tensile and
compressing properties. Therefore, attaining a solution by traditional optimization
approaches may not be possible, and it takes more time to find the solution [7, 8]. The
research community has proposed many approaches whenever conflicting objective
arises during product development. For instance., Sultana et al. [9] applied a crow
search evolutionary algorithm to optimize the process parameters of jute fibers. The
authors found that overall predicted values varied 5% compared to experimental
values, and they have concluded that the evolutionary algorithms are powerful in
predicting the optimal values of natural fibers from the experimental results.

Hu et al. [10] proposed an improved direct simulated annealing algorithm (IDSA)
for simultaneous optimization design to determine fiber orientation and topology.
They identified that IDSA has optimizing parameters accurately as similar to other
optimization techniques. Savran et al. [11] have proposed the stochastic optimiza-
tion method for finding the stacking sequence of carbon/epoxy-sitka spruce hybrid
composite. The authors found that the tensile properties improve when fabricated
with obtained optimal stacking sequence as suggested by the optimization algorithm.
These findings conclude the optimization has necessary in all areas of the human
venture, from genetic cells to rocket sciences, vacations and agricultural production
development, working hours, and much more.

Optimization algorithms are looking for a vector that provides a better solution
to a particular problem. There are two main classes of optimization algorithms,
namely, deterministic and stochastic optimization algorithm. If the search process
starts from the same start, a determining method narrows the solution to the same
point. Similarly, approximate optimization methods provide some randomness and
deliver different solutions; there are two types of stochastic algorithms: heuristic and
metaheuristic [12]. Heuristic methods solve the problem through error-free experi-
ments and methods. These algorithms do not guarantee that to get reasonable solu-
tions all the time. We can rely on heuristic algorithms when the goal is to find
an excellent solution to time constraints and available information. A set of rules
governs metaheuristic algorithms that combine both local search and randomness.
Also, these provide more flexibility in finding global minima than capturing local
minima; population-based meta-heuristic optimization algorithms find the solution
from various primary solutions rather than single solutions, encouraging the search
area naturally to explore significant potential compared to meteorological methods.
For example, a genetic algorithm (GA) is designed naturally by biological evolution;
particle swarm optimization (PSO) simulated the flock social behaviors.
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2 Fabrication of Composite

Ramie/Areca fibers, epoxy resin (Araldite LY556), and the desired hardener (grade:
HY951) collected from M/s. Green composites, Chennai. By weight percentage,
epoxy resin and hardener is mixed in a separate beaker. Since the matrix may lose
its mechanical strength due to bubbles, hence the solution stirred carefully. Each
composite sample has prepared by using the compression molding machine. The
sample has made for 30 cm x 30 x cm sizes, having seven layers and following
the ARARARA stacking sequence. The top and bottom layers are laid up by areca,
whereas ramie fiber layers are considered intermediate in each sample. The fabri-
cated sample of ARARARA is as presented in Fig. 1. The Box-Behenken Design
(BBD) based RSM design proposed to organize each experiment systematically. Four
crucial processing parameters, namely Alkali Concentration (AC), Fiber Content
(FC), Curing Temperature (CT), and Compression Pressure(CP). There are three
levels considered for each parameter, i.e., —1,0 and + 1. Table 1 shows processing
parameters and their levels of the present investigation, and Table 2 shows the design
variables and their responses, namely tensile strength (TS) and flexural strength (FS).

Fig. 1 Fabricated
ARARARA composite
sample

Table 1 Process parameters and their levels

Symbol Processing parameters Units -1 0 1
X(1) Alkali concentration % 3 6 9
X(Q2) Fiber Content % 30 40 50
X(3) Curing Temperature Deg 60 80 100
X(4) Compression Pressure Bar 60 80 100
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Table 2 Design matrix and their responses

S No X(1) X(2) X(3) X(4) TS FS
(%) (%) (©0) (bar) (MPa) (MPa)
1 3 30 80 80 65.862 119.227
2 9 30 80 80 71.662 124.279
3 3 50 80 80 72.669 119.106
4 9 50 80 80 75.550 121.922
5 6 40 60 60 75.392 125.442
6 6 40 100 60 75.000 129.799
7 6 40 60 100 72.226 110.275
8 6 40 100 100 73.295 108.310
9 3 40 80 60 72.546 135.312
10 9 40 80 60 64.108 124.889
11 3 40 80 100 73.313 106.508
12 9 40 80 100 68.267 96.852
13 6 30 60 80 72.612 111.783
14 6 50 60 80 75.451 112.974
15 6 30 100 80 71.165 123.035
16 6 50 100 80 74.745 110.576
17 3 40 60 80 72.704 121.326
18 9 40 60 80 72.993 110.446
19 3 40 100 80 72.656 112.864
20 9 40 100 80 71.328 122.631
21 6 30 80 60 69.198 135.871
22 6 50 80 60 74.197 131.414
23 6 30 80 100 70.639 94.561
24 6 50 80 100 74.040 107.059
25 6 40 80 80 72.535 110.985
26 6 40 80 80 74.794 112.593
27 6 40 80 80 72.224 123.742
28 6 40 80 80 71.820 124.819
29 6 40 80 80 71.150 123.483

3 Firefly Algorithm

A novel Firefly Algorithm (FA) developed by Yung [13] is proposed in the present
investigation. FA is used for solving multi-response optimization, especially for
simultaneous objective optimization problems by simulating the social behavior
of fireflies. FA has improved from its basic versions through many variations by
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researchers in recent days. The FA showed its superiority in finding optimal param-
eters over other similar evolutionary algorithms such as artificial bee colony (ABC),
particle mass optimization (PSO), and genetic algorithm (GA) [13].

Three idealized rules in FA: (1) fireflies are of both sexes, i.e., they are attracted
to other fireflies irrespective of their gender; (ii) The attractiveness of fireflies is
proportional to their brightness; therefore, the brightest will go to the brightest.
Attractiveness and brightness is increase when distance increase. Randomly move
when no firefly is brighter than another firefly; (3) the target function determines
each firefly’s glow [14, 15]. The flow chart of the FA is as presented in Fig. 2.
The brightness can be proportional to the value of the objective function for the
maximization problem and the inverse of the minimization problem. The firefly
population of each represents a candidate solution. Let X = (xj, x2, ... xy) be the
firefly population, where xl.l = (xil, xiz, R xiD ) is the ith firefly, N is the size of
the population and D is the dimension. For any two different fireflies x; and x; and
xj(i # j), The expression of attractiveness represented below,

Fig. 2 Firefly algorithm
flowchart

Imitialization of Firfly
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Ranking of firefly
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B =poe "

The light absorption coefficient is y; if the y = 0, the firefly’s attraction distance
does not change; if y — oo, The fireflies are no longer attracted to each other.
Therefore y varies between 0.1 to 10 in regular exercise.

x; and x; are the distances represented as r;;, and it can be expressed as follows
[16]

and then the firefly position (x;) will be updated to
X = x; + Poe 7" (xj —xi) + g

In the above expression €;, usually, it varies in the range of O to 1. In addition, o
indicates the step factor. Sometimes fireflies make a simple random walk; therefore
it is represented as By, and the value lies between 0 and 1.

4 Results and Discussion

Figure 3a—c shows the influence of fiber content, alkali concentration, curing
temperature, and compression pressure on the responses such as tensile and flexural
strength.

4.1 Influence of Fiber Content Versus Alkali Concentration
on Tensile Strength

Figure 3a depicts 3D response surface plot of fiber content (areca and ramie fibers)
versus alkali concentration on tensile strength. It can understand that less fiber
content produced low tensile strength. Since less fiber content of both ramie and
areca fibers allows free resin flow between the fiber layers. Therefore, the matrix
failed to transfer the applied load along the fibrils caused pinholes on the laminated
surfaces, as revealed in Fig. 3b. Hence, TS is low (62.54 MPa) when fiber content is
low. The nature of areca and ramie fibers allows the epoxy resin along the pores of
fiber layers to have better wettability, as shown in Fig. 3. Thus TS is high (76.25 MPa)
when the fiber content is high. The obtained TS value is 55.28% higher, indicating the
tensile strength of the laminated composite increase when increasing fiber content.
Moreover, the alkali solution treatment slightly increases the tensile strength up to
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Fig. 3 a 3D surface plot of fiber content versus percentage of alkali concentration on tensile
strength, b. pinholes on the laminated surface, c¢. Pores on the fibrils, d Absence of perforated
structure on the laminated areca and ramie fibers

3.5% by increasing alkali concentrate from 2 to 6% and then decreased up to 2%
when increased concentrate from 6 to 10%.

An increase in the percentage of alkali solution from 2 to 6% produces a coarser
surface within the fiber structure that increases the interfacial adhesion between the
fiber and matrix. Whereas increasing beyond 6% of alkali solution, the adhesion
between fibrils decreases due to excessive removal of lignin, hemicellulose, and
other natural impurities from the fiber layers decrease the degree of surface roughness
on the fiber layers [17]. And the absence of a perforated structure on fibers called
‘trichomes’ failed to enhance the mechanical bonding due to the high concentrate of
alkali solution, as exposed in Fig. 3d. Hence low tensile strength was achieved on
the laminated composite beyond 6% of alkali solution treatment. MohanDas et al.
[8] observed similar effects while evaluating the mechanical properties of fine areca
fiber reinforced phenol formaldehyde composite.
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4.2 Influence of Fiber Content Versus During Temperature
on Tensile Strength

Figure 4a depicts the 3D response surface plot of fiber content influence, curing
temperature on TS of areca/ ramie fibers composite. The samples with more fiber
content that cured with 600C temperature produced high TS (76.25 MPa). When
the sample cured between 80 to 100 °C, delivering low tensile strength. High curing
temperature failed to increase the TS beyond 76.25 MPa even though fiber content
is low/high. Relatively high curing temperature creating more voids and pits on the
composite surfaces, as shown in Fig. 4b.

Moreover, the high temperature enhanced the fiber degradation and swelling rate
on the laminated surfaces and missing to retain a substantial amount of hemicellulose
and other impurities within the matrix, as seen in Fig. 4c. Hence TS is drastically

(a) Max. TS=76.25 MPa when
CT=60°C
P

Fig. 4 a 3D surface plot of fiber content versus curing temperature on tensile strength, b Pitted
surface and voids on the laminated surface, ¢ swelled zone and fiber degradation on the laminated
areca and ramie fibers
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reduced when composite fabricated with high temperature. Habibi et al. [18] and
Jaafar et al. [19] reported similar observations during the fabrication of pineapple
and flax natural fibers.

4.3 Influence of Fiber Content Versus Compressive Pressure
on Tensile Strength

Compressive pressure is another dominating factor in the fabrication of natural fiber
composite using the compression molding process. Figure Sa depicts the fiber content
effect and compressive pressure on tensile strength. Enhancement of bonding strength
between fiber and matrix increases the TS when increasing compressive pressure at
low fiber content (30%). The fibers were allowed the resin flows along the length of
each fiber. Therefore an excellent interfacial bonding was obtained on the laminated
composite with an accumulated pressure, as shown in Fig. 5b.

Hence TS of the laminated composite increased though the fiber content is low.
However, further, increase of compressive pressure beyond 80 MPa significantly
when the fiber content above 30%, tensile strength decreased due to an adverse
effect on the mechanical properties such as fiber and matrix breakage as shown in
Fig. 5c. High compression pressure (80 bar < CP < 100 bar) induced a non-uniform
stress distribution on the fiber and matrix that provided better compaction. Increasing
fiber content beyond 30% indirectly increases fiber density, restricting the free flow
of resin between the fibers. The dense fibers restrict the resin flow, thus prevents better
chemical bonding between the fibers and matrix. Subsequently, the combination of
temperature and pressure lead to cut the long fiber, which enabled porosity and voids
on the composite, as shown in Fig. 5d. Hence, there is a variation in TS (80 bar <
CP < 100 bar) on the composite surfaces when increasing compressive pressure.
Soundhar, Kandasamy [20], and Tomo et al. [21] revealed similar observations on
the fabrication of sisal and kenaf natural fibers composites.

4.4 Influence of Fiber Content Versus Alkali Concentration
on Flexural Strength

Figure 6a shows the fiber content influence and alkali concentration on the flexural
strength of ramie/areca composite. The composite FS increases with increasing alkali
concentration from 3 to 5% irrespective of fiber content.

Since increasing alkali concentration could break the large fiber bundles into
smaller fibrils, thus allowed the resins freely. Moreover, increasing alkali concentra-
tion exposed more hemicellulose, lignin, and other impurities. Hence an excellent
bonding strength on the fiber’s produced high FS on the composite, as presented in
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Max. TS=76.25 MPa when
CP =100bar

#Good interfacial §
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Fiber damage (3
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Fig. 5 a 3D surface plot of fiber content versus compression pressure on tensile strength, b Inter-
facial bonding zone, ¢ Fiber and matrix damage on the laminated surface, d Zone of porosity and
voids

Fig. 6b. The composite achieved the maximum FS of 136.36 MPa. It can be under-
stood from the results that the alkali treatment more positive impacts on enhancing
FS compared to the TS of the composite. Costa et al. [22], Ozerkan et al. [23], and
Chowdhury et al. [24] reported similar findings on the surface treatment analysis of
palm, Pinus Elliottii, and basalt natural fibers. However, increasing alkali concen-
tration beyond 5% more portions of hemicellulose, lignin came out, thus reduce
the fiber geometry; as a result, both areca and ramie fibers have shown low FS.
When increasing the alkali concentration beyond 5%, achieved a maximum FS of
96.37 MPa. The obtained FS has 29.32% less, which indicates that above 5% of
alkali concentration is not suitable for the treatment of ramie and areca fibers and
decreases the flexural strength of the laminated composite. Moreover, excess alkali
concentration solution created a slight discontinuity between the fibers, as shown
in Fig. 6¢. Similar observations were found by Bharathiraja et al. [25] and Banagar
et al. [26] on the mechanical characterization of coir fiber and areca sheath fiber
composites.
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Max, FS = 136.36 MPa
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4 Short continuous fibers |

Fig. 6 a 3D surface plot of alkali concentration versus fiber content on flexural strength, b Zone
of interfacial bonding, ¢ Short continuous fibers

4.5 Influence of Fiber Content Versus Curing Temperature
on Flexural Strength

Figure 7a shows the 3D surface plot of the fiber content influence and curing temper-
ature on the FS of ramie/areca composite. It is understood that increasing curing
temperature from 60 to 800C increases the composite’s FS. Increasing beyond 800C
(800C < CT = 1000C) decreases the FS due to excess fiber burnout, as shown in
Fig. 7b. And this fiber burnout can be observed even the composite has fabricated
with high fiber content. Hence, when the composite cured between 80 to 1000C
temperature, low FS is observed and yielded the maximum FS of 96.37 MPa.

For good flexural strength, adequate interfacial bonding strength is necessary. Due
to excess curing temperature, an amount of supplied heat burns the laminated fibers
and thus leads to poor interfacial bonding. Hence low flexural strength was observed
on the fabricated composite [27, 28]. The overall obtained result shows that the
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100 50 FC.%

Fig. 7 a 3D surface plot of curing temperature versus fiber content on flexural strength, b Zone of
burnout fibers

curing temperature levels between 60 to 800C are affordable to produce maximum
flexural strength on the fabricated ramie/areca fiber composite. These findings are in
line with those in the study reported Singh et al. [29], Bajpai et al. [30]

4.6 Influence of Fiber Content Versus Compression Pressure
on Flexural Strength

Figure 8a shows a 3D surface plot of the fiber content influence and compressive
pressure on flexural strength. Increasing compressive pressure from 60 to 100 bar
(60 bar < CP > 100 bar) increases FS irrespective of low/high fiber content. The
result findings show that the compression pressure has the most significant parameter
for increasing the flexural strength of the ramie/areca composites.

This phenomenon indicates that the fabricated ramie/areca fiber composite
exhibits considerable bonding between the fibers. However, due to low fiber content
(FC = 30%), numerous voids and dimples are observed on the fractured surfaces, as
shown in Fig. 8b. In contrast, when increasing compression pressure beyond 80 bar
< CP > 100 bar, the voids present in the composite surface have reduced, and subse-
quently, the composites’ density increased when fiber content is high. Therefore
better interfacial bonding was observed on the composite, as shown in Fig. 8c.
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Fig. 8 a 3D surface plot of fiber content versus compression pressure on flexural strength, b zone
of dimples, ¢ Zone of homogeneous compression pressure

5 Optimization of Parameters Using Firefly Algorithm

5.1 Development of a Mathematical Model

Multi-objective optimization has been applied in the present investigation to obtain
optimal fabricating parameters using the Matlab program. Therefore, to create a
multi-objective regression model, the regression equations are developed using the
response surface method for each TS and FS. The developed regression equations
are given below,
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TS = +16.474+0.438 x X(1) — 0.415 x X(2) + 0.505 x X(3)

+0.956 x X(4) + 1.351e™* x X(1) x X(2) +9.431¢> x X(2) x X(3)
—7.912¢73 x X(3) x X(4) —0.0107 x X(2) x X(3)

+6.714e73 x X(2) x X(4) — 6.706¢ > x X(3) x X(4) —3.984¢ 7> x X(1)?
+7.116¢73 x X(2)? 4+ 1.964¢™* x X(3)* —2.909¢ 3 x X (4)°

FS = +457.84+0.66406 x X (1) — 6.04918 x X (2)

+1.505 x X(3) +3.767 x X(4) —0.017502 x X(1) x X(2)

+5.3275¢73 x X(1) x X(3) +0.0793 x X (1) x X(4)

—0.0249 x X(2) x X(3) — 0.027 x X(2) x X(4) +8.610¢7> x X(3) x X(4)
—0.0857 x X(1)> 4+ 0.023 x X(2)*> + 1.364¢7> x X(3)> — 7.855¢ 73 x X(4)?

The parameters bound considered for the development of empirical models are,
2% < AC > 10%

30% < FC > 50%

60 °C < CT > 100 °C.

Bar < CP > 100 Bar

The main objective of the present investigation is to maximize the TS and FS of
the fabricated composite by finding the optimal process parameter settings of each
input parameter. Usually, the responses are conflicting with each other. The main aim
of the present investigation is to evaluate the optimum parameter settings to obtain
maximum TS and FS. Therefore a combined objective function is to be formulated
using the weighted sum method. The developed objective function is to maximize
both TS and FS is,

.. TS FS
Maximize(TS + FS) = w; x —,) +wy X | —
TS FS

TS* and FS* are the maximum tensile strength and flexural strength values
obtained from each response by single-objective optimization using RSM-based
BBD. Vijayan, Rajmohan [31] formulated a combined objective function using the
weighted sum method by assigning equal weight in each factor on the particle swarm
optimization (PSO) algorithm. Similarly, in the present investigation, a novel firefly
algorithm is applied to find optimal parameter settings of ramie and areca fiber
composites.

The Firefly algorithmic parameters considered for the present optimization prob-
lems are: no fireflies = 25, Coeffieice of light absorption = 1, the base value of
attraction coefficient = 2, mutation coefficient = 0.2, mutation coefficient damping
ratio = 0.2, and the maximum number of iterations is 100. Various combinations of
these algorithmic factors are used to obtain the best optimal settings of the composite
fabrication. The assigned values of mutation coefficient and mutation damping ratio
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Fig. 9 a Convergence plot, b Convergence values

Table 3 Predicted optimum fabrication parameters of ramie/areca fiber composite

Alkali Fiber content (%) | Curing Compression Objective
concentation (%) temperature (°C) | pressure (Bar) | function (z)
30 30 100 96.8476 0.96211

allow the firefly algorithm to maintain the ‘good optimality’ and best’ fitness values.
Figure 8a, b illustrates the performance of the firefly algorithm across the generations
and its corresponding fitness values (Fig. 9).

After the 59th generation, the average fitness values remain the same till the 100th
generation. The firefly algorithm randomly makes a population of 100 individuals;
it is relatively conceivable to have some individuals much superior to the rest of the
population. Between the superior generations progress, the firefly algorithm finds and
compares ‘best’ individual to the optimum of the existing generation and continue to
carry forward the better than the existing generation. Table 3 presents the optimum
combinations of fabricating parameters predicted by the firefly algorithm.

6 Conclusion

The present investigation proposes a firefly algorithm to investigate the fiber content
influence on tensile and flexural strength by varying different fabricating parameters,
namely alkali concentration, curing temperature, and compression pressure. The
fracture zones of fabricated composite samples are analyzed using SEM images.

Based on the mechanical and metallurgical studies performed, the following findings
are summarized below,



250 D. Vijayan and T. Rajmohan

e The tensile strength increases when increasing alkali concentation from 2 to 6%.
However, increasing the alkali concentration beyond 6% decreases the interfacial
adhesion between the fiber to the matrix due to excess removal of lignin, hemi-
cellulose, and other natural impurities from the fiber layers decrease the degree
of surface roughness on the fiber layers.

e When the composite samples fabricated with 60 °C, especially at a high density
of fiber content, produce high tensile strength, it is low when cured with the 800C
to 100 °C. Achieved a maximum tensile strength of 76.25 MPa when the sample
cured at 60 °C. Observed many voids and pitted surfaces along the composite
surfaces when the composite ‘laminated at high temperatures.

¢ Anadequate amount of compression pressure produces a better interfacial bonding
on the composite surfaces though the fiber content is low. These findings indicate
adequate compression pressure is necessary to fabricate the composite though the
fiber content is low or high.

e A good percentage of alkali concentration retains hemicellulose, lignin, and
other impurities that increase the composite’s flexural strength. The laminated
composite achieved the maximum flexural strength of 136.36 MPa.

e Raise of curing temperature from 60 to 800C increases the flexural strength of
the laminated composite. However, excess fiber burnout failed to sustain the same
flexural strength on the composite surface.

e The proposed evolutionary algorithm predicted the optimal fabricating parame-
ters and showed its robustness while obtaining a solution based on the desired
boundary condition.

References

1. Vijayan D, Thiagarajan R (2020), Influence of Stacking Sequence on Mechanical and Metal-
lurgical Properties of Ramie/areca Laminates Using B4C Nano Filled Epoxy Resin. Journal of
Natural Fibers,1-17.

2. Deshmukh PS, Patil PG, Shahare PU, Bhanage GB, Dhekale JS, Dhande KG, Aware VV (2019)
Effect of mechanical and chemical treatments of arecanut (areca catechu L.) fruit husk on husk
and its fibre. Waste Manage 95:458—465

3. Muneer Ahmed M, Dhakal HN, Zhang ZY, Barouni A, Zahari R (2021), Enhancement of
impact toughness and damage behaviour of natural fibre reinforced composites and their hybrids
through novel improvement techniques: A critical review, Composite Structures, 259, 113496.

4. Zhao X, Tu W, Chen Q, Wang G (2021), Progressive modeling of transverse thermal conduc-
tivity of unidirectional natural fiber composites, International Journal of Thermal Sciences,
162, 106782.

5. Awais H, Nawab Y, Amjad A, Anjang A, Md Akil H, Zainol Abidin MS (2021), Environmental
benign natural fibre reinforced thermoplastic composites: A review. Composites Part C: Open
Access, 4, 100082.

6. Sumesh KR, Kanthavel K, Kavimani V (2020) Peanut oil cake-derived cellulose fiber:
Extraction, application of mechanical and thermal properties in pineapple/flax natural fiber
composites. Int J Biol Macromol 150:775-785



Influence of Fiber Content on Tensile and Flexural Properties ... 251

7.

10.

11.

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

Singh T, Pattnaik P, Pruncu CI, Tiwari A, Fekete G (2020), Selection of natural fibers based
brake friction composites using hybrid ELECTRE-entropy optimization technique. Polymer
Testing, 89, 106614.

. MohanDas CD, Ayyanar A, Susaiyappan S, Kalimuthu R (2017) Analysis of the effects of fabri-

cation parameters on the mechanical properties of Areca fine fiber-reinforced phenol formalde-
hyde composite using Taguchi technique. Journal of Applied Research and Technology
15(4):365-370

. Sultana N, Hossain SZ, Alam MS, Hashish M, Islam MJC, Materials B (2020), An experimental

investigation and modeling approach of response surface methodology coupled with crow
search algorithm for optimizing the properties of jute fiber reinforced concrete, 243, 118216.
Hu Z, Vambol O, Sun SJCS (2021), A hybrid multilevel method for simultaneous optimization
design of topology and discrete fiber orientation, 266, 113791.

Savran M, Aydin L (2021) Chapter Fourteen - Material selection for hybrid natural fiber
laminated composites in vibration using a stochastic optimization method. In: Rangappa SM,
Siengchin S, Jawaid M, Asiri AM (eds) Khan A. Hybrid Natural Fiber Composites, Woodhead
Publishing, pp 281-307

Ball AK, Roy SS, Kisku DR, Murmu NC, Coelho LdS (2020), Optimization of drop ejection
frequency in EHD inkjet printing system using an improved Firefly Algorithm, Applied Soft
Computing, 94, 106438.

Xing H-x, Wu H, Chen Y, Wang K (2020), A cooperative interference resource allocation
method based on improved firefly algorithm, Defence Technology.

Wul, Wang Y-G, Burrage K, Tian Y-C, Lawson B, Ding Z (2020), An improved firefly algorithm
for global continuous optimization problems, Expert Systems with Applications, 149, 113340.

. Wang Z, Liu D, Jolfaei A (2020) Resource allocation solution for sensor networks using

improved chaotic firefly algorithm in IoT environment. Comput Commun 156:91-100

Bui D-K, Nguyen T, Chou J-S, Nguyen-Xuan H, Ngo TD (2018) A modified firefly algorithm-
artificial neural network expert system for predicting compressive and tensile strength of high-
performance concrete. Constr Build Mater 180:320-333

Adeyi AJ, Adeyi O, Oke EO, Olalere OA, Oyelami S, Ogunsola ADJAI, Research EP (2021),
Effect of varied fiber alkali treatments on the tensile strength of Ampelocissus cavicaulis
reinforced polyester composites: Prediction, optimization, uncertainty and sensitivity analysis,
4(1), 29-40.

Habibi M, Selmi S, Laperriere L, Mahi H, Kelouwani S (2019) Post-Impact Compression
Behavior of Natural Flax Fiber Composites. Journal of Natural Fibers 17(11):1683-1691

. JaafarJ, Siregar JP, Tezara C, Hamdan MHM, Rihayat T (2019) A review of important consider-

ations in the compression molding process of short natural fiber composites. The International
Journal of Advanced Manufacturing Technology 105(7-8):3437-3450

Soundhar A, Kandasamy J (2019), Mechanical, Chemical and Morphological Analysis of Crab
shell/Sisal Natural Fiber Hybrid Composites, Journal of Natural Fibers, 1-15.

Tomo HSS, Ujianto O, Rizal R, Pratama Y (2017), Effects of number of ply, compres-
sion temperature, pressure and time on mechanical properties of prepreg kenaf-polypropilene
composites, IOP Conference Series: Materials Science and Engineering, 223 (1), 012026.
Costa IL, Alves AR (2017) Mulinari DRJPe. Surface treatment of Pinus Elliottii fiber and its
application in composite materials for reinforcement of polyurethane 200:341-348

Ozerkan NG, Ahsan B, Mansour S, Iyengar SR (2013) Mechanical performance and durability
of treated palm fiber reinforced mortars. Int J Sustain Built Environ 2(2):131-142
Chowdhury IR, Nash NH, Portela A, O’Dowd NP, Comer AJ (2020), Analysis of failure modes
for a non-crimp basalt fiber reinforced epoxy composite under flexural and interlaminar shear
loading, Composite Structures, 245,112317.

Bharathiraja G, Jayabal S, Kalyana Sundaram S (2017) Gradient-based intuitive search
intelligence for the optimization of mechanical behaviors in hybrid bioparticle-impregnated
coir-polyester composites. J Vinyl Add Tech 23(4):275-283

Banagar AR, Chikkol Venkateshappa S, Shantharam Kamath S, Bennehalli B (2018) Tensile
and flexural properties of areca sheath fibers. Materials Today: Proceedings 5(14):28080-28088



252 D. Vijayan and T. Rajmohan

27. Bajpai PK, Singh I, Madaan J (2012) Development and characterization of PLA-based green
composites. J Thermoplast Compos Mater 27(1):52-81

28. Dhawan V, Debnath K, Singh I, Singh S (2016) Prediction of forces during drilling of composite
laminates using artificial neural network. A new approach. FME Transaction 44(1):36-42

29. Singh JIP, Singh S, Dhawan V (2017) Effect of Curing Temperature on Mechanical Properties
of Natural Fiber Reinforced Polymer Composites. Journal of Natural Fibers 15(5):687-696

30. Bajpai PK, Singh I, Madaan J (2012) Comparative studies of mechanical and morphological
properties of polylactic acid and polypropylene based natural fiber composites. J Reinf Plast
Compos 31(24):1712-1724

31. Vijayan D, Rajmohan T (2019) Modeling and evolutionary computation on drilling of carbon
fiber-reinforced polymer nanocomposite: an integrated approach using RSM based PSO. ] Braz
Soc Mech Sci 41(10):1-17



Bio Fibre Composites: Thermal
Characterization



Preparation, Mechanical Properties )
and Thermal Analysis of Basalt Fiber L
Reinforced with Polypropylene (BFRPP)
Composites

S. Vijayabhaskar, T. Rajmohan, Umar Nirmal,
and Vemuri Subramanya Somnath Sarma

Abstract Polypropylene considered to be one of the evolving polymers in the loco-
motive area, besides several investigators primarily concentrating their study on
polypropylene composites at present being advantageous in numerous confronting
environmental challenges at present situation. The industrial and research applica-
tions of composites reinforced with natural fibers have been increased owing to
excellent compensations when compared to synthetic fibers. Currently numerous
manufacturers in automobile sector concentrate on eco-friendly automobile parts
production that can reduce the production cost, besides improved fuel efficiency.
The current study is considered based on the fabrication of basalt / polypropylene
composite produced through a combined method of hand lay-up techniques. To
explore the glass transition temperature (Ty) of the composite thermogravimetric
(TGA) analysis was employed. Three-point bending experiment and tensile tests of
polypropylene/basalt composites were investigated depending upon the number of
basalt fabric layers. The bonding between matrix and basalt fiber at the interface
is superior as revealed through SEM and EDX microscopy. The thermal resistance
of basalt fibers were optimum at temperature range of 30-900 °C as found through
thermogravimetric analysis.
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1 Introduction

Polypropylene (PP) has been broadly substituting engineering plastics due to its
economic feasibility, weight saving, outstanding mechanical concert, and ease of
dispensation and recyclability [1]. Basalt fiber an inorganic, naturally occurring
mineral fiber, is majorly utilised as an ecologically friendly, even green reinforcing
material used as a matrix in various polymer matrices. Basalt fibre can be incor-
porated as matching counterpart for glass fiber in numerous applications in various
fields of engineering because of their improved characteristic properties [2]. When
the basalt fibers are reinforced in a polymer in our study it is polypropylene (PP)
matrix, the phrase basalt fiber-reinforced polypropylene (BFRPP) composites are
formed. Some of the disadvantages possessed by the BF are on their brittle tough-
ness and stiff nature, i.e. brittle like nature [3]. Konstantinos Karvanis et al. [4]
proved that the BFRP composites exhibited very good mechanical strengths due to
good interfacial bonding between polymer matrix and the basalt fibers reinforce-
ment. Few researchers have showed in their research that, in contrast to glass fibre
reinforced polymer laminates, the presence of basalt layers in the polymer composite
increased the mechanical characteristics to the greatest extent in hybrid laminates [5].
Salvatore et al. [6] demonstrated that the BF’s offer possible enhancements to have
a better flexural modulus and interlaminar properties to hybrid glass/ basalt fiber
reinforced polymer composite. The build-up of BFs in epoxy-based carbon fibre
reinforced composites boosted the impact characteristics, according to Dorigato and
Pegoretti [7].

Basalt Fiber has established growing consideration as an innovative type of rein-
forcing substance for the development of hybrid composites/laminates [8]. Sarasini
et al. [9]. reported that the BF reinforced composite’s elastic modulus is strongly
influenced by the chemical attraction and arrangement of the individual BF. They
proved that the hybrid laminates of carbon and basalt have improved the impact
energy with improved resilience near damage compared to laminates made up of
individual carbon fibers. Ary Subagia et al. [10] displayed that the flexural strength
and tensile were improved by 16%, while arise of 153% and 27% was detected in flex-
ural and tensile modulus using laminates of tourmaline / basalt / epoxy composites.
Wang et al. [11] demonstrated that, because of hybridization of the basalt fibre, the
composite revealed a trend in increase in the overall modulus, fatigue behaviour and
potential strength. BF has exhibited remarkable outstanding impact energy protecting
the composite, when the fibers are situated on the first and last layers of the composite
or being sandwiched alternatively in the composite [12].

To estimate the thermal stability of composites materials Thermogravimetric anal-
ysis (TGA) is frequently utilised. Fiber-reinforced polypropylene (FRPP) composites
naturally crumble at range of temperature in between 300-500 °C while releasing
toxic volatiles and heat. Landucci et al. [13] showed BF’s may possibly be consid-
ered as a component used in the creation of innovative thermal shields. Czigany
[14] found that apart from its superior mechanical performance, BF has other advan-
tages like as acoustic insulation, good chemical and thermal resistance, and poor
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water assimilation ability, which makes basalt fiber a good candidate in the field of
composite development. Militky et al. [ 15] proved that fibers exhibited had displayed
solid tensile characteristics when the fibers were under temperature influence below
300 °C for a time lower than 60 min. The friction coefficient of the basalt-ceramics
hybrid composite increases rapidly as the volume content of BFs increases [16]. The
active use of BF composites for the extent of hot gas filtration was demonstrated by
Medvedyev and Tsybulya [17]. The authors demonstrated that using BFs into the bag
house preparation increases its life duration up to 10 years. Chen et al. [18] estab-
lished the possibility of in-situ arrangement along with diffusion of functionalized
nanotubes in multi-scale epoxy-based laminates reinforced with BFs. Researchers
also discovered that by hybridising the surface of BFs with a silane coupling agent,
the bonding present in the composite improved, which finally enhanced the physical
properties of the composite [19, 20].

Sanga [21] and Plappert [22] compared the physical properties of S-2 glass fibres
and E- glass fibres to BFs and concluded that BFs can act as a fire-retardant element
due to their high resistance in temperature. Czigany et al. [23] in their research have
concluded that the fracture toughness of BF can be increased when reinforced with
PP. Balaji et al. [24] have concluded in their literature that, treated basalt fibre with
a functional nanomaterial yields a good toughness and stiffness of the composite.
Botev et al. [25] in his research showed that the incorporation of BFs in the matrix
decreased the strain and stress at yield. They also revealed that there was improper
adhesion between the fibers and the matrix which lowered the yield stresses. Addition
of untreated short basalt fibres decreases the tensile properties of the sample while
adding coupling agent would increase the damping properties of the matrix.

Intense research has been carried out for hybrid polymers so that incorporation of
two or more reinforcements would develop the properties of the composite material.
Amuthakkannan et al. [26] prepared composites using glass and BFs. They consid-
ered various samples of different compositions and tested for mechanical properties.
They found out that the flexural modulus and flexural strength with pure stacking of
BF was highest among the other samples. When biodegradable polybutylene succi-
nate is reinforced with basalt fibre [27], the impact strength decreased when the fibre
loading increased. This was due to fibre pull-out. Dedk et al. [28] have proven that
silane coupling agents which are generally used as coupling agents for natural fibre
reinforced polymers can be used for BFs reinforced composites and they have shown
a tremendous increase of impact strength. Zivkovi¢ et al. [29] in his study revealed
that water absorbed by the BFs composites is less than the flax fibre reinforcement.
Xing, et al. [30] and Kessler et al. [31] concluded that increase in temperature effects
the physical properties of the BFRP and decrease the fatigue, tensile strength of
the material. Kessler [31] and Moiseevet et al. [32] have less than E-glass fibre rein-
forced polymers showed more tensile strength than the BFRP composite. At elevated
temperatures there is much larger increase in the creep for BRFP [33].

As aresult of the above reported research on basalt fibers, BFs can be regarded as
eco-friendly, green and non-lethal materials and there is a lot of scope for research and
innovation in many economic and engineering fields. This scope is because of their
role in improving mechanical, chemical and thermal performances. As a result, the
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Table 1 Properties of Basalt Fiber
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Density (g/cm?) | Tensile strength | Elastic modulus | Elongation (%) | Maximum
(GPa) (GPa) temperature (°C)
2.62-3.05 3.0-35 79.3-93.1 32 650
Table 2 Properties of Polypropylene
Density | Poisson’s | Thermal Thermal Specific Heat Friction
(glem?) | ratio expansion conductivity | heat transfer coefficient
(Lm/m°C) (W/m-k) capacity | capacity
(J/g-°C) (J/g-°C)
0.9 0.42 100-180 0.15 1.8 24.5 0.1

current study uses a hand lay-up and compression moulding approach to investigate
the mechanical performance of locally generated BFs reinforced with PP resin. The
strength properties of the basalt fibre reinforced Polypropylene (BFRPP) composite
will be investigated through impact, compression, tensile and three-point bending
tests subjected to different fibre loading conditions. The glass transition temperature
(Tg) of the BFRPP composites will be explored with the help of thermogravimetric
analysis (TGA) while the worn surfaces morphology of the tested BFRPP composite
will be analysed using SEM imaging to determine failure modes.

2 Materials and Methods

2.1 Material Used

In the current research, polypropylene (PP) in the form of a laminated sheet with
1 mm thickness acquired from Virtue Polymers Hyderabad, Telangana as the matrix
material while Basalt fiber in woven mat form (200 gsm) of thickness 0.25 mm
was provided by Vaishnavi composites Hyderabad, Telangana. will be utilised as
reinforcing elements in PP. The physical and thermal properties of the basalt fibre
are mentioned in Table 1 and physical and thermal properties of polypropylene is
mentioned in Table 2.

2.2 Preparation of Composites

The laminated composites are fabricated employing hybrid hand layup with compres-
sion molding technique which is shown in Fig. 1 . Three sample specimens of size 380
x 170 x 17 mm are processed in conjunction with two different weight proportions
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Fig.1 Compression molding process machine

of basalt fiber and polypropylene. Sample number 1 consists of 60% polypropylene
and 40% basalt fiber, i.e. 9 layers of polypropylene and 8 layers of basalt fabric.
Second and third samples consists of 70% polypropylene and 30% basalt fiber, i.e.
10 layers of polypropylene and 7 layers of basalt fiber. It is to be noted here that
sample 3 differs from the sample 2 in process parameters which were considered
during the fabrication of the sample. The prepared samples are shown in Fig. 2.
Table 3 represents the process parameters that are employed for this current study

SAMPLE 1 SAMPLE 2 Sample 3

Fig. 2 Fabricated samples
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Table 3 Process parameters of compression molding

Specimen Process Parameters
Temperature Pressure Curing Wt % Wt % No of
°C) (bar) time matrix reinforcemnet layers
(min)
Sample 1 200 100 180 60 40 9P + 8B
Sample 2 220 100 240 70 30 10P +
7B
Sample 2 225 100 300 70 30 10P +
7B

for compression molding process to fabricate the basalt fibre reinforced polypropy-
lene laminated composites. Each sample is placed inside the mold at considered
pressure, temperature and the curing time. These parameters are fixed accordingly
following application a small amount of releasing agent on both surfaces of the
mold. This application of the releasing agent prevents composites from clinging to
the mould surface during the curing process.

2.3 Tensile Test

The constructed composite was tensile tested according to the ASTM D638 standard.
This tensile test is carried out on a tensile testing machine model: Tinus Olesen UTM
where the loading speed was chosen.to be at 5 mm/min. The dimensions of sample
that is used for the testing are given in Fig. 3 and these tested sample is shown in
Fig. 4. All the three samples were tested to get the average value and their results
are tabulated in the Table 4. All of the tests were carried out at a humidity level and
room temperature of 80.5% and 28.5 °C respectively.

A
45 Q7 v N
i 'L = ]
'-?. [
Ve . .
60 | L3
165

Fig. 3 Specimen Dimensions for tensile test
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Fig. 4 Sample being tested
in the tensile testing machine

Table 4 Tensile test results

£ th . S.No | Sample Sample Tensile Strength in
of the specimen Composition MPa
1 Sample 1 | 40% Basalt 60% | 41.4
polypropylene
2 Sample 2 | 30% Basalt 70% | 37.6
polypropylene
3 Sample 3 | 30% Basalt 70% | 39.2
polypropylene

2.4 Compressive Test

The ASTM D695 standard was used to create the composite specimens; Fig. 5. The
sample is held between the parallel compressive plates, which are parallel to the
surface, and then the specimen is squeezed at a constant rate as shown in Fig. 6.
Following to this, the maximum compressive load is recorded. Three samples were

Fig. 5 Specimen 4 mm

dimensions for compressive | |
test

10 mm

| 10 mm |
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Fig. 6 Sample being tested
in compressive testing
machine

Tabie S fC}:) mpres.sion Test S.No Sample Sample Compression
results of the specimen Composition Strength in MPa
1 Sample 1 40% Basalt 60% | 224.6
polypropylene
2 Sample 2 | 30% Basalt 70% 102.1
polypropylene
3 Sample 3 30% Basalt 70% 122.2
polypropylene

tested to get the average value. Blocks or cylinders can be used as compressive
specimens. For ASTM, the typical block dimensions are 12.7 x 12.7 x 25.4 mm and
the cylinders with dimension of 6.35 mm in radius and 25.4 mm long. Speed at which
force was applied on the samples was 1.3 mm/min. The compression test values of
the samples are presented in Table 5.

2.5 Flexural Test

The ASTM D790 standard was followed for the flexural testing of the fabricated
composite which was performed using the Tinus Olesen UTM in three-point bending
mode. Deflection in the specimen is calculated by the crosshead position. The loading
speed was set at 2 mm/min, where the specimen was placed at the designated area
while of the machine till the specimen fracture. Figure 7 shows the sample dimensions
while the tested samples are shown in Fig. 8 . In all cases, the average is taken, and
results are given in the Table 6.
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T3

13 mm

[ 26 mm | 26 mm |
[ | I

Fig. 7 Sample dimensions for flexural strength

Fig. 8 sample being tested
in the flexural testing
machine.

T?l;lle 6 F'lexural Test results S.no |Sample no | Sample Flexural Strength in
of the specimen Composition MPa
1 Sample 1 40% Basalt 60% | 78.2
polypropylene
2 Sample 2 | 30% Basalt 70% | 68.6
polypropylene
3 Sample 3 30% Basalt 70% | 108
polypropylene

2.6 Impact Test

The produced composite was subjected to impact testing in Izod mode utilising
impact testing equipment in accordance with the ASTM D256 standard. The sample
dimensions are shown in Fig. 9. The energy absorbed by the specimen before fracture
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Fig. 9 Sample dimensions for impact strength
Table 7 IIppact test results S.No |Sampleno | Sample Impact strength in J
of the specimen C .
omposition
1 Sample 1 40% Basalt 60% | 14
polypropylene
2 Sample 2 30% Basalt 70% | 10
polypropylene
3 Sample 3 30% Basalt 70% | 11
polypropylene

was measured during the test. Three specimens were tested to produce the mean value,
which is tabulated in below, Table 7.

2.7 Thermogravimetric Analysis (TGA)

TGA or thermogravimetry (TG) is a procedure where the sample composite small
mass is kept under the influence of controlled atmosphere and controlled temperature.
Temperature ranges of a typical TGAs is up to 1000 °C or even more. TGA has been
shown to be a method that is relatively dependable, accurate, and quick. [34]. Purge
gas which flows through the balance maintains an inert atmosphere like nitrogen,
helium or argon. Commercially available thermogravimetric analyser is utilised to
thermally decompose samples generally which are present in milligram of weights to
determine their thermal stability and weight reduction, researchers used controlled
environmental conditions such as controlled heating in the air and in an inert nitrogen
atmosphere. [35]. For the current work for TGA, the sample of weight 53.74 mg
have been taken and the analysis was conducted using a TGA Q50, TA Instruments;
model: NETZSCH STA 449 with a flow and heating rate of 50 mL/min and 10 °C/min
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throughout a temperature range of 30-550 °C in an oxidising (air) and inert (nitrogen)
environment.

TGA is a useful tool intended for determining the thermal stability of materials,
particularly polymers. During Thermogravimetry analysis, Volatile and moisture
contents of a sample can be calculated by calculating measuring changes in the weight
of a specimen with corresponding increase in the temperature when the sample is
subjected to the constant heating. There are three different configurations depending
on the relative positions of the balance and the furnace. The thermobalance used for
our study is bottom loaded thermobalance which uses radiant heating element and
a transparent tube to maintain the atmospheric flow. The TGA device’s apparatus
includes a highly sensitive weight scale calibrator for measuring extremely minute
weight changes in the sample and a programmable furnace for controlling and varying
the sample’s heat. The balance is suspended above the furnace by a hang down wire
and is thermally separated from the heat to prevent any loss of heat. The sample
pan is hanged at the ending point of the hang-down wire, and its position must be
repeatable. To enhance weighing accuracy, sensitivity, and precision, the balance
must be insulated from heat effects (e.g., by using a thermostatic chamber). An
infrared spectrometer has been added to TGA which enables for the measurement and
identification of gases produced by sample’s deterioration. The TGA system includes
a furnace that helps to quickly cool the sample. The heating element is made of
platinum (i.e. withstand temperature up to 1000 °C). An external furnace constructed
by an alloy of rhodium and platinum has an ability to extend the temperature range as
high as 1500 °C this heating is achieved with the help of heating element. Temperature
range for most of the polymers are in between 500-600 °C and constant heating
range of 5-20 °C/mm range. All these mass loss processes can be used to determine
properties of the polymer such as aging and thermal stability due to the thermo-
oxidative processes. These parameters can be utilised to model and to conclude the
cure for the sample.

2.8 Differential Scanning Calorimetry (DSC) Analysis

DSC is a most common thermal analysis technique. It analyses a quantitative calori-
metric information during a linear temperature ramp, from the sample. DSC is a
method of measuring a sample’s change in heat flow rate when the temperature
changes while the sample is housed in a temperature module. Different qualities
such as melting and crystallisation temperatures, heat capacity, and heat of fusion
can be measured using DSC in conjunction with discrete thermal parameters of
chemical reactions.

In this analysis, the sample is placed on the aluminium pan with a lid on it, that
ensures good thermal contact. Weight of the sample is generally around 10 mg, and the
weight is measured in an electronic microbalance with an accuracy of 0.1%. Heating,
cooling, or isothermal measurements are used on the sample depending on the study’s
requirements. However, in most cases, DSC is used to evaluate temperatures such
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as heat of reaction, glass transition temperature crystallisation, and melting point
temperature on a polymeric sample. In general, order for DSC experiments is first
heating—cooling-second heating. All the results are captured using the supplied soft-
ware such as the glass transition temperature (Ty), the starting and end temperatures
of glass transition temperature T; and T,, the peak melting (Ty,p), starting tempera-
ture and the peak temperature of crystallization (Tco), (Tcp), heat of fusion(AHf) and
heat of reaction(AH,y,).

For the current work, DSC experiment was performed using NETZSCH STA
449 where the samples weight was 3.784 mg. The equipment was set with lower
temperature 30 °C and maximum temperature of 550 °C, 10 K/min was the heating
rate. After that, the sample’s thermal characteristics were computed.

3 Results and Discussion

3.1 Microstructure Analysis

Microstructure study was carried out using Scanning Election Microscopy (SEM)
and EDX spectroscopy to examine the worn surfaces worn surfaces. The primary
worn sample was sliced into 10X10 mm sample dimensions. All the worn surfaces
were coated with gold before their SEM images were captured. Figure 10a—c are
micrographs of the surface morphology of the BFRPP composite. The roughness
of the basalt fibre improves the bonding area between the fibre and the matrix.
As a result of the good bonding between the fibre and the matrix, the physical
properties of the samples improved [11]. Because tensile stress failure is incomplete
and inappropriate, this composite uses multi-layer fabrication, which indicate that
multi-layered composites are stronger than mono-layered composites [8]. It is also
evident that there exists a good adhesion in between matrix and the reinforcement,
which ascertains the increase in sample’s physical properties. There are no void
spaces observed between the matrix and the reinforcement on all the samples. This
verifies good adhesion between the BFs and PP resin.

3.2 Thermogravimetric Analysis

Thermogravimetry analysis (TGA) is a common method for examining the natural
fiber’s complete thermal steadiness. The thermal dilapidation of natural fiber compos-
ites with rise in temperature is examined laterally with arithmetical calculation of
quality degradation. Fibre weight drips gradually as the temperature rises, and at
glass transition, the fibre’s mass drips abruptly for a smaller range before turning to a
flat line and finally reactant fatigues. The degradation process in TGA is influenced
by the frequency factor, reaction order, and activation energy. Number of factors
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Fig. 10 SEM images at
500X of sample 1, sample 2,
sample 3 respectively

267

Ilﬂ-!w Mg S00OK
WO e SgraiA s BET

s AN Mags WOX
WO AT Bgreas 2

(c)



268 S. Vijayabhaskar et al.

16 /%
10000 {
%000
8000
?oooé
s-ooo:: |

40001

1000 2000 3000 4000 S00.0
Temperature *C

e L

M A S asew e TN PR L Re S oseat e elouged: Semed S
(R — -— = ey
L B T T WA UM AR L] T R et o - -

AEL L ey Ll B P e P R ralen D U el e @ e s el L | gty ~
ST — . Ao T e
A Ramgn o7 Lo Bt T T R swnm senge LA

. — e ] - —— -

=

Fig. 11 Thermogravimetry analysis of Sample 1

influence the curve’s value, including sample mass, sample shape, atmospheric flow,
heating rate, and mathematical treatment.

Figures 11, 12 and 13 represent the weights of the BFRPP composite samples as
a function of the temperature, in the range 30-500 °C in air or nitrogen atmosphere.
As it can be identified, at the time of decay of the BFRPP composite, at lower
temperature, BFs did not decompose in the TG curves, i.e. a sharp decline starts
at approximately 400-450 °C, and this specific decline is attributed to the main
weight loss of the PP matrix. The BFs were mainly composed of SiO; as the main
component, Al,O3 as the secondary, and other oxide ceramic components, which
leads to BFs revealing excellent high temperature resistance performance. Jamshaid
et al. [36] showed that basalt fibre reinforced composites underway their thermal
decomposition at 363 °C. From Fig. 12, it can be observed that the decomposition of
sample 1 with 40% BFs starts to take place from 395 °C and from Fig. 13 for sample
2, the decomposition starts at a slightly lower temperature of 380 °C. Figure 14 of
sample 3 indicates that the decomposition temperature is around 410 °C. The final
leftover residues of samples 1, 2 and 3 is 36.77%, 34.01% and 21.45% respectively
at temperature of 547.8 °C. The BFRPP composite degraded in two stages namely:
the first stage was caused by basalt breakdown at 250 °C, and the second stage was
caused by polypropylene decomposition at 320 °C. Hao and Yu [34] revealed in
their research that the mass loss in BFs occurs at temperature ranging from 200 to
350 °C. They demonstrated that the presence of many micro-pores in BFs prevent
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Fig. 12 Thermogravimetry analysis of Sample 2
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Fig. 13 Thermogravimetry analysis of Sample 3

thermal radiation and convection. The heat deflection temperature (HDT) and Vicat
softening temperature (VST) of BF composites were much higher than the ordinary
polymeric matrix, according to Zhang et al. [27]. The key influence defining the heat
temperature sturdiness of BFs is their ability to crystallise. on the fibre surface. The
capacity to crystallise is mostly determined by the chemical composition of the fibre



270 S. Vijayabhaskar et al.

DSC /{mW/mg)
1 exo

Compiex

Arex -261.8Jg

Peadk 4E84°C

Orset: 4346 °C

Ent 478

m
2
-2.5
100.0 200.0 300.0 400.0 S00.0
N Temperature °C
N JCO0O0DT 143D Ueer PSS
ETA S ) STALIGF 1A TI00-M Pl . C NE TS50 r e et St gt S Rmrmarh | Shersierd
Material =2rea Sagevents |
Comecton e : BASELINE -HT TO 550 TEMPAL UMINIUM 22 11 2018sgh-tas Crusitie
D 1148 AWM Tamp Col/Sam. Hies . (ool wit Al cuobe 5211 00 sghemd | SerwC e wihd Aureum Cruobe 72 Ao pihers
t PEGTECHS COE IND feange : O K SC TG corm. range
Operato - ohA Sample ceeTC . OSCTo Sxin) s D8C cort . range | CIOMS000 4V
Sarpe %1 3784 mg Modetype of mess OSC-TGC / swrrgie with corecton

Fig. 14 DSC analysis of Sample 1

as well as the heat treatment parameters. Basalt fibre begins to crystalise as ferrous
cations starts oxidation this leads to a formation of spinal structure phase because of
the increased oxide content. The mass loss temperature is maximum in the case of
basalt fibers and the final temperature of the decomposition is also high for basalt
fibers than compared to neat polymer fabricated with other fibers.

3.3 DSC Analysis

DSC is used to determine of the decomposition performance of the BFRPP compos-
ites. In DSC analysis, as a function of temperature, the amount of heat required to
raise the temperature of a test specimen and reference samples is measured. The
samples will be holding same temperature throughout the experiment. Heat flux vs
temperature or time is used to plot DSC curves. Samples were evaluated by DSC
to bolster the heat transform mechanism in order to better grasp the nature of the
thermal behavior of composites. Figures 14, 15 and 16 shows the incline trend of
hotness under different temperatures. Heat translation could theoretically explain
the interfacial attachment of basalt fibre to PP matrix. The major transform mecha-
nism is composed of two heat travel directions namely exothermic and endothermic.
Endothermic peak appeared at temperature in between 160-180 °C; it seems to be
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Fig. 16 DSC analysis of Sample 3

occurred by the disappearance of liquid content. At a temperature range of 450—
480 °C, the first exothermic peak appeared; this second peak indicates that the chem-
ical reaction is occurring and that heat is being redirected from the primary part to an
external part. The endothermic peak reappears when the temperature exceeds 500 °C,
owing to the residual degraded polymer mass. The installation of BFs improves the
thermal ability of the system. The heat conversion mechanism is strongly linked to
the weight loss process of composites; the TG can explain both endothermic and
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exothermic reactions. The DSC and TG curves are, on the whole, in good agreement
with one another.

3.4 Flexural Properties

Flexural property is a property which denotes the flexibility of the material, more the
flexibility more brittle will be the material. It is also the ability of the material to resist
forces without breakage [38—40]. Flexural properties of specimens are required if the
material is used in the structural applications. It can also be used to find the bonding
between the reinforcement and the matrix. A 3-point bending test was performed on
the sample to ascertain the flexural properties and the results are shown in the below
given in Fig. 17. From the graph, it can be inferred that there is highest deformation
on the sample 3 and the lowest in sample 2; i.e. flexural modulus decreased from
108 MPa to 78.2 MPa with 10% increase in the BF content. There is about 36.48%
decrease in the strength from sample 2 to sample 3 and a decrease of 27.59% from
second sample to first sample. Although second and third sample constitute same
composition, there is a huge difference in the flexural strengths in the samples. This
is because of the better curing time and better bonding between the matrix and the
reinforcement. It’s also worth noting that sample 1 with more fiber content showed
better strength when compared to sample 3. There is a 12.27% increase in the strength
with 10% increase in the fiber content.

Figure 18 represents image of the sample 2 after the flexural strength test, there is
bend in the sample observed although there is no crack, fiber has expanded and in few
areas the bonding between them came off as the sample expanded longitudinally. The
failure of the sample is because of the buckling and the improper adhesion between
them. From all the observation on flexural properties, increase in reinforcement
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Fig. 17 Flexural strength of the specimen
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Fig. 18 Sample 2 after flexural test

weight in the composite increased the flexural strength [41] while, strong bonding
in between the reinforcement and the matrix results in higher flexural strength.

3.5 [Tensile Properties

Tensile test of the specimen is capacity of the material of structure to withstand the
tensile loads that tend to increase size. BFRPP composite showed similar properties
as glass fiber reinforced polypropylene [26]. Tensile strength increased with increase
in reinforcing content. Following Fig. 19 displays the tensile test results of samples:
tensile test of the sample 1 was 41.4 Mpa, for sample 2 and sample 3 the tensile
strengths are 37.6 Mpa and 39.2 Mpa. There is an increase of 10% of strength with
same percentage increase in the BF content. Though sample 2 and sample 3 consist
of same composition, there is a slender increase in the strength for the sample 3.
This is because of curing of the sample which is highest among the three samples

42 41.4
41

40 392

39
a3 37.6

MPa

37
36
35

Tensile Strength in

Sample 1 Sample 2 Sample 3

Fig. 19 Tensile strength of samples 1, 2, 3
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used in this study. Figure 20a, b illustrates a cut sectional micrographic view of the
sample after being tested. The failure of the specimen is because of the breakage of
outermost layers of the sample, first and last layers of polypropylene failed initially
then the failure passed down to the succeeding layers of the sample. This pattern

(b)

Fig. 20 Sectional micrograph view after tensile test
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of failure suggests that there was better bonding in the middle layers than the outer
most layers. The breakage occurred on the top region of the sample this also suggests
that the bonding between the matrix and reinforcement was not uniform throughout.
There is fibre pull-out seen from the reinforcement, this fibre pull-out is also one of
the reasons for failure of the specimen.

3.6 Compressive Properties

Compressive strength is the quantity of the element or structure to withstand the
compressive loads or the loads which tend to reduce size. Results of the compres-
sive strengths of the three samples are shown in Fig. 21. Sample 1 with more
volume percentage of basalt showed a higher compressive strength than the other
two samples. An optimal compressive strength of 224.6 MPa is seen in the sample 1,
sample 2 showed a compressive strength of 102.1 MPa and the final sample showed
a compressive strength of 122.2 MPa. 46% increase in the strength from sample
1 to sample 2 and around 55% increase in the strength from sample 1 to sample
3 is seen. From sample 2 to sample 3, there is a decreasing trend observed in the
graph. There is 16% decrease in compressive strength, though both samples consti-
tute similar composition this decline in trend is because of the curing time. Sample
3 had an advantage of better curing time than the sample 2, this advantage is seen
clearly in the graph. All the sample are compressed flat, and the fibers tend to expand
transversely which showed buckling failure. There were no cracks observed in the
matrix. The damage in the samples was due to transverse failure of the sample [42].
Other failure can be seen in the splitting of the fibers and the fibre pull-out.

250
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Fig. 21 Compressive strength of samples
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3.7 Impact Strength Properties

The quantity of energy obtained by the sample during fracture is referred to as impact
energy. The test results are given in Fig. 22 respectively. For sample 1 with 40% of
BF content, the impact strength obtained was 14 J and for sample’s 2 and 3 impact
strength obtained is 10 J. There is about 28% increase in the impact energy from
sample 1 to sample 2 to sample 3. The trend in increase in the impact energy is because
of increasing the amount of reinforcement. The increase in reinforcement content
also decreased the void spaces between the PP and the basalt fiber. Reinforcement
played a crucial role in resisting the crack and absorbing the load which is applied on
the matrix. Applied stress is uniformly distributed due to good interfacial bonding
strength while the reason for the failure of the sample was fiber pull-out.

4 Conclusions

From the realization of the current work, BFRPP composites of three different
samples of different compositions were fabricated using compression molding tech-
nique. Three samples of two different compositions: 60% PP—40% BF and 70%
PP—30% BF were fabricated. All the three samples were tested with mechanical
and thermal tests and from the test results and failure pattern following conclusions
are made:
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The optimal tensile strength of 41.4 MPa was seen in sample with 60% PP—A40%
BE.

The maximum compression strength of 224.6 MPa was observed in the sample
with 60% PP—40% BF which was around 55% more than the compression
strength of the sample with 70% PP—30% BF.

Flexural strength was maximum (i.e. 108 MPa) for sample: 70% PP—30% BF.
This significant increase was because of better curing time and the presence of
good bonding between matrix and reinforcement.

Impact strength was seen highest in sample with 60% PP—40% BF (14 J) while
sample with 70% PP—30% BF showed impact energy of 10 J—I11 J respec-
tively. Impact energy increased when the amount of BFs used in the resin matrix
increased.

SEM micrographs showed good interfacial bonding between the matrix and the
reinforcement.

Main reasons of failure in the samples were fiber pull-out and specimen buckling.
DSC report showed that the addition BF improved the thermal resistance of the
composite.

TGA analysis showed the final temperature of decomposition was 547.8 °C with
around 30% of residual mass.
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Mariana D. Banea, Jorge S. S. Neto, and Henrique F. M. Queiroz

Abstract The bio fibre composites thermal stability is an essential factor to consider,
as the processing temperature plays a critical role in the manufacturing process of
composites. At higher temperatures, the natural fibre components (i.e., cellulose,
hemicellulose, and lignin), start to degrade and their properties change. Different
methods are used in the literature to determine the thermal properties of bio fibre
composite materials as well as to help to understand and determine their suitability
for a particular application. The thermal stability of composites is investigated
using TGA, DSC and DMA. The most frequent thermal properties evaluated by
these methods are the weight loss percentage, the degradation temperature, 7, and
viscoelastic properties. This chapter presents the main techniques used for thermal
analysis of bio fibre composites. The main factors that affect the thermal properties of
bio fibre composite materials (fibre and matrix type, the presence of additive fillers,
fibre content, and fibre orientation, the chemical treatment of the fibres, manufacture
process, and type of loading) are briefly discussed.

Keywords Natural fibre reinforced composite material - Thermal analysis -
Thermogravimetric analysis (TGA) - Differential scanning calorimetry (DSC) -
Differential Mechanical Thermal Analysis (DMA)

1 Introduction

Composites are increasingly being used in various industries, particularly in
aerospace industries [1]. Nowadays, the industry is seeking new desirable character-
istics of composite materials, eco-friendliness and low cost. Consequently, there has
been significant interest in research and innovation in bio fibre composites, owing to
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Fig.1 The main methods for determining the thermal characteristics of composites are depicted
in this diagram

the advantages of these materials compared to their synthetic fibre counterparts (i.e.,
lower environmental impact and low cost), supporting their potential across a wide
choice of applications in several industrial sectors [2-7].

The methods used in the literature for thermal analysis of bio fibre composites
are as follows: TGA, DSC, DMA. Figure 1 summarises the main methods used in
the literature to determine the thermal properties of bio fibre composite materials.

Different methods are used to determine the thermal properties of bio fibre
composites and also helps to understand and determine the suitability of bio fiber
composites for a particular application. This chapter presents an overview of the
main techniques used for the thermal analysis of bio fibre thermoset composites.
The main factors that affect the thermal properties of bio fibre composite materials
(fibre and matrix type, fibre content and arrangements, the treatment of the bio fibres)
are briefly discussed.

2 Thermogravimetric Analysis (TGA)

TGA analysis measures the weighted temperature sample in specific controlled atmo-
sphere (e.g. nitrogen, helium, air, or other gases) [8, 9]. Different temperatures and
measurement times are applied in accordance with the matrix type of the bio fibre
composite sample [10]. The TGA analysis’s thermal data depends on several parame-
ters, sample mass, sample form, atmosphere, flow rate, heating rate, and the treatment
applied [10].

The thermal behaviour of biocomposites depends on the composite’s principal
constituents (bio fibres and matrix type). In general, the derivative thermogravi-
metric test (DTG) curve of bio fibres shows the elimination of water and the thermal
decomposition of cellulose components of the fibres. The DTG curve and peaks in
each degradation range indicate fibre constituents. For instance, the lignocellulose
[11-15].

Several authors used thermogravimetric analysis to determine the thermal proper-
ties of bio fibre composites [ 16-23]. For example, Arulmuruganet al. [23], studied the
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effect of barium sulfate (BaSO4) on the thermal properties of an aloe vera/flax hybrid
composite. The fibres were subjected to chemical pretreatment (sodium hydroxide
and potassium permanganate) with 10% and 5% for one h, respectively. Then they
were treated with sodium laurel sulphate with 2% for 30 min. The configurations
studied were: 4 layers of aloe verafibre (HNRP1), four layers of flax fibre (HNRP2),
two layers of flax fibre + 2 layers of aloe verafibre (HNRP3), four layers of aloe
verafibre + 5% of BaSO4 (HNRP4), four layers of flax fibre + 5% of BaSO4
(HNRPS), two layers of flax fibre + 2 layers of aloe verafibre + 5% of BaSO4
(HNRPO6). The authors report that the increase in BaSO4 in pure and hybrid composite
increased the thermal resistance of HNRP. Moreover, the maximum peak for the
treated composites shows an increment with the addition of BaSO4 in its structure.

Hidalgo—Salazar et al. [24], studied the thermal properties of Fique fibre reinforced
bio composites. The bio fibre composite were manufactured with two types of resin:
Linear Low-Density Polyethylene (LLDP) and Epoxy resin (EP). The fabrication
method used was thermo compression and resin film infusion processes. Figure 1
shows TG (Fig. 1a) and DTG (Fig. 1b) curves of the Fique fibre, which reveal
that degradation occurred at 296 °C, whereas decomposition of the neat EP begins
at 96 °C. As a result, the EP/Fique samples decomposed after the neat resin in
both degradation phases. This has previously been observed in the literature for
EP/Phormium Tenax leaf fibre composites and was explained due to an improved
fibre/matrix interface [25]. After final degradation, the residual char for epoxy resin
was 6.1 per cent and 11.1 per cent for epoxy-Fique bio fibre composite. According
to the authors, the Fique fibre insertion on the epoxy resin increased the residual char
of the composite.

Figure 2 shows TG and DTG curves of LLDPE and LLDPE/Fique bio-composites,
whereas Fig. 3 shows thermal curves for EP and EP/Fique bio-composites, respec-
tively. For the neat LLDPE sample, a single step degradation was observed with T,
(onset) at439°C and T',,,,, and 478 °C, correspondingly (see Fig. 2a). The char residue
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Fig.2 a TG and b DTG curves of Fique fibres at heating rates of 10 °C/min. Reproduced with
permission from [24]
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Fig. 3 a TG curve of neat Linear Low-Density Polyethylene (LLDPE) and b DTG curve of Linear
Low-Density Polyethylene nonwoven Fique Fibre biocomposite (LLDPE/FF). Reproduced with
permission from [ 24]

at the end of degradation was 4.1%. For the PE/Fique case, a two-step degradation
process was observed. The authors state that the first degradation step is linked to
the fibre constituent degradation (7 at 266 °C), presenting a mass loss of 21%. A
slight decrease in the polymeric matrix’s thermal stability was detected, connected
to fibre breakdown 170 °C thermos-compression. Due to the addition of Fique fibre,
the residual weight increased to 5.6 per cent. From Fig. 2b it can be seen that the
DTG curve presented two T, peaks at 293 °C and 358 °C, which can be linked to
hemicellulose and a-cellulose degradation. The second degradation step is related to
LLDPE matrix decomposition. The process starts at 437 °C and presents a T, of
470 °C. On the other hand, a two-stage weight loss process was reported compos-
ites, indicating a similar thermal degradation behaviour (see Fig. 3). In addition,
the disintegration of the significant polymeric chain is demonstrated in the second
degrading step (250 °C-500 °C). For EP and EP-Fique, the observed T, were 344 °C
and 352 °C, respectively, while T',,, was 365 °C and 373 °C.

Chin et al. [16] investigated bamboo fibre reinforced composites’ mechanical
and thermal characteristics in three types of thermoset matrices (epoxy, polyester,
and vinyl ester). The fibres underwent two types of treatment: chemical (10% de
NaOHbest case) and physical (milling method). The authors analyzed the following
volumetric variations: 0%, 10%, 20%, 30% and 40%, whereas the manufacturing
method used in the study was hand-lay-up. TGA was used to measure the effect of
treatment of the decomposition of bamboo fibres as a function of the type of resins.
Figure 4a shows an example of TGA curves of untreated and treated bamboo fibres
with different chemical concentrations and times. It was found that the best case was
10% NaOH because of the hydrophilic reduction of the fibre when compared to the
untreated fibre.

Furthermore, the concentration of chemical treatment eliminates several
constituents, such as hemicellulose. Figure 5b—d shows the degradation of bamboo
fibre as a function of temperature for three types of resin.
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Rashid et al. [19], studied the effect of treatments on the mechanical and thermal
properties of the sugar reinforced composite based on phenolic resin. The natural
fibres underwent two types of treatment: the first was alkalization (0.5% of NaOH)
for four h, the second was the washing of the fibres with distilled water. The manu-
facturing method used was compression moulding using a hot press. The results
obtained showed that the first peak was lower for the case treated by mercerization
when compared to the other cases: washed and untreated. The authors report that the
chemical treatment applied reduced the hydrophilicity of natural fibre in composites.
The best case was found for the untreated composite with a value of 430.97 °C, while
for the treated and washed case, the maximum peak was 426.99 °C and 423.61 °C,
respectively.

Lavoratti et al. [ 18] analyzed the thermal characteristics of composites reinforced
with buriti and ramie fibre. The natural fibres were washed in distilled water and
treated with NaOH (2.5 and 10%). The composites were produced by resin transfer
moulding (RTM). The authors report that the buriti fibre starts to degrade at 217 °C,
while for the ramie fibre, the degradation starts at 247 °C. The maximum degradation
temperature obtained after washing with distilled water showed an enhancement in
the thermal stability of the biocomposites. However, the alkalization treatment of
these fibres negatively affected their thermal properties compared to natural and
washed cases.

Nimanpure et al. [22], investigated the effect of hybridization between sisal (S)
and kenaf (K) bio-fibre in polyester (P) based composites. The mechanical, electrical,
and thermal properties were analyzed. The natural fibres were treated by alkalization
with 5% NaOH for 48 h at room temperature. The configurations studied were:
SK10P90 (Sisal-5% + Kenaf-5%), SK20P80 (Sisal-10% + Kenaf-10%), SK30P70
(Sisal-15% + Kenaf-15%), SK40P60 (Sisal-20% + Kenaf- 20%), S40P60 (Sisal-
40%) and K40P60 (Kenaf- 40 compared to the composite samples reinforced by pure
fibres (K40P60 and S40P60).

Cavalcanti et al. [21] used the TGA analysis to study the thermal proeprties of
bio fibre composite based on polyester and epoxy resins. The jute + curaud and pure
jute fibre composites did not undergo any chemical treatment, whereas the jute +
sisal fibre composite was submitted to chemical alkalization treatment. They found
that the thermal stability of epoxy-based composites was greater compared to the
polyester-based composites. The epoxy-based composite presented a degradation
onset temperatures of 318 °C and 317 °C for the jute and jute + curaud cases, while
the polyester-based jute and jute + curaud cas-es presented onset temperatures of
310 °C and 312 °C, respectively.

Asim et al. [20], used TGA to analyse the effect of silane treatment on the
thermal properties of pineapple (PALF) and Kenaf (K) fibre composites based on
phenolic resin. The natural fibre were treated in distilled water with silane (2%
for 3 h). The studied cases were 70(PALF):30(Kenaf) — (7P3K), 50P:50 K (1P1K),
30P:70 K(3P:7 K), treated (T-7P3K), (T-1P1K) and (T-3P7K). They found that the T-
3P7K and T-7P3K composites were the cases with the highest thermal stability. More-
over, the treated composite presented a higher onset temperature than the untreated
composites. Table 1 summarizes the thermal properties of bio fibre composites.
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Table 1 TGA research revealed the thermal characteristics of bio fibre composites
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Fibre

Matrix

Thermal Properties

References

Bamboo

Epoxy, Polyester and
Vinyl ester

The inclusion of bamboo
fibre to the composites did
not result in a substantial
reduction in the
composites’ initial onset
degradation temperature
(T onset) of the composites

[16]

Buriti and ramie

Polyester

The maximum peak of
degradation temperature

(T 4) for the ramie fibre
reinforced composite was
372 °C while for the buriti
compositea value of 346 °C
was reported

[18]

Sisal, sisal + curaud and
sisal 4+ ramie

Epoxy

The hybridization increased
the thermal stability of the

composites when compared
to the pure sisal composites

[17]

Sugar Palm

Phenolic

The chemical treatment
negatively affected the
thermal stability of the
composite

[19]

Sisal fibril + kenaf

Polyester

The thermal stability of
hybrid composites was
superior to pure fibres

(22]

Jute, jute + sisal and jute
+ curaua

Epoxy and Polyester

The onset temperature

(T onset) was higher for the
jute, jute + curaud based on
epoxy composite compared
to polyester composites.
For jute 4 sisal there was
no significant change

inT gnsecfor both matrices

[21]

Kenaf + pineapple

Phenolic

The treated hybrid
composites decreased the
amount of water and
increased the maximum
degradation temperature
(T¢) when compared to the
untreated cases

(20]

Flax + aloevera

Epoxy

The chemical treatment of
BaSOy increased the
thermal stability of the
composites

[23]

(continued)
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Table 1 (continued)
Fibre Matrix Thermal Properties References

Curaud Polyester The addition of the fibre [26]
and chemical treatment of
fibres with NaOH improved
the thermal stability of the
composites

—_

Mulberry Polyester The thermal stability of the | [27]
composites increased by
increasing the NaOH

concentration

Jute + Oil palm Epoxy The hybridization of the [13]
composites increased the
maximum degradation
temperature when
compared to the pure Oil
palm composite

3 Differential Scanning Calorimetry (DSC)

The DSC determines the material transitions. The thermal phase change of the
composites is shown [28, 29].

The T, is a vital material property when considering the biocomposites for a
particular end-use application. It is well known that the “normal” state of most
thermoset polymers at room temperature is rigid (amorphous solid). Below the T,
the molecular chains of the thermoset resins do not present enough energy to let
them move around (the molecules are frozen in place as a rigid structure because of
the short-chain length, molecular groups separating off the chain and interlocking
with each other). Moreover, when the polymer resin is heated, the molecules of the
polymer resin gain energy and they can start to move around. The amorphous rigid
structure of the thermoset polymer resin is transformed to a flexible structure (rubbery
state) when a certain heat energy level is attained, and the polymer molecules are
allowed to move freely around each other.

To conclude, the service temperature of polymer resins should always be below the
T,. If the composites are used above their T'g, they will quickly lose their mechanical
properties (strength and stiffness), and they will continue to maintain some mechan-
ical properties until the temperature reaches T'r,. The crystallization temperature (7.)
is associated with the point where polymer chain alignment modification is possible.
Upon reaching the T, ordered crystalline chain regions appear, called lamellae.
However, amorphous regions remain in the structure.

It should be noted that the crystallization is an exothermic peak in a DSC curve.
T temperature is higher than T’y but still lower than the melting temperature (T',).
Finally, the melting temperature (7y,) is when the polymeric chains lose their bonds
and turn into a liquid. This process is called endothermic transition. In general, T,
for a thermoset polymer is higher than its T's. At temperature above T, but below T,
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the polymer resin is in a rubbery state, and the material can exhibit large deformation
under a relatively low load.

The DSC technique was utilised by several researchers to test the thermal stability
of bio composites. [17, 26, 30-35]. Teixeira et al. [26], used the DSC method to
investigate the effect of several chemical treatments on the thermal characteristics
of curaud fibre polyester based composites. Different types of chemical treatments
were used: 10% of barium hydroxide Ba(OH)2 for 48 h at 25 °C, 14% of calcium
hydroxide Ca(OH)2 for four h at 70 °C, 10% of potassium hydroxide (KOH) for
one h at 25 °C, 5% of sodium hydroxide (NaOH) for two h at 70 °C and 5%
of silane (Trimethoxy(propyl) for four h at 25 °C. It was found that the chemical
treatment increased the T’y of the treated composite when compared to untreated.
Furthermore, the study reports that the chemical treatment of calcium hydroxide
(Ca (OH)2) provide a T'g of 141.2 °C for the treated composites, compared to the
133.69 °C obtained for the untreated composite. The authors state that this increase
in T'; was due to an improvement in the interaction.

Souza et al. [30] studied the percentage of fibre on the thermal characteristics of
biocomposites reinforced with caranan fibre. The studied variation of fibre/matrix
percentage was 0 to 30%. The authors show that the increase of the caranan fibre
increases the T’y of the composites. The fibre content with 20% and 30% had a Tg
value of 96 °C and 113 °C, respectively.

Bhoopathi et al. [32] studied the effect of eggshell nanoparticles on the thermal
properties of hemp reinforced composites. The natural fibres were treated by mercer-
ization (5% of NaOH for five h at room temperature). The studied cases were:
Hemp without eggshell (0%ESP), hemp + 7% eggshell (7%ESP), hemp + 14%
eggshell (14%ESP), hemp + 21% eggshell(21%ESP). When compared to unmod-
ified composite samples, the authors found that raising the nanoparticle proportion
boosted the thermal properties of composites. The best-case found was the 14%ESP,
where the maximum exothermic peak value of degradation temperature onset was
411.6 °C, while for the unfilled case, it was 326.2 °C.

Gupta et al. [31] used the DSC technique to study the thermal properties of
jute/sisal fibres in epoxy-based composites. The studied cases were: jute (J1), sisal
(S1), 50% of jute + 50% of sisal (H1), 25% of jute + 75% of sisal (H2) and 75% of
jute + 25% of sisal (H3). The composites were manufactured using the hand-lay-up
technique and total fibre loading of 30%wt. The values of T’y found for HI samples
was 73.86 °C, for the H2 case was 72.86 °C, while for H3, the T, value found was
68.36 °C when compared with the T, of the matrix (65.16 °C).

Pereira et al. [17], used DSC to investigate the influence of hybridisation on the
thermal properties of pure sisal and epoxy hybrid composites. Figure 6 shows the
DSC curves for the composites studied. It can be seen that two events predominate,
endothermic and exothermic, around 100 °C and 375 °C, respectively. Sisal + curaua
was the sample that absorbed the most heat in the endothermic event and the least
released heat in the exothermic event.

Sumesh et al. [33] investigated the thermal properties of pineapple (P)/Flax(F)
reinforced epoxy-based composite. The microfilters were extracted by peanut oil
cake. The percentages of CMF were 1 to 3% and treated by mercerization (4% of
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Fig. 6 DSC curves of epoxy
sisal-based composites
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NaOH with 80 °C for 1.5 h). The natural fibres of pineapple and flax were treated
using the mercerization treatment (5% NaOH for three h), and 30 and 35% wt of
reinforcement were used in the hybrid composites. The manufacturing process used
was compression moulding. The studied cases were: 30 wt% PF/0%CMEF, 30 wt%
PF/1%CMF, 30 wt% PF/2%CMF, 30 wt% PF/3%CMF and 35 wt% PF/0%CMF, 35
wt% PF/1%CMEF, 35 wt% PF/2%CMEF, 35 wt% PF/3%CMEF. In addition to untreated
cases, the untreated 30 wt% PF/2%CMF and untreated 35 wt% PF/3%CMF were
studied. The results found indicate that for the case of 30%wt, the percentage of 2%
CMF shows the higher endothermic peak with a value of 114.94 °C and enthalpy of
499.39 Jg™!. For the case of 35%wt, the percentage of 3%CMF had an endothermic
peak value of 120.39 °C and enthalpy of 504.21 Jg''. The authors indicated that
untreated composite presented lower thermal properties when compared to the treated
composite cases. Table 2 summarizes the results from numerous modern researches
on the thermal properties of bio fibre.

4 Dynamic Mechanical Analysis (DMA)

DMA determines the following thermal data: storage modulus (E’), loss modulus
(E"), glass transition temperature (7'y) [39], and damping factor (tan § = E"'/E"). The
storage modulus (E”) is associated with the energy storage of the elastic character-
istics of the material [34, 40, 41]. It has also been linked to the composites sample’s
“stiffness” [40, 41]. The loss modulus (E) is linked to the energy dissipation promoted
by the viscous part of the composite sample. This dissipation is related to the internal
molecular friction of the molecular chain for the following reasons: morphological
transformation and relaxation, morphological and system heterogeneity [10, 41].
Damping factor It is calculated by dividing the storage modulus and loss modulus
(tan §=E"/E’), and is related to the internal mobility of polymer molecular chains,
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Table 2 Bio fibre composites: Thermal properties by DSC analysis

Fibre Matrix Thermal Properties References

Curaud Polyester The chemical treatments used [26]
increased the T of the composites.
The best treatment was Ca (OH);
with a T, value of 141.92 °C

Jute + ZrO; Polyester The presence of the nano filler [35]
increased the T’y of the composite

Jute + ramie Epoxy Alkalization and mixed [34]
(alkalization + silane) treatment
increased the thermal properties

Caranan Epoxy The endothermic peak shows a [30]
large amount of water retained in
the fibre

Jute + sisal Epoxy The addition of natural fibre [31]

produced an increase of thermal
properties (Tg and T'.)

Hemp + eggshell Epoxy The incorporation of filler reduced | [32]
the exothermic peak of the
composite

Flax + Pineapple + Micro | Epoxy The addition of CMF improved the | [33]

Cellulose (CMF) endothermic peak and enthalpy
when compared to the unmodified
composite

Kenaf + Sisal Bio-Epoxy | UV aging increased the Ty of [36]
hybrid composites and pure fibres

Jute + coir Epoxy The endothermic peak showed [37]
water loss between 60-120 °C

Flax + TiO; Epoxy The addition of 0.7% of nano filler | [38]

increased the T by 5 °C when
compared to the unfilled composite

indicating the influence of fiber/matrix interaction [34, 41, 42]. Due to the quality of
the fiber/matrix interaction, a high fan § value means that the system consumes more
energy than it stores. On the other hand, a low fan § value indicates that the polymer
chain is less fluid, indicating that the fiber/matrix interface contact is appropriate.

Several different test technique setups are possible in the DMA analysis. However,
the three-point bending mode is the most popular test method for composite materials
because it eliminates the mixed loading seen in single and double cantilever modes
and generates quantifiable stresses in reasonably rigid materials. Depending on the
methodology used, the glass transition temperature variation for a given material
may be reported via the DMA analysis (up to 25 °C). The calculation method may
also be more or less conservative, taking the T, via first inflexion point/modulus drop
onset or the fan § peak, respectively [43].
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The presence of fillers, fibre content and orientation, and chemical treatment of the
fibres have all been proven to alter the dynamic mechanical properties of composite
materials in the literature [41, 44, 45]. The testing mode also influences the DMA
test results.

The DMA analysis was used by several researchers to determine the thermal prop-
erties of bio fibre composites [20, 27, 31, 34, 36, 46, 47]. For example, Yorseng et al.
[36] analyzed the effect of natural kenaf/sisal hybrid composites’ accelerated weath-
ering on bio-epoxy resins. The configurations studied were: Kenaf (KKK), Sisal
(SSS) and Kenaf + Sisal (KSK and SKS). The exposure time was 555 h with inter-
leaved UV and water spray cycles. They state that the degradation process showed an
increase in thermal properties for all cases studied. The incorporation of fibres (sisal
and Kenaf) did not affect the glass transition (7'y) of the composites. Moreover, the
hybridization of natural fibres increased the storage modulus values (E’) compared
to pure resin.

Shanmugasundaram et al. [27], estimated the effect of alkalinization treatment
on the mechanical and thermal properties of mulberry reinforced polyester-based
composites. The studied composites were: untreated mulberry fibre composite
(UTMF) and Akali treated mulberry fibre composite. It was found that the 10%
ATMFC samples presented higher values of storage modulus and loss modulus
compared to the other cases studied.

Kumar et al. [46], used the DMA analysis to investigate the thermal properties of
bio fibre composites. The studied cases were: Flax (F), Ramie (R) and Flax 4+ Ramie
(F + R). The value of E’ found for the hybrid composite was 9.03GPa, whereas, for
the pure resin, the value of the storage modulus (E’) was 1.84 GPa, showing that the
hybridization increased the viscoelastic properties of the composite. The highest T’
value was reported for the hybrid composite (110 °C), while for the flax, ramie and
bio epoxy cases, the reported values were 91 °C, 95 °C and 80 °C, respectively. It
was found that the hybridization technique resulted in a higher number of polymer
chains, increasing the dissipation of energy of the composite, positively affecting the
glass transition temperature.

Chee et al. [48] used the Thermomechanical analysis (TMA) and DMA analysis
to investigate the effect of hybridization of bamboo (B) and kenaf (K) fibres on the
thermal properties of various configurations in epoxy resin-based hybrid composites.
The authors reported that the composite with 100% Bamboo obtained a value of
storage modulus (£”) of 979 MPa, while the epoxy resin and 100% Kenaf had 449
and 775 MPa, respectively. Figure 7a shows that the storage modulus values of hybrid
composites were between the values of composites reinforced by kenaf and bamboo
fibres. The loss modulus (E”) curves showed that the hybrid composite Kenaf (50%)
+ Bamboo (50%) presented a T'; of 74.24 °C, while for the 100% Kenaf composite,
the T, value was70.85 °C (see Fig. 7b). It was also shown that fibre incorporation
increases the peak width of the loss modulus (E£”’). The weight ratio of 50:50 of the
bamboo fibre to kenaf fibre was the ideal mixing ratio which presented improved
thermomechanical and dynamic mechanical properties. The authors state that this
indicates effective stress transfer and improved interfacial interaction between fibre
and matrix. Figure 7c shows that the neat epoxy resin had the highest ran § peak
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Fig. 7 Representative
curves for the DMA test
results of epoxy resin and
hybrid epoxy composites a
Storage modulus (E£’) and b
Loss modulus (E”), ¢ Tan
delta versus temperature.
Reproduced with permission
from [48]
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value (1.15), indicating that the system presented increased molecular mobility with
more energy dissipation and other vicious behaviour. Lower molecular mobility was
linked to the interlocking among fibres and the polymer matrix once fibres were
added, which lowered the fan § peak.
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Ramakrishnan et al. [47] analyzed the effect of the chemical treatment and incor-
porating nano-clay in jute reinforced epoxy-based composite. The thermal proper-
ties were analyzed using the DMA. The natural fibres were treated with 2.5%, 5%
and 7.5% de NaOH. The composites were modified with different percentages of
nano-clay: 1, 3, 5 and 7% wt. The studied cases were: untreated jute: 2.5% NaOH
treated jute composite, 5% NaOH treated jute composite, and 7.5% NaOH treated
jute composite. It was found that the nano-clay modified jute composites presented
higher E’, E” and tan § values. The composites modified with 5 wt.% of nano-clay
had improved viscoelastic properties. 5% treated jute fibres composites presented
highest £’ and E” value but the lowest tan § value. This was explained by the improved
interfacial bonding provided by the chemical treatment of the bio fibres.

Table 3 summarizes the results from researches on the thermal properties of bio
fibre composites obtained through DMA analysis.

Table 3 DMA study revealed the thermal characteristics of biocomposites

Fibre Matrix Thermal Properties Ref

Jute + sisal Epoxy The storage modulus (E’) of [31]
composites was raised through
hybridization. Furthermore, when
compared to pure jute composite, the
T of hybrid composites was lower

Pineapple + kenaf Phenolic The treated pineapple fibre increased [20]
the T’y of the composites
Mulberry Polyester Treatment with 10% of NaOH [27]

increased the storage modulus (E”) of
the composite. The fibres decreased the
T (values of 69 °C was found the neat
resin and 63 °C was found for the
untreated composites, respectively

Aloevera /Hemp/Flax Epoxy The hybridization and chemical [49]
treatment (BaSQy) increased the
storage modulus (E’) and Ty of
composites

Kenaf + Nanofiller Epoxy The incorporation of nanofiller [50]
improved the Ty of the composites

Kenaf + Sisal Bio-Epoxy | The storage modulus decreased as a [36]
function of temperature

Flax + ramie Bio-Epoxy | Hybrid composites at 30% weight [46]
fraction of fibresprovided best results
with maximum storage (9.03 GPa), loss
modulus (1.45 GPa), and maximum 7'y
(110 °C)

(continued)
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Table 3 (continued)
Fibre Matrix Thermal Properties Ref

Jute + Nanoclay Epoxy The nano-clay modified jute [47]
composites presented higher E/, E” and
tan § values. The composites modified
with 5 wt.% of nano-clay had improved
viscoelastic properties

5% treated jute fibres composites
presented highest E' and E” value but
the lowest fan § value. Chemical
treatment with 5% NaOH + 5wt%
nanoclay provided higher storage
modulus and 7'y

Bamboo + Kenaf + Nanoclay | Epoxy The addition of the nanofiller improved | [51]
the storage modulus, loss modulus and
tan 5when compared to the other hybrid
composite

Ramie + Buriti Polyester The ramie reinforced composite treated | [18]
with 2% de NaOH presented higher
storage modulus and loss modulus

compared to the other treated cases

Jute + Oil palm Epoxy High oil palm to jute fibre ratio lowered | [13]
the storage modulus. Loss modulus
presented an increasing trend as a
function of increasing jute fibre content

Bamboo + Kenaf Epoxy The complex and storage modulus of | [48]
bamboo composite are higher
compared to kenaf composite. Hybrid
composites value lie between bamboo
and kenaf composites

5 Conclusions

Thermal analysis can provide helpful information for developing new materials and
optimising the selection process of these materials for new applications. The weight
loss %, the deprivation of temperature, T4, and viscoelastic properties are the litera-
ture’s most commonly researched thermal properties. The thermal properties of bio
fibre composites are influenced by a number of factors. For example, the kind of
fibre and matrix, the presence of additives and fillers, fibre content, fibre origination,
chemical treatment of the fibres, manufacturing process, and loading type. Itis critical
to make sure the bio fibres used in composites can resist the heat generated during the
fabrication process and preserve their properties after that. Different approaches were
used in the literature to enhance the thermal properties of bio fibres based composite
materials. Using natural fibres with low lignin content, for example, improves the
thermal performance of composites. Another approach is removing lignin through
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fibres treatment. Finally, adding synthetic fibres or fillers to natural fibre reinforced
composites improves their thermal stability.
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Dynamic Mechanical Analysis (DMA) )
of Natural Fibre Reinforced Polymer i
Matrix Composites (NFRPMC)-Review

T. Rajmohan, D. Vijayan, K. Mohan, S. Vijayabhaskar, and K. Palanikumar

Abstract Natural fibre inclusion in the polymer composites as reinforcement
material has achieved rising applications in engineering and technology. Dynamic
Mechanical Analysis (DMA) can be considered as one of the useful tools for
measuring phase variations in NFRPMCs and damping in terms of time, temper-
ature, frequency, atmosphere and stress. The applications of DMA include phar-
maceutical and biomedical science, chemical industry, automotive industry, oil and
gas industry. The fibre contents, fibre shape and sizes, orientations, fibre treatment,
stacking sequences and type of matrix in the NFPMCs influence DMA. Dynamic
loading conditions are often staggered in mechanical systems due to live loads.
Therefore, in this paper, extensive source of reported literature concerning DMA
of NFRPMCs and the effect of different natural fibres, chemical treatment, fillers,
matrix and compositions were examined in detail.

Keywords Natural fibre - DMA - Polymer matrix - Tan 8 - Storage modulus -
Loss modulus

1 Introduction

Renewable natural fibres are employed in obtaining advanced polymer materials with
high-performance. The usage of reprocessed natural fibre scrap as reinforcing mate-
rial in the polymer composites is an environmental sustainability opportunity [1].
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Some of the advantages of natural fibres compared to synthetic fibres are biodegrad-
ability, recyclability, renewability, reduced health hazard, less energy consumption,
equivalent specific tensile properties, less density, non-skin irritant, nonabrasive
to the equipment and economical [2]. Natural fibres are employed in new areas
of application due to industrial demands and environmental regulation, in spite
of this, the research in this area is still new, and the requirement for additional
research is suggested by many researchers [3]. Di Landro and Lorenzi [4] proved
that natural fibre composites can be substituted for glass fibre composites in numerous
engineering applications with distinct dynamic mechanical properties.

The DMA of composites is more complicated and engages the assumptions of
micromechanics and constitutive equations [5]. DMA further rely upon the nature of
components, morphology and interface [6]. The researches expound that the testing
mode, orientation of fibre, presence of fibre content and filler control the dynamic
mechanical properties of composite material [7, 8]. DMA is a dominant analytical
mechanism used to characterise to study the material performance that delivers data
on substance properties and thermal transitions [9]. DMA is an attractive method
considering its user-friendliness and its capability in obtaining huge quantities of
experimental data with a smaller number of experiments. The resulting stress of the
material is measured due to the oscillatory stress at defined frequencies and temper-
atures [10]. The dynamic mechanical properties are computed with reference to
complex modulus of a component based on the function of dynamic storage and loss
moduli. Therefore, DMA measures material deformation resistance including the
viscous as well as elastic responses [11]. DMA aids in defining the transformation
of phases and tranquillity events in performances of various material combinations.
Similarly, DMA found to be a well and useful approach for studying the tranquilities,
pertinent tan 3 and stiffness in plain polymer and polymers incorporated with fibre
[12].

DMA properties are influenced by the hybridisation, chemical treatment of fibres,
and difference in frequencies [8]. In DMA, vibrating force is applied on to the
sample; sine waves corresponding to the stress—strain curves were noted based on
the time. DMA aids in defining the phase metamorphosis and tranquillity events in
different combination material performances [13]. The complex modulus in DMA
is calculated using the sine wave loading response of the materials (Fig. 1) which
corresponds to the fraction of stress and strain given by the Eq. [5]

Complex (Young)modulus(E) = Stress/Strain (D
E=E +iE )

where, E” is loss modulus andE’ E’ is storage modulus.

The temperature behaviour and load-bearing ability of the composites is the
function maximum stored by composites during one oscillation, which is termed
as storage modulus E’ obtained from energy equation [5]. From Fig. 1, the response
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Fig. 1 Response of
Sinusoidal oscillation [5]
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values for dynamic properties are expressed in terms of E’ and E”. DMA can be used
to obtain the material dynamic mechanical properties as follows.

E' = ECosé 3)

The rate of heat energy dispersed during a single sinusoidal load cycle is known as
the composite loss modulus or viscous response. The composite dynamic transition
temperature can probably be recognised by the peak in E” curve [5].

E' = ESiné €]

The composite molecular mobility represented through the relation among E" and
E” is termed as damping given by[5]

tans = E" 5

where 8-Phase lag, tan 3 describes the versatile and non-flexible nature of the material.

Meanwhile, the NFRPMC experiences many forms of dynamic stress throughout
the service, investigations on the visco-elastic characteristics of such composites are
of excessive rank.

Dynamic mechanical analyser is used to compute the visco-elastic characteristics
like tan 3, E' and E” in terms of temperature. The dimension of the test sample
attached to the twin cantilever clamp is 25 x 10 x 1 0 mm. The test conditions
employed are 25 to 350 °C temperature, 5 °C/min heating rate, 50 pum amplitude and
10 Hz frequency [14] (Fig. 3).The availability of the reviews on DMA is few and
fair with restricted scope to the authors best awareness [5, 7]. The main aim of this
review is to gather all the updated advancements in DMA of natural fibre reinforced
composites. The published investigations are summarised in accordance with various
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Fig. 2 Complex modulus of DMA [5]
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Fig. 3 Free vibration analysis experimental setup [16]

approaches for the improvement of dynamic properties that contain the influences
of polymer matrix, fibre and its arrangement, treatment of fibres, dispersed fillers
and interfacial region. This study is expected to give practical direction towards the
upcoming progress in DMA of composites reinforced with natural fibre.
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2 DMA of Thermoplastic Polymer Composites Reinforced
with Natural Fibre

Artificial non-biodegradable polymers are usually hired as matrices; some of these,
such as polypropylene or some thermosets have met out temperatures well-suited
with temperature limits of natural fibres [15]. Fully biodegradable composites are,
however, projected to come from the use of biodegradable polymer matrices [16].
The matrix intrinsic viscoelastic damping is considered to be the primary donor
of damping in the composite reinforced with fibre [17]. During DMA, it is found
that the stresses transmitted by the matrix mainly due to shearing and elongation
[18]. The distribution of stress in the path perpendicular to fibre axis is exclusively
determined by the matrix damping [19]. The energy degeneracy is attained through
stiff hampering behaviour of the polymeric matrix [20]. Most of the researchers
stated that damping can be enhanced through growing the volume fraction of matrix
at the incidentals of strength and stiffness [21]. Also reported that the post preserving
procedure could decline the damping capacity of the matrix, while concurrently surge
the stiffness and dimensional accuracy [22, 23]. A robust relationship is further
detected among the composite molecular signals and frequency properties, that are
ambitious through the rigid damping appeal in the matrix [24].

Polylactic acid (PLA) and its results are presently the most studied matrix for such
employment [25]. Relatively higher strength and stiffness are offered by composite
laminates based on PLA matrix, compared to PP matrix NFC; this can be partly
credited to a better fibre/biodegradable matrix adhesion [26]. The selection of suit-
able fabrication technique is the initial step in designing the material for thermo-
plastic material. Melting temperature for various matrix/graphite systems like PEI,
PES, PPS, PAS and PEEK were found. Also, solidification temperatures for plain
PAS and PEEK were determined. Further, the transition temperatures conform to
the differential scanning calorimetry [27]. Generally, PAR/nylon6 islands-in-sea
fibres increase the tensile strength of thermoplastic composite so that it is credibly
employed in various fields like protective equipment, automotive, sports and so on
[28]. The proportional increase in the sisal fibre increases E’ of propylene composites
reinforced with sisal fibre as the fibres accumulate in the matrix.

Malleated propylene creates the progress in temperature variation and relatively
influences the capacity modulus of rubber-reinforced PP wood fibre composites [30].
Geethammaa et al. [31] found that the energy dissipated by natural rubber composites
reinforced with coir fibre is higher when the interfacial bonding is poor in comparison
with sound interfacial bonding. In DMA of malleated polyethylene treated HDPE
composites reinforced with jute fibre exhibited enhanced storage-loss modulus ratio
and damping factor in comparison with untreated composites[21]. Several significant
published research on dynamic mechanical analysis of NFRPMC were presented in
Table 1[8, 21, 31-37].
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r’I;I;:”Clh ngieozegoﬁ;do ¢ Thermoplastic Natural fibre References
thermoplastic composite Polypropylene Wood [35]
materials TJute [36]
Hemp [37]
Pineapple leaf | [38]
Natural rubber Oil palm [39]
Coir rubber [40]
High-density polypropylene | Kenaf [41]
Jute [42]
Low-density polypropylene Oil palm [43]

3 DMA of Natural Fibre Reinforced Thermoset Polymer
Composites

The measurement of DMA properties of thermoset polymer matrix composites
include reduction in stress/creep, superposition temperature, physical aging time,
frequency, modulus and glass transition temperature [38]. Dry thermoset DM A prop-
erties are demonstrated in Fig. 1. Three areas namely glassy, transition and rubbery
plateau can be identified from the Fig. 4. The glassy region is categorised by very
low tan 3, low loss modulus and very high storage modulus. Further the transition
region has maximum tan § and loss modulus with 10 — 100 factors decline in storage
modulus. The rubbery plateau region contains low tan & and loss modulus and the
crosslink density result in constant storage modulus [39]. A few selected literatures
related to the investigations on DMA of thermoset polymer matrix composites was
presented in Table 2. Most of the authors have shown that the highly crosslinked

r’rez:i;czhefof;vlglizgogfed Name of fibre Thermoset polymer | References

Thermoset composite Glass Epoxy [44]

materials TJute [45]
OPEPF [46]
Sisal [47]
Jute/kenaf Polyester [48]
Glass/ramie [49]
Pineapple [50]
Kenaf/hemp [51]
Eucalyptus wood cellulose | Phenolic [52]
fibre
Jute fibre treated with alkali | Vinyl-ester [53]
and untreated
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thermoset polymer with higher stiffness and rigid network arrangement possesses
higher storage and loss and modulus whereas significantly lesser loss and storage
modulus for light crosslinked polymer [10, 38—46].

4 DMA of Natural Fibre Reinforced Polymer Composites

The acceptance of natural fibre-based biocomposites is mostly attributed to a growth
in pollution and eco-friendly issues. Natural fibres are abundantly available with
realistic mechanical properties at a lower cost [47]. Investigations pertaining to the
composites with natural fibres have improved aggressively owing to the environ-
mental threats posed by the composites based on synthetic fibres [48]. The dynamic
properties of NFRPMC depend on surface treatments, fibre modification process,
chemical composition, morphology and structure of fibres [49]. Nearly every natural
fibre such as coconut sheath, pineapple leaf branches, jute, hemp, sisal, etc., can
be applied as reinforcement materials which form proper bonding with the matrix
materials [7]. Most researchers proved that the storage, loss modulus and glass tran-
sition temperature being greatly affected by the percentage of fibre content layering
sequences, chemical treatment of fibres and hybridisation. A few selected literatures
related to the effect of fibres on DMA of NFRPMC were presented in Table 3 [57-76].

5 DMA of Chemically Treated NFRPMC

Polymer matrix composite materials commonly suffer from the absence of a matrix-
fibre bond which can be fixed by fibre surface modification. Treating chemically or
compatibilization by adding third phase between matrix and fibre is considered to be
positively useful in refining the interfacial properties of several polymer composite
structures [1]. The natural fibre is not useful in its own form due to the presence of
foreign particles, dust and undesirable celluloses. Thus, every natural fibre requires
a pre-treatment which consists of heating the fibre for a specific duration or cleaning
with pure water or soaking in any chemicals. The undesirable cellulose in the fibre
can be removed by these treatments, thus improving the strength and making it
highly suitable for the resin bonding [14]. Various other chemicals are used by the
researchers besides maleic anhydride and alkali. To name a few, esters, silanes,
benzoyl chloride, hydrogen peroxide, potassium hydroxide, etc. [62]. The treatment
of fibre surface acts as a major factor in the optimization of mechanical characteristics
in order to change the damping behaviour proportionately. Various surface treatment
processes like coating the reinforced fibre with viscoelastic polymer can enhance the
damping properties of such composites effectively [57]. Hence, higher importance is
given to the interface characterisation. The alkali treatment improves the properties
of composites by decreasing the fibre pull-out, increasing matrix-fibre interfacial
bonding and surface impurities of fibre [63].
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Fig. 4 Schematic representation of DMA of thermosets

Finegan and Gibson found that the coated fibre enhanced the damping behaviour
of composites [64]. Aziz and Ansell presented that the composites reinforced with
treated kenaf and hemp fibre contain greater storage modulus than the untreated
samples. Geethamma et al. concluded that composites with untreated fibres exhibit
with poor interfacial bonding. Herrera et al. have noticed that the shear behaviour of
composites reinforced with natural fibre were affected by chemical treatment [31].
The storage modulus has been improved in the polypropylene composites using
treated jute fibre as shown by Doan et al. [33, 65]. Hossain et al. showed that surface-
modified jute-biopol nanophase green composites exhibit better tensile behaviour
than untreated fibres reinforced composites [66]. The dynamic mechanical charac-
teristics of pultruded kenaf fibre reinforced composites was greatly influenced by the
water absorbed in the samples [67]. Mylsamy and Rajendran resolved that untreated
continuous Agave fibre reinforced epoxy composites dissipate higher energy due to
weak interfacial bonding [68]. Most of the researchers have proved that the E” and
tan d values increased with alkali-treated fibre at all frequencies implying improved
impact behaviour following the treatment.

Fig. 5 Interfacial
interactions between carbon
nanotubes and polymer
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6 DMA of Nanoparticles Filled NFRPMC

The energy dissipation is improved through the large interfacial area offered by the
incorporation of nanoparticles. Figure 5 shows the interfacial interactions between
carbon nanotubes and polymer. The interfacial area properties about the included
fillers are unique when compared with the bulk matrix [69]. The addition of mica
results in reduced modulus and tensile strength [70]. The damping is enhanced more
effectively by exfoliated graphite in comparison with nanoclay, SiC and carbon
nanotube [71]. The inclusion of nanoclays transfers the composite glass transition
temperature to regions with high temperature [72]. The growth of nanowire on the
surface of fibre can enhance damping and flexural rigidity properties [73]. Fric-
tional sliding through the interface of epoxy/carbon nanotube is beneficial towards
improving energy dissipation [74]. The decrease of the composites damping due to
the addition of nano graphite platelets is due to the decrease in porosity [75]. The
internal damping can be enhanced by dispersing the nanoscale fillers into E-glass
fibre and matrix in hybrid composites [76]. The addition of filler enhances the storage
modulus and tensile properties [77]. The composite loss factor increases through the
increment of shape memory alloy filler contents [78]. The dissipation of energy is
mainly influenced by the filler matrix interface [79]. The carbon nanotube addition in
the nanocomposites consistently increases the loss factor and dynamic loss modulus
together [80].

The loss modulus decreases by the contribution of filler volume fraction increase
[81] and accumulation of smaller particles towards interfacial region results in more
twisted path for cracks at the interface [82]. Reducing the size of re mud particle is
beneficial to increase damping [83]. A weak interface bonding condition due to the
incorporation of coal ash results in better damping performance [84]. The damping
decreased with the incorporation of the fly ash cenospheres [85]. The introduction
of hollow glass microsphere can enhance damping [86].

The detailed reviews proved that the integration of secondary dampers into matrix
had enhanced the energy dissipation potential of NFRPMC. Moreover, the damping
performance of composites reinforced with fibre can capably be improved by adding
the nanoparticles in interfacial area. The mechanism can be recognised for the decli-
nation in interfacial area bond and large cut off damages. Hence, the nanoparticles
inclusion is a competent way of getting better damping and capable applications.
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Fig. 6 The application of DMA in various industries [17]

7 Future Trends

Based on the reviews, it is evident that the dynamic behaviour of polymer compos-
ites reinforced with natural fibre is equivalent to a range of polymer composites
reinforced with different fibres and fillers [1]. Their behaviours are expected and can
be calculated using conventional techniques. DMA analyses can shape the dynamic
characteristics of composites reinforced with natural fibre, and these results will be of
interest to several scientific communities and industries. The inclination towards the
usage of composites reinforced with natural fibre is promising, particularly in auto-
mobile, infrastructure, and sport goods industries and their market share continue
to grow. The need to additional characterise the NFRPMCs in terms of materials
properties and design requirements will continue to grow [14]. Determination of the
influence of humidity, hygrothermal conditions, thermal cyclical, hazardous chemi-
cals, as well as impact and shock loading on the dynamic behaviour remains necessary
to safely design the composites reinforced with natural fibre for various applications
(Fig. 6) [7].
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8 Conclusions

The present study reviewed several literatures on the DMA of NFRPMCs, including
the effect of different natural fibres, chemical treatment, fillers, matrix and compo-
sitions. The major conclusions obtained are as follows.

The DMA is a powerful means to generate information provided for the product
development that describe the dynamic characteristics of NFRPMCs.

DMA method permits in sensing the relief modes and transition of phases in
various types of materials to identify the behaviour of material covering an
extensive range of temperature and frequencies.

Most of the researchers stated that the matrix volume fraction increase could
improve the damping at the incidentals of strength and stiffness.

Highly cross-linked thermoset polymer with higher stiffness and rigid network
arrangement possesses higher storage and loss and modulus whereas significantly
lesser loss and storage modulus for light crosslinked polymer.

Storage modulus, loss modulus and glass transition temperature were greatly
affected by the percentage of fibre content layering sequences, hybridisation and
chemical treatment of fibres.

E” and tan 8 values increased with alkali-treated fibre at all frequencies implying
improved impact behaviour following the treatment.

The integration of secondary dampers into matrix had enhanced the energy dissi-
pation potential of NFRPMC. Moreover, the damping performance of compos-
ites reinforced with fibre can capably be improved by adding the nanoparticles in
interfacial region.

Forthcoming work will focus on the manufacturing of entirely green composite
and biodegradable polymer nanocomposites reinforced with natural fibre
containing enhanced dynamic thermal properties.

Symbols and Abbreviations

Benzoyl chloride C7H5CI1O
Damping factor tan §
Dynamic Mechanical Analysis DMA

HDPE High Density Polyethylene
Loss modulus E”

Natural Fibre Reinforced Polymer Matrix Composites NFRPMC

Polylactic acid PLA

Potassium permanganate, KMnOy4

Saline SiHy

Sodium hydroxide NaOH

Storage modulus E’
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Investigation on Wear Performance )
of Sisal Fiber Reinforced Epoxy L
Composites: Experimental and Statistical

Study

K. Palani Kumar, A. Shadrach Jeya Sekaran, and K. Ramya

Abstract Sisal natural fiber is an alternative used in engineering applications for
manufacturing a variety of products. The present study focuses on the wear perfor-
mance of woven sisal fiber- epoxy composites using a mathematical model. The
experiments were conducted on a pin-on-disc wear tester against ENS§ steel by
adopting the design of experiments (DOE). Wear loss is predicted by the second-
order polynomial Response Surface Method (RSM), and its predictability is asserted
by considering the analysis of variance (ANOVA). The parameters applied load,
sliding speed, and sliding distance are also investigated in detail. Model suitability is
analyzed. From the analysis, it is evident that the model is useful to evaluate the wear
performance of sisal fiber epoxy composites.

Keywords Sisal - Natural fiber - Wear loss + Coefficient of friction - Pin on disc *
Design of experiment (DOE) - Response surface method (RSM)

1 Introduction

The green environment for the future has been initiated by the researchers with
increased interest to go for alternative materials using synthetic fibers. The abundant
availability of nature leads to the usage of natural fibers. They have low density with
good specific strength, non-hazardous and eco-friendly [1-18]. Building the global
environment with the individual attention towards the society and framing the novel
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environmental policies have enforced the search for green composite materials said
to be natural fiber composites [2—4]. Agricultural wastes obtained from rice, sugar
cane, pineapple, banana, and coconut are being used for producing a huge quantity
of biomass. Natural fibers are also used in various industries as an alternative to the
raw materials for manufacturing automotive components. The following literature
gives an idea of the multiple goods in manufacturing industries [3-20].

Palanikumar et al. [14] have studied the analysis of different woven composites
and found that these composites are suitable for automobiles and related applications
. The loss of mass on the surface of a solid progressively is said to be wear [12].
Natural fibers are utilized in various applications of wear and friction. Abrasive wear
rates were tested for the bagasse fiber- epoxy and found that the fiber orientation also
influences the wear rate [16]. Alkali and acid-treated rice straws are considered to
remove impurities, waxy substances and it also improves the quality of fiber. From the
observation, enhancement of mechanical properties is identified [17]. Tribological
properties of PALF short fiber polymer have experimented for different lengths of
range from 2 to 14 mm. load escalates the wear at various loads of like 5 N, 10 N,
and 15 N [21].

The hand lay-up process in which the fabrication of sisal fiber polymer is done by
adopting a particular weight fraction concerning length variation. They have asserted
that the variables considered are directly related to responses [19]. An increase in
the ratio of glass fiber weight fraction and parallel sliding direction decreases the
coefficient of friction and also increases the rate of wear [11]. The wear rate decreases
for the increase of fiber weight in percentage [14].

Short palmyra fiber composites are tested for dry sliding, and found that the fiber
percentile and sliding speed are the unique elements that affect the wear. Specific
wear rate is predicted beyond the experimental domain[20] polyester composite along
with particulate reinforcements are considered to analyze the wear by using Pin on
disc tribometer for various speeds as well as loads, the wear resistance is higher
for fiber-loaded composite [12]. Natural fiber has comparable mechanical properties
and also has an improved resistance to wear. The orientation normal to the sliding is
found to be the best orientation, it is considered to be the main parameter that affects
the wear and friction [16]. The sisal fibers have excellent resistance to wear hence
used for the manufacture of fiberboard, its suitability is to be studied further [15].
The study on natural fibers reveals that, enhancement in wear is obtained for 36%
hybrid natural fiber when compared to 12 and 24%. This study suggests that this can
be used for replacing the bones or orthopedic implant in humans [22]. Sisal/jute—
epoxy is fabricated and tested for wear and its frictional properties with different
loads, speeds, and distance inferred that the alkali treatment reduces the wear [10].
The features of sisal-vinyl ester composites are modeled and presented by using
Box-Behnken Design with better optimization [2].

From the analysis, it is found that only very little literature is available, and
minimal work is undertaken for referring to the wear properties of woven sisal
epoxy composite. No comprehensive experimental design or analysis for woven sisal
composites is carried out using Box-Behnken Design. The woven sisal fiber replaces
traditional fibers and also has good improvement in the properties of friction and
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wear applications. Based on the research gap identified, woven-sisal fiber composite
is prepared, its tribological characteristics are analyzed and tested. Modeling and
optimization are carried out for wear experiments by statistical analysis with the
design of experiments using the Box-Behnken model.

2 Materials and Methods

In the present day, natural fibers are considered essential reinforcing agents due to
their eco-friendly nature. Also, the cost of manufacturing is found to be low. It has
other characteristics like high specific strength, non-abrasiveness, etc. Sisal natural
fiber is considered for the present investigation. Figure 1a—c shows the sisal plants,
the extraction of sisal fiber, and the woven sisal fiber mat. Epoxy resin is used for the
fabrication of composites as a matrix and has better properties than other resin like
stiffness, strength, etc. [6]. The hand lay-up process is considered for fabricating the
composites. The sisal composite laminates are cut into pre-wear specimens of size
60 x 12 x 12 mm, which is illustrated in Fig. 1d. The prepared samples are turned
into cylindrical pins by using all geared lathe which are represented in Fig. le. Pin-
wear specimens of the circular shapes are made as per ASTM standard G99 having
a length of 50 mm and diameter of 8 mm and are shown in Fig. 1f.

In this investigation, the wear property is analyzed using a tribometer. In this
experimental study, the woven sisal fiber composite tribological characteristics are
experimented with by various parameters: load, speed, and sliding distance. The

Fig. 1 a Sisal plants b Extraction of sisal fiber ¢ Woven Sisal fiber d Sisal Specimens e Machining
of sisal specimen f Wear Specimens
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Fig. 2 Pin on disc tribometer experimental set up

Table 1 P{irameters and Parameters Levels

levels considered for

experiments -1 0 1
Applied load (N) 9.81 19.62 29.43
Sliding speed (m/s) 1.44 2.16 2.88
Sliding distance (m) 1000 2000 3000

disc is prepared for the testing process, having a 55 mm diameter and thickness of
10 mm. A hole is drilled in the middle for fixing purposes. The disc material is EN8
steel. The pin is set in the holder perpendicular to the disc for abrasion. For different
speeds, distances and times, the wear rate is observed and recorded. The pin-on-disc
machine setup is presented in Fig. 2. The tribological parameters used and their levels
identified are given in Table 1.

3 Modeling the Tribological Parameters Using
Box-Behnken Design

Research is sorted out in the arrangement of exercises to consider, build a model or
procedure. It finds the consequences of a sensible issue upheld by writing and testing
information. With the end goal that its destinations are streamlined and further make
suggestions for implementations. In this investigation, response surface methodology
(RSM) is considered for studying the tribological properties using Box-Behnken
design. In RSM problems, the connection between the reaction and the free factors
is not known. Accordingly, the initial phase in RSM is to locate an appropriate
estimation for the genuine utilitarian connection among ‘y’ and set of free factors.
On the off chance that the reaction is very much demonstrated by a straight work
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in the autonomous factors, at that point the approximating capacity in the principal
request model is composed as:

(1) If the curvature is considered:

(2) Asecond-order quadratic equation is considered for analysis by considering the
variables such as applied load (W), sliding speed (N), and sliding distance (S).
Experiments are carried out using Box-Behnken design. The selected factors
are coded as —1, 0, 4 1, and it is arranged in equally spaced values. It has
a square term of products of two factors, to arrive in a quadratic model. The
ratio of experimental points to the number of coefficients is within the range
of 1.5-2.6. Depending on the distance from the center, the estimated variance
approximately lies at a higher level inside, the smallest cube containing the
experimental points.

Figure 3a, b and Table 2 show Box-Behnken design consisting of three factors.
The wear loss is found by using pin- on- disc tribometer by varying the parameters
W, N, and S. The weight loss for each sample is experimentally obtained by varying
loads are 9.81, 19.62, and 29.43 N. The test is carried out as per the Box Behnken
design of experiments and the details are illustrated in Table 3.

The quadratic model established for the wear loss of sisal fiber-reinforced
composite is presented as follows:

Wear loss = 4 0.56563 + (7.67074E — 003 x W)
—(0.24097 x N) — (2.74000E — 004 % S) + (3.22092E — 003 * W % N)
+ (7.41590E — 006 * W x S) + (5.90278E — 006 * N * S)

— (4.01357E — 004  W?) + (0.052807  N?) + (6.08750E — 008 * S?)

Q
\
O

N

X
L -

Fig. 3 Box-Behnken design matrix for three factors: a A cubical design and a Interlocking 22
factorial design

-1 1
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Table 2 Three Va?riable Run X X X3

Box-Behnken design
1 -1 -1 0
2 1 -1 0
3 —1 1 0
4 1 1 0
5 -1 0 -1
6 1 0 —1
7 -1 0 1
8 1 0 1
9 0 —1 —1
10 0 1 -1
11 0 -1 1
12 0 1 1
13 0 0 0
14 0 0 0
15 0 0 0
16 0 0 0
17 0 0 0

where W is applied load, N is sliding speed, and S is the sliding distance.

The results of ANOVA obtained for sisal fiber-reinforced composite material are
presented in Table 4, which proves that the applied load is the primary factor, which
impacts the wear loss followed by sliding distance. The model adequacy is checked
by utilizing the coefficient of correlation. The ratio of correlation observed for wear
loss for sisal fiber-reinforced composite is 0.9965, which shows that the models
developed are beneficial. F- Model value 218.89 shows that the model is noteworthy.
In this case, W, N, S, WN, WS, W2, N2, §? are capable. The “Lack of Fit F-value”
of 3.34 infers which isn’t huge concerning the unadulterated mistake, and hence
the model is in fit. The model statistics for the wear loss of sisal fiber reinforced
plastic composite are also presented in Table 4. The model statistics indicate that the
standard deviation is 0.013, and the coefficient of correlation R-Sg is 0.9965, which
suggests that the model is valid.

The adjacent R-Sq is observed as 0.9919, and the predicted R-Sq is 0.9579. The
predicted R-Sg of 0.9579 is in good correlation with the observed R-Sq of 0.9919.
Adequate precision of 52.183 infers that the model has an appropriate signal. This
indicates that the model is very useful in predicting wear loss for sisal fiber-reinforced
polymer composite. Further, the effectiveness is analyzed by the normal plot of
residuals and the correlation graph, which are presented in Fig. 4a, b.

The normal probability of the plot indicates that there is a normality assumption.
The points in the model are said to be grouped in a straight line, which suggests that the
model is beneficial. Figure 5 indicates the residual analysis of the wear loss model.
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Table 4 Analysis of variance for wear loss of sisal fiber reinforced composite

K. Palani Kumar et al.

Source Sum of squares df Mean square F
value
Model 0.34 9 0.038 218.89
‘W- Applied Load 0.14 1 0.14 841.06
N-Sliding speed 0.016 1 0.016 93.1
0.13 1 0.13 758.76 < 0.0001
WN 2.07E-03 1 2.07E-03 12.03
WS 0.021 1 0.021 123.03
NS 7.23E-05 1 7.23E-05 0.42
w2 6.28E-03 1 6.28E-03 36.51
N2 3.16E-03 1 3.16E-03 18.34
s? 0.016 1 0.016 90.68
Residual 1.21E-03 7 1.72E-04
Lack of Fit 8.61E-04 3 2.87E-04 3.34
Pure Error 3.44E-04 4 8.60E-05 Pred
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Fig. 4 Normal probability and Correlation graph on wear loss

Figure 5a provides the residuals and the predicted wear loss. The results indicate
both positive and negative residuals, which show that the residuals are spread in both
directions. This explains the uniform predictability of the model. Figure 5b indicates
the relation between the residuals and run numbers. The variations observed in the
residuals are low, which shows the effectiveness of the model.

The coefficient of friction (COF) for sisal fiber-reinforced composite is calculated
from a pin on disc tribometer by varying W, N, and S. The wear test is carried out
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Fig. 5 Residual analysis for wear loss for Sisal fiber reinforced composite

as per the Box Behnken design of experiments in statistics. The parameters and
various levels considered are provided in Table 3. The ANOVA prediction obtained
for COF is presented in Table 5. From the design values, mathematical relations are
established. The quadratic model established is presented as follows:

Coefficientoffriction = —0.48175 + (0.028843 x W)

+(0.41674 % N) + (2.57200E — 004 * S) + (2.26526E — 003W * N)
—(6.67686E — 006 *« W % S) — (9.93056E — 005 % N * S) <
—(3.72002E — 004 * W2) — (0.04687 * N2) + (1.17000E — 008 * S2)

@)

where W is applied load, N is sliding speed, and S is the sliding distance.

ANOVA performed for COF is presented in Table 5. The result proves that the
applied load is an effective factor, which influences the wear loss followed by sliding
speed. R-Sq value is used to know the model capability and is 99.71, which shows the
model’s effectiveness. The F-model value 263.56 shows that the model is noteworthy.
In this investigation, W, N, S, WN, WS, NS, W2, N2, S? are effective. The “Lack of Fit
F-value” of 1.28 infers which isn’t huge concerning the unadulterated mistake, and
the model is said to be fit. The model statistics for the COF are presented in Table 5.
The model statistics indicate that the coefficient of correlation R- sq is 0.9971, which
suggests that the model is adequate.

The adjacent R-Sq is observed as 0.9933, and the predicted R-Sq is 0.9746. The
difference is less than 0.2. The result indicates that pred- R-Sq 0.9746 has a good
correlation towards the adjacent R-Sq 0.9933, which suggests the model is beneficial.
The adequate precision 57.291 demonstrates that the model helps in predicting the
coefficient of friction for sisal fiber-reinforced polymer composite. Further, the effec-
tiveness of the model is analyzed by considering the probability plot of residuals,
and the correlation graph, which is presented in Fig. 6a, b. The normal probability
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Table 5 Analysis of variance for coefficient of friction of sisal fiber reinforced composite

Source Sum of squares |df | Mean F Value |p-value Prob > F
square
Model 0.1 9 0.011 263.56 Significant
W- 0.026 0.026 600.77
Applied
Load
N-Sliding | 0.015 1 0.015 34894 | <
speed
S-Sliding | 0.014 1 0.014 321.27 |<
Distance
WN 1.02E-03 1 1.02E-03 | 23.88 <0.00
WS 0.017 1 0.017 400.16 | <
NS 0.02 1 0.02 476.83 | <
w2 5.40E-03 1 540E-03 | 12583 |<
N? 2.49E-03 1 2.49E-03 |57.97 <0.00
s? 5.76E-04 1 5.76E-04 | 13.44 <0.00
Residual 3.00E-04 7 4.29E-05
Lack of Fit | 1.47E-04 3 4.90E-05 |1.28 0.39 Not significant
Pure Error | 1.53E-04 4 3.83E-05
Cor Total | 0.1 16
R-squared | 0.9971 Adj | R-squared Pred R-squared | 0.9
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Fig. 6 Normal probability and Correlation graph on co efficient of friction
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Fig. 7 Residual analysis for co efficient of friction

plot shown proves that there is a normality assumption. The points in the model are
said to be grouped in a straight line, which leads to the model being very effective.
Figure 7 indicates the residual analysis of the coefficient of the friction model.Fig. 7a
provides the residuals and the predicted coefficient of friction. The results indicate
both positive and negative residuals, which show that the residuals are spread in both
directions. This explains the uniform predictability of the model. Figure 7b provides
the relation between the residuals and run numbers and it gives the changes in resid-
uals concerning the run number, and it shows that the model considered is stable. The
comparative wear results of sisal fiber composite experiment runs are presented in
Fig. 8. The values show the coefficient of correlation between the model developed
for tribological testing of sisal composite. The results indicate that the models are
fit. The comparison results indicate that the developed model R-Sq values are better
and closer; hence, this model can be adequately utilized for the forecast of various
reactions. The confirmation experiment is carried out for the experiment run of 2, 8,
and 12 for wear loss. The comparative test result for the above-said experiment runs
along with the experiment, and the predicted and confirmation values are presented
in Fig. 9.

The confirmation experiments are carried out for the experiment run of 1, 6, and
14 for sisal fiber-reinforced composite for the coefficient of friction (COF) related to
different parameters. From the verification test results, the experimental results and
anticipated results are well correlated with each other, and also the error obtained is
small. Hence, the model is effective in predicting the tribological characteristics.
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Fig. 8 Comparison chart between the experimental results and RSM predicted results for wear loss
and coefficient of friction for Sisal fiber composite

4 Results and Discussions

Nowadays, researchers are making progress in replacing synthetic fibers with natural
fibers. natural fibers have made their advancements in different areas of Engineering
and Technology. Because of its biodegradability, it supports the environment and is
also cost-effective. The tribological properties are evaluated for the wear loss and
COF for sisal fiber composite by using the Design of Experiment (DOE). Scanning
Electron Microscope (SEM) images are considered to dissect the surface.

The wear loss and COF are experimented with and predicted by a pin-on-disc
tribometer and by response surface methodology. It is calculated by varying the
parameters such as applied loads with different speeds of sliding of 1.44, 2.16, and
2.88 m/s and its variation of sliding distances of 1000, 2000, and 3000 m, respectively.
The cylindrical pins prepared from the sisal fiber-reinforced composite samples are
made to contact a rotating disc on testing; thus, weight loss for each sample is
experimentally obtained by varying the input parameters load, speed, and distance.
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The sample graphs generated from the data acquisition system of the pin-on-disc
testing apparatus for sisal fiber-reinforced composite pins, tested under loads of 9.81
to 29.43 N, and the distance of 1000 - 3000 m is represented in Fig. 10. The graph
is plotted among the time, applied load, and coefficient of friction. In the graph, it is
inferred that there is wear due to the toughness of the fibers.

Sisal fiber-based pins are subjected to similar experimental conditions, which are
discussed above, and the parameters concerning wear loss are calculated. When the
sliding speed is at 2.16 m/s, the pin is allowed to travel at 2000 m distance for various
load conditions, the wear loss is found to increase at a higher rate. The obtained output
graph from the model developed is presented in Fig. 11a. When 19.62 N of the load
is applied for the same sisal fiber-reinforced composite pin for a 2000 m distance and
the sliding speed is varied and there is not much effect in the wear loss, it is shown in
Fig. 11b. Then, for a similar load and the speed of sliding 2.16 m/s with a different
distance, the wear loss is found to be increased, and it is presented in Fig. 11c.

When the interaction between the parameters is considered for wear loss for sisal
fiber-reinforced composite, the sliding speed increases from minimum to maximum
concerning load and increases the wear rate. When the distance of sliding is increased
from lower to a higher one concerning the increase in load, the wear rate is found to
be increased only at maximum distance. Similarly, the distance increases from low
to high concerning speed; the wear loss shows only little effect. From the interaction
graphs, the trend of applied load concerning sliding distance and sliding speed shows
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Fig. 10 Typical wear track
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useful variations for the difference in minimum and maximum values of all the factors
considered.

Similarly, the other response, COF concerning load, speed, and distance for sisal
fiber-reinforced composite is obtained. When the rate is at 2.16 m/s and the sisal pin
is made to travel at a 2000 m for various load conditions, the COF is increasing at
a higher rate, shown in Fig. 12a. When 19.62 N of the load is applied for the same
sisal fiber-reinforced composite pin for a sliding distance of 2000 m and the sliding
speed is varied there is not much effect in the coefficient of friction, it is shown
in Fig. 12b. Then, for the same load of 19.62 N and 2.16 m/s with the difference
in sliding distance, the coefficient of friction is observed to be minimum, and it is
presented in Fig. 12c. Here, the high volume of the coefficient of friction is noted for
load, then for speed, and finally, it tends to reduce concerning distance.

When the interaction between the parameters is considered for the coefficient of
friction for sisal fiber-reinforced composite, that when the sliding speed increases
and the coefficient of friction is found to be minimum, and it decreases for maximum
speed concerning the changes of load. Then, when the sliding distance is increased
from lower to a higher one for a constant sliding speed concerning variations of load,
the COF is found to be higher for minimum distance and lower for maximum length



Investigation on Wear Performance of Sisal Fiber Reinforced ... 333

2
7 06 — Load = 19.62 N
a « Design Points Sliding Distance = 2000 m (a)
£ 054 —| "~ 95%ClBands
= 0.
=1
(="
g 048
(%]
=
2 042 —
&
v 036 —
=
$ 03 —
a 1 I 1 T 1
1.44 1.8 2.16 2.52 288
Sliding speed (m/s)
0.6 — Sliding speed = 2.16 m/s
.'% = Design Points Sliding Distance = 2000 m (b)
g - 95% Cl Bands
£ 052 —
S
S 044 —
n
% 0.36
v 0. -
2
$ 028 —
=
02 —
T I 1 I 1 I 1
9.81 13.08 16.35 19.62 2239  26.16 29.43
Load (N)
o 07 Load =19.62 N
E= = Design Points Sliding speed = 2.16 m/s (c)
g' === 95% Cl Bands -
g 062
e
T dose
|
&i |
v 0.46
=
£ 038 —
=
03 —

] I I | 1
1000 1500 2000 2500 3000
Sliding Distance (m)

Fig. 11 Effect of wear loss for sisal fiber reinforced composites with respect to different parameters



334 K. Palani Kumar et al.

£ 0.7 — Sliding speed = 2.16 m/s

8 o Sliding Distance = 2000 m (a)

2 = Design Points

8 065 —{ - 95%ClBands

=

"~

F 06—

St

L=}

=]

(=] -

£ 055

k=

&

W 0.5 —

g

S 0.45 —

U 1 1 1 I 1 T 1
9.81 13.08 16.35 19.62 2289  26.16 29.43

Load (N)

o 0.65 — Load = 19.62 N

= Sliding Distance = 2000 m (b)

2 e DesignPoints

g 061 —| - ¢5%ClBands 00—

- A Bt P o ——

=

2 057 —

v

et

(=]

] |

g 083 -

g -

C=]

'o%-; 0.49 —

S 0.45 —

U 1 T 1 1 1
1.44 18 2.16 2.52 2.88

Sliding speed (m/s)

@ 07 SRR |.So|;dq=19.ssz —

- - €sign Foinis iding speed = 2. mis

é --- 95% Cl Bands e (c)

g 066

=]

L=

g 062 —

s

g 058

<

=

S o054

(=]

-

s 05

o]

T T T T T
1000 1500 2000 2500 3000
Sliding Distance (m)

Fig. 12 Effect of Coefficientof friction of sisal fiber reinforced composites with respect to different
parameters



Investigation on Wear Performance of Sisal Fiber Reinforced ... 335

traveled. Similarly, when the distance is increased concerning speed, the coefficient
of friction shows high variation. It is observed, from the initial stage, that there is a
good variation in the coefficient of friction of sisal fiber-reinforced composite when
the load is varied for different speeds concerning distance travel of 2000 m. It is
observed that, when the load increases, the coefficient of friction increases.

The distance is varied concerning different loads for the minimum distance and the
coefficient of friction is found to be increased. For maximum distance, the coefficient
of friction is found to be decreased. Similarly, for various sliding speeds concerning
different sliding distances and considering the applied load as constantand is 19.62 N,
the COF observed is maximum for minimum distance and maximum for maximum
distance.

The 3D response graph is also generated for the variation of parameters, W, N,
and S regarding wear loss and COF for the sisal composite pin specimen. Here,
in the 3D graph, a clear view of the wear loss is seen. It is found to increase by
the variation of load, and it is presented in Fig. 13a. When the load is increased
the concerning distance and the wear loss is maximum, and it is observed in the
mesh by a change in red color, and it is presented in Fig. 13b. Wear loss is found to
be minimum for change in sliding speed and increases concerning distance, and is
indicated in Fig. 13c. Similarly, the 3D response bgraph is also generated for COF
regarding the applied load, sliding distance, and sliding speed. It shows a precise
observation that the coefficient of friction decreases when sliding speed and load are
made to increase. It is maximum when load and distance have increased, and it is
represented in Figs. 13d—f.

Sisal fiber composite is observed to have minimum wear resistance property. This
is due to the toughness of the fiber. So, it can be suggested to be utilized in moderate
applications such as clutch pads, brake pads, and leaf springs. Wear mechanisms in
polymer composites are said to be adhesive, abrasive, and fatigue wear. On a smooth
surface, usually, adhesive wear occurs. In hard or rough surfaces, abrasive and fatigue
wear will appear [20]. The mechanisms observed mostly are the delamination of
fiber and micro plowing. The wear loss gets increased by scaling of distance, due
to the consistent material removal. The orientation of fiber makes the difference in
wear mechanism, and the recommended one is a normal orientation towards rubbing
direction. Based on the natural fiber matrix selected, the wear and friction get varied
based on the volume fraction of fibers and applied load. Typically, the wear increased
concerning the increase of fiber content.

Sisal fiber-reinforced composite specimen after wear testing indicates that there is
an increase in depth of penetration on the matrix in the wear track. As well, the fibers
also get protruded out on the wear track from the different magnification factors of
images. This observation indicates that wear takes place not only for the matrix but
also for fiber. Micro pits are developed on the worn area because of the adhesive
action of pins and composites applied load [21-23].

Due to adhesion, the matrix fiber detaches from the surface which results in wear
track on the composite. In some locales, fragile epoxy resin has been confined because
of high weight and plastic distortion, and after that, flotsam and jetsam are made. It
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is inferred from the results that natural strands are viable to improve the tribological
properties.

5 Conclusions

e The investigation aims to find a replacement for synthetic fibers in composites.
There has been limited study on woven sisal reinforcements. In this investigation,
the tribological behavior of sisal composites is carried out.

e Modeling is carried out for wear experiments by statistical analysis using Box-
Behnken design.

The analysis of the results is carried out for the tested specimen using SEM,
Studies on natural fiber have drastically increased because of its essential proper-
ties and environmental adaptability. Wear is determined for sisal fiber-reinforced
composites.

¢ The model developed for predicting the considered responses is fit. Wear tracks,
damaged fibers, and matrices are studied through the SEM analysis for the sisal
fiber-reinforced composite pins. Ultimately, these composites reduce the adverse
effect on the environment.

e The variables considered for the present investigations are only three. By
considering more variables, the research is more robust.
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Tribological Characterization of Hybrid )
Natural Fiber MWCNT Filled Polymer L
Composites

T. Rajmohan, K. Mohan, R. Prasath, and S. Vijayabhaskar

Abstract Natural fibre reinforced composites packed with Multi Wall Carbon
Nanotubes (MWCNTs) are focused by the researchers due to their great tribo and
mechanical properties. To ensure collective mechanical and wear qualities, fibre
reinforced polymer composites must be hybridised; thus, this study examines the
manufacturing and tribological performance of natural fiber-glass reinforced hybrid
composites. Compression moulding was used to combine natural fibres like jute,
flax, and banana with glass fibre. Particulate MWCNT were disseminated in epoxy
resin through ultrasonic bath sonicator, which was then employed as the matrix face
for composites reinforced with natural fibre. The sliding wear behaviour of compos-
ites reinforced with glass-natural fiber and filled with MWCNT is evaluated using
a pin-on-disc wear testing setup. Using D-optimal design, second-order mathemat-
ical models were created to forecast particular rate of wear and friction co-efficient
by considering wt% of MWCNT, sliding speed load. The surface morphology of
worn-out surfaces was studied by SEM analysis.

Keywords Natural fibers + Multi Wall Carbon Nano Tubes (MWCNT) - Scanning
electron Microscopy (SEM) - Coefficient of friction - Specific wear rate

1 Introduction

Natural fiber-based composites with outstanding mechanical properties have piqued
tribologists’ interest, prompting them to research a variety of applications ranging
from abrasion materials to abrasion modifiers [1]. Composites which is hybridized
are urbanised to accomplish collective properties along with the weighted total of the
distinct process through which the individual’s valuable excellence can be integrated
[2]. Rezghi Maleki investigated the delamination behaviour of flax/epoxy composite
laminates. Composites which are reinforced with Natural fiber have excellent
capability to substitute glass fiber-reinforced composites [3]. Short fiber (sf)/short
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fibre, fabric/sf, sf/fillers, fabric/fabric, and fabric/filler are some of the promising
reinforcing pair combinations employed in the design of hybrid composites [4].

Maliha et al. investigated, PP composites reinforced with chopped pineapple leaf
and banana fibre and their mechanical properties [5]. The hybrid composites with
banana and pineapple leaf fibre at a 3:1 ratio have the highest bending modulus, elastic
modulus, flexural and tensile strength hardness among the various pineapple leaf and
banana fibre ratios. The mechanical distinctive of glass and sisal fibre composites
were observed by Palanikumar et al. [6]. The hand layup technique was employed in
making the composite laminates. The tensile load of the composite containing 20%
sisal fibre and 80% glass fibre is higher than the other. Mechanical and wear conscious
of bamboo fibre composite is explored by Seema Jain et al. They have described,
that by differentiating the order of fiber orientations the mechanical strength of the
composites is found to be increased. This is caused on the impact of strength to
weight ratio (high), the composites are said to have a higher resistance to wear [7].

Mohan et al [8] incorporated the MWCNTs in the polymer matrix and it plays a
vital role on the influences of the mechanical properties in the composites. Breuer
et al. [9] developed ultra-light structured materials with inclusion of MWCNTs as a
filler base, in the polymer composites. Such composites shown the enhanced mechan-
ical properties. Anbusagar et al. [10] revealed that the 4% nano clay polyester
sandwich composites greatly improved the impact and damage tolerance capa-
bility compare to the polystyrene foam-filled composites. Qumrul Ahsan et al. [11].
developed the Mg/SiC and Mg/SiC/MWCNT composites for examining the both
distinctive properties of friction and wear. The high friction force is required to
deform because of the formation of hard triboflim. The composite incorporated
with MWCNT is reducing the friction coefficient than the SiC composite due
to the self-lubrication effect of network structured nanotubes. PEEK filled with
various weight percentages of nanofillers such as ZrO,, SiC, SiO,, Si3N4, and
MWCNT was reported by Wang et al. [12]. The inclusion of nanofillers less than
10wt percent infractions improves wear resistance and lowers COF. There were two
aspects (Transfer film generation and steel counter surface smoothing) contributed
for increased wear and friction coefficient. The superior wear resistance was noted
by Zhang et al. [13] because of rolling effect,thermal insulation and well distributed
MWCNTs in the matrix. Nanoscale fillers, rather than microscale fillers, have good
tribological capabilities, according to Ayman et al. [14]. It is observed that increase
of filler concentration which increase the wear resistance as well as co-efficient of
friction. Based on the requirements and application, the filler materials are rein-
forced with the natural fibers to improve the quality and properties of the composites
described by Jani et al. [15]

When compared to untreated carbon fibre reinforced composites, Zhang et al. [16]
discovered that the treated carbon fibre reinforced composites have a lower COF and
wear. Sudhakarmajhi et al. [17] confirmed that modified rice husk composites have
better tribological capabilities than untreated rice husk composites. According to
Divya et al. [18] while increasing the sliding distances the wear volume is increased,
and high SWR is achieved in untreated coir fibre than the alkali treated compos-
ites. Srinivasan et al. [19] effectively applied RSM based desirability approach for
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minimizing the delamination factor in GFR-PP composites drilling. Using Taguchi’s
orthogonal array, Abhemanyu et al. [21] optimized the wear properties of NFRCs.
The specific wear rate of the NFRCs is high at high speeds, which allows for the
removal of the required amount of material without burning the fibres. Chang et al.
[22] used design of experiments to obtain optimal abrasive performance (wear) of
kenaf composites under various sliding considerations. On a pin-on-disc tester, it was
discovered that counterface roughness has the greatest impact on wear rate, trailed
by applied load, sliding speed, and fibre loading. Fiber loading is the most important
element for average COF.

Tribo-materials have a distinctive biography, that includes a variety of mechanical
properties, lubrication, friction and wear which are applied in the development of
materials for specialised tribological applications. Most manufactured items, such as
aerospace seals, bearings, gears, and slideways, are subjected to various applications
in the field of tribological testing. From the literature, it is clear that minimum work
has been done to find the tribology characteristic of NFRCs impregnate with an
MWCNT. In this research work, the natural fibers such as banana, flax and jute
fibers are identified, and the composites are fabricated with MWCNT filled epoxy
matrix. The tribological behaviour, along with its surface morphologies, are analysed
and tested. Modelling and Optimisation are performed by statistical analysis for
tribological experiments.

2 Experimental Procedure

2.1 Materials and Methods

Tamilnadu, India. From Sun Tech Fibers, the materials like Matrix (Epoxy; Araldite
LY556), Glass fiber and HY951-hardener are procured at Chennai, Tamilnadu, India.
MWCNTs acquired from M/s. US Research Nanomaterials Inc, USA were applied
as ingredients in producing the composite. Utilising an ultrasonic probe Sonicator,
the Nanoparticles with wt percent of 0 percent, 0.5 percent, and 1 percent were
equally disseminated into the resin without clustering. Glass fibres were put at the
crest and base of the composite, whereas natural fibres were organised sequentially.
The composites were made with a 10:1 mixture of modified epoxy and hardener
by using a compression moulding process. [4] Table 1 shows the composition of
composites that have been fabricated and Fig. 1 shows the fabricated composites.
The microstructure of prepared nanocomposites was done using a Scanning Elec-
tron Microscope. From Fig. 2a it is observed that the reinforcements are well bonded
with the nano filled matrix which meliorate the mechanical characteristics [23] and
attire resistance of the composites. In due with the presence of OH group on the
banana surface, which is firmly adhered to the matrix phase [24] confirming that
no fracture had found on fiber interfaces. Figure 2b reveals, uniform distribution of
nano filled matrix into the reinforcement also confirmed the compatibiliser adhere
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Table 1 Composition of natural fibre-glass reinforced composites

Process parameter Code Factor Levels

1 2 3
Sliding Speed in m/s S Numerical 500 1000 1500
Loadin N P Numerical 5 10 15
Wt.% of MWCNT w Numerical 0 0.5 1
Natural Fiber M Categorical Flax Jute Banana

Fig. 1 Prepared Tribo nano
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to the fiber cells which increase the interfacial adhesion between reinforcement and
matrix. Figure 2¢ indicates the good distribution of MWCNT into the matrix without
forming any nanoclusters, which leads to enhance the resistance of wear [13] and
increase the cohesive coupling between the matrix and reinforcements.

BY utilizing the carl ZEISS device, the XRD analysis of the fabricated composites
and their diffraction pattern was found. All XRD patterns were equal to conventional
XRD patterns, and all phases present in the composite were recognised. The exam-
ination was carried out at a 2 min interval. The findings of the XRD examination
for the 1wt percent MWCNT filled natural fibre composites are presented in Fig. 3.
The presence of cellulose in the composites was confirmed by interference peaks
at 2 teta = 13.3750 (pasture within 12 and 15) based on the plot and XRD pattern.
According to earlier study, this peak reflects with intensity when amorphous compo-
nents like amorphous cellulose, hemicelluloses, pectin, lignin and rise in fibres and
become dirty in diffractograms. However, when natural fibres have a large percentage
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Fig. 3 Image of XRD analysis of 1wt% MWCNT composite

of crystalline cellulose, the peak reflected in diffractograms is clearly defined and
precise [2, 26].
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Table 2 Design of wear parameters and their levels

Specimen Wt. % of |Wt.% |Wt% Wt. % of | Wt. % of | Wt. % of Flax
Epoxy of of MWCNT | Banana Jute
Glass
Al,A2 & A3 |60 25 0,0.5 &1 15 - -
B1,B2&B3 |60 25 0,0.5 &1 - 15 -
CL,C2&C3 |60 25 0,0.5 &1 - - 15

2.2 Experimental Design

The experiments in the present investigation are meant to develop and analyse the
performance of glass-NFRCs in dry sliding wear, such as the SWR and COF, using
D-optimal design. Normal factorial, or fractional factorial, designs need many runs
for the resources or time available for the experiment, and the design space is limited
[27], leading to the use of D-optimal designs as an alternative to traditional designs.
Table 2 presents the design plan, which includes three numerical components with
three degrees of variation and one categorical factor with three levels of variation.

2.3 Experimental Procedure

Dry sliding wear testing for glass-NFRCs were carried out on the pin-on-disc machine
model [27]. The schematic arrangement of the overall experiment plan is presented in
Fig. 4. The glass-natural fiber reinforced composites were machined into a square pin
of size 8X8X10 mm. The pin is alleged fixed against the opposing 316 SS comprising
hardness HRC 65. The specimen was separated and dirt-free with acetone after
operating at a continuous fixed sliding distance. A digital balance with a minimum
count of 1 mg was used to calculate the weight reduction. The particular wear rate
is calculated using the calculation below (SWR).

Volumeloss Specifi ‘ Volumeloss 3N, 0
ecificwearrate = mm” [Nm
SlidingdistanceXLoad P SlidingdistanceXLoad

With software that comes with the equipment, the COF is measured immediately.
Table 3 shows the results of 28 experiments conducted using the D-optimal design.
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Fig. 4 Schematic layout of processing

3 Results and Discussion

3.1 Investigation of Extended Wear Models

Wear test has been executed with respect to the planned design matrix including
friction co-efficient and specific wear rate were deliberated. Design expert 7.0.0™
statistical software has opted for numerical analysis, quadratic model building, and
to examine the persuade to wear process parameters. The adequacies of formulated
wear data are explored using analysis of variance (ANOVA), and the implication in
the proposed models are assessed through F-test. The ANOVA details for SWR and
COF are shown in Tables 1 and 2, respectively.

The test for lack of fit and significance were used to assess the suitability of wear
models. It is observed from the tables that p < 0.05, indicating that the established
models are significant at 95% confidence level. Likewise, the multiple regression
coefficients for determination (R2) for SWR and COF are also found to be 0.986
and 0.998, respectively. The multiple regression co-efficient for generated models
approaches unity, indicating that the response model fits the actual data best and that
the difference between anticipated and actual data is minimal. The model F value
denotes that the models are substantial. Certain terms can be regarded as immaterial
terms based on the created models because their “Prob. > F.“ value is more than 0.05.
The basic expressions are preserved after the immaterial terms are removed using
the backwards elimination selection procedure. The quadratic models to predict COF
and SWR for composites reinforced with flax, jute and banana fiber are presented in
Tables 6 and 7.



346 T. Rajmohan et al.

Table 3 Experimental design and results of D-optimal design

Run | Sliding Speed |Load (Kg) | MWCNT (%) | Fiber Specific Wear | Coefficient of
(m/s) Rate friction
(mm3/Nm)
1 500 15 0 Flax 8.86E-05 0.207
2 500 5 0 Banana | 7.27E-05 0.123
3 500 15 1 Jute 5.06E-05 0.206
4 1000 7.5 0.75 Jute 3.11E-05 0.143
5 1000 15 0 Banana | 3.68E-05 0.168
6 500 10 1 Flax 3.73E-05 0.203
7 1500 10 1 Jute 3.23E-05 0.285
8 500 15 1 Jute 5.05E-05 0.199
9 1250 10 0.25 Jute 5.11E-05 0.105
10 1500 15 1 Banana | 1.24E-05 0.275
11 1500 5 0.5 Banana | 3.54E-05 0.031
12 1500 1 Flax 2.11E-05 0.227
13 1000 0.5 Flax 1.73E-05 0.134
14 500 15 1 Banana | 5.93E-05 0.233
15 1000 5 0 Jute 2.10E-05 0.188
16 1500 10 0 Flax 1.24E-05 0.102
17 500 10 0 Jute 8.70E-05 0.118
18 750 10 0.5 Banana | 6.75E-05 0.057
19 500 1 Jute 8.90E-07 0.165
20 1000 1 Banana | 3.16E-05 0.238
21 1000 1 Banana | 3.68E-05 0.235
22 1250 10 0.75 Flax 3.16E-05 0.107
23 500 10 1 Flax 2.49E-05 0.194
24 1500 10 0 Flax 1.69E-05 0.094
25 1000 15 0.5 Flax 5.88E-05 0.077
26 1500 15 1 Flax 2.91E-05 0.178
27 1500 15 0 Jute 7.86E-05 0.183
28 1000 15 0 Banana | 3.01E-05 0.175

The residuals’ normal probability graphs are shown in Fig. 5. The regression
model is acceptable and adequate indicated by the errors that are normally dispersed
from plotting the residuals for all responses over a straight line. This indicates that the
constructed second order quadratic models are acceptable in capturing the process.
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Table 4 ANOVA for Specific wear rate

Source Sum of df Mean F p-value
Squares Square Value Prob >F
Model 1.44E-08 17 8.45E-10 |42.9 < 0.0001 Significant
A-Sliding Speed | 2.74E-09 1 2.74E-09 139.3 < 0.0001
B-Load 1.88E-09 1 1.88E-09 | 95.5 <0.0001
C-MWCNT 1.59E-09 1 1.59E-09 80.6 <0.0001
D-Fibre 7.63E-10 |2 3.82E-10 19 0.0004
AB 1.66E-10 1 1.66E-10 8.4 0.0157
AC 1.39E-09 1 1.39E-09 | 70.6 <0.0001
AD 1.ISE-09 |2 5.74E-10 |29.2 < 0.0001
BC 4.66E-10 1 4.66E-10 | 23.6 0.0007
BD 2.11E-09 |2 1.05E-09 |53.5 <0.0001
CD 1.27E-09 |2 6.35E-10 | 32.29 < 0.0001
A2 6.31E-10 1 6.31E-10 32.11 0.0002
B™2 2.86E-12 1 2.86E-12 | 0.145 0.7107
cm2 9.45E-10 1 9.45E-10 | 48.09 <0.0001
Residual 1.97E-10 10 1.97E-11
Lack of Fit 7.36E-11 5 1.47E-11 0.599 0.7062 Not significant
Pure Error 1.23E-10 5 2.46E-11
Cor Total 1.46E-08 27

3.2 Effect of Tribological Parameters on Performances

3.2.1 Specific Wear Rate

In Fig. 6, a 2-D contour plot depicted the cause of load, sliding speed, and the
weight percent of MWCNT on SWR. Because of the polymeric coating generated
on the counter steel disc, the specific wear rate decreased at high wear parameter
settings [28]. This film structure transforms hard metallic material into soft polymeric
substance [1]. According to Friedrich et al. [29], increasing the applied load raises
the particular wear rate. The presence of the transfer layer is advantageous since
it reduces friction and wear through defensive shielding. The wear performance of
transfer layers is influenced by transfer layer cohesive bonds, layer thickness and
bond strength [28]. MWCNT build-up in the polymer matrix results in increased
wear resistance. MWCNT enhances the mechanical and thermal conductivity consid-
erably the NFRCs [1]. The wear resistance is increased when MWCNT crumble and
engender reaction goods which increases the bonding between the polymer film and
the steel disc [29].
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Table 5 ANOVA for coefficient of friction

Source Sum of df | Mean F p-value
squares square Value Prob >F
Model 0.111768 |17 |0.006575 387.3214 <0.0001 | Significant
A-Sliding Speed | 0.000157 |1 0.000157 9.245436 |0.0124
B-Load 0.001145 |1 0.001145 67.46933 <0.0001
C-MWCNT 0.02616 1 0.02616 1541.13 < 0.0001
D-Fibre 0.001822 |2 0.000911 53.65672 < 0.0001
AB 3.58E-05 |1 3.58E-05 2.107566 |0.1772
AC 0.00653 1 0.00653 384.7024 <0.0001
AD 0.013693 |2 0.006846 403.326 < 0.0001
BC 0.000192 |1 0.000192 11.32959 0.0072
BD 0.006024 |2 0.003012 177.4555 <0.0001
CD 0.004028 |2 0.002014 118.6528 < 0.0001
A2 0.003729 |1 0.003729 219.6987 < 0.0001
B™2 0.002466 |1 0.002466 145.275 <0.0001
c2 0.03702 1 0.03702 2180.926 < 0.0001
Residual 0.00017 10 | 1.7E-05
Lack of Fit 437E-05 |5 8.75E-06 0.347184 | 0.8648 Not significant
Pure Error 0.000126 |5 2.52E-05
Cor Total 0.111938 |27

3.2.2 Coefficient of Friction

In Fig. 7, the influence of weight % of MWCNT, load and sliding speed on COF
is displayed through a 2-D response surface plot. During increased sliding circum-
stances, the COF rises. As the stress increases, the contact asperities bend elastically
and plastically, increasing the true contact area [30]. This increment in the true contact
area as a result of asperity crumple which control friction coefficient [26]. Owing
to outstanding features like high aspect ratio, adding MWCNT to the epoxy reduces
the COF and improves wear resistance. It also improves thermal deterioration limit,
thermal conductivity and mechanical strength. It has also been demonstrated that
the inclusion of MWCNTs increases COF wear performance [31]. The rolling effect
of MWCNT and thermal insulation behaviour could be accredited to superior wear
resistance owing to well-distributed MWCNTs in the matrix [32]. Due to the creation
of a transfer layer on the counter face, the friction coefficient is constantly lowering.
Improved friction properties were reported even at greater loading as a result of the
improvement in the adhesion at the matrix—filler interface and the dissolution of
agglomeration [29].
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Fig. 6 Effect of wear parameters on specific wear rate as 2D contour plot

3.3 Effect of Natural Fibers on Performances

The effect of categorical factors on responses mainly frictional coefficient and specific
wear rate were presented in Fig. 8 and 9. The banana fibers show better performances
for all sliding conditions compared with other natural fibers. The superior perfor-
mance of banana fibres is attributable to high tensile modulus and strength low
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e
Load

Fig. 7 Effect of wear parameters on COF as 2D contour plot

elongation at break and low density [33]. The high cellulose content of banana fibre
composites resulted in low abrasive damage to processing equipment, that can be
accredited to the fibres’ soft nature [31].

After descending under various settings, SEM micrographs of the banana—glass
composite demonstrate that many fibres are still unaffected, without any separation or
fibre pull out, demonstrating that banana fibres have a high weight carrying capacity.
Furthermore, banana demonstrated a drop-in border temperature, which is attributed
to banana fibres’ ability to buckle effectively under adhesive descending settings,
reducing the influence of synthetic resin thermo-mechanical loading [31].

3.4 Multi-response Optimisation of Wear Parameters Using
Desirability Analysis

The RSM-based desire function approach is used in this study to optimise the
compound performance of wear parameters. The concurrent optimisation strategy
proposed by Derringer and Suich is one constructive way to compound response
optimization [34] The DESIGN-EXPERT® package is used to create the optimisa-
tion analysis. Table 7 shows the aim that was set, the lower and maximum limits that
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Fig. 8 Effect of categorical factors on response on specific wear rate

were used, the weights that were used, and the relevance of the criteria that were
given. Different optimum solutions are found using a desirability-based method-
ology. The solution with the highest level of attractiveness is selected. Table 8 shows
the best solution discovered for the Optimisation. Desirability is a scale based on the
closeness of response ranging between 0 and 1.

4 Confirmation Experiments

The generated models are validated through confirmation studies in addition to statis-
tical validation. Table 9 contains the details of the confirmation experiments. The
confirmation experiments are carried out twice, with mean being utilised in both
cases. The predicted values are pretty near to the findings of the investigation. Hence
the developed technique is fit to enhance the performance of hybrid natural fiber
reinforced nanocomposites.
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Fig. 9 Effect of categorical factors on response on co-efficient of friction
Table 8 Constraints used in desirability analysis
Name Goal Lower Upper Lower |Upper |Importance
Limit Limit Weight | Weight
Sliding Speed isinrange | 500 1500 1 1 3
Load isinrange |5 15 1 1 3
MWCNT isinrange |0 1 1 1 3
Fibre isinrange | Flax Banana 1 1 3
Specific Wear Rate minimize | 8.9E-07 |8.86E-05 |1 1 3
Coefficient of friction | minimize |0.031 0.285 1 1 3
Table 9 Results of desirability analysis
No |Sliding |Load | MWCNT | Fibre Specific | Coefficient | Desirability
Speed Wear of friction
Rate
1500 7.7 0.06 Banana | 6.82E-06 |0.050554 |0.927715 Selected
2 1500 7.75 1 0.06 Banana | 6.42E-06 |0.051709 |0.92769
1500 7.85 0.06 Banana | 6.76E-06 |0.050745 |0.92768
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Table 10 Confirmation Opii ..
. ptimal machining parameter
experiments and results
Prediction Experimental
Setting level Sliding speed = 1500
Load =7.7N
Wt. % MWCNT =
0.05
Fiber type = Banana
Specific wear rate 6.82E-06 7.161E-06
Coefficient of friction | 0.050554 0.053082

5 Wear Mechanism

SEM pictures of natural fibre reinforced composite specimens following wear testing
are shown in Fig. 10a—f.

Debonding is seen in all of the specimens in a significant amount. The specimens
also showed fibre fracture, fibre pull out, and matrix breakdown [35] SEM was used
to examine the effect of the wear mechanism on wear characteristics, as illustrated
in Fig. 11a, b.

A collection of polymer wreckage is known to cling to the steel disc’s surface and
get bonded to it. This indicates that wear over the composites’ surface occurred due
to adhesion, resulting in a dense and irregular film transfer over the Steel disc. The
incorporation of MWCNTs, on the other hand, could adequately diminish the bond
among the steel disc’s surface and composites [36].

6 Conclusion

The tribological behavior of MWCNT filled natural-glass fiber composites on specific
wear rate, and COF is evaluated using D-optimal design. The following are the key
findings of this investigation:

e The MWCNT-filled Natural fibers like banana, flax and jute were hybridised with
glass fiber using compression moulding technique, and the wear specimens have
prepared.

e The wear performances of natural fibre reinforced MWCNT-filled composites
were examined at various applied loads, speeds, and MWCNT weight percent
under dry sliding conditions.

e Using RSM-based D-optimal design, quadratic models were developed to analyse
the performances of natural fibre reinforced MWCNT-filled composites in dry
sliding wear. The created model’s appropriateness was tested using ANOVA.

e To optimise dry sliding wear characteristics of composites, RSM-based desir-
ability analysis is used. According to the optimisation results, a sliding speed of
1500 rpm, a load of 7.7 N, a weight percent of MWCNT of 0.06 percent, and a
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Fig. 10 SEM micrograph of the worn-out surfaces of nano composites
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Fig. 11 SEM micrograph of the counterpart surfaces

fibre type of banana is preferable to minimize the COF and specific wear rate of
composites under dry sliding conditions.

e Superior friction qualities were reported even at increased loading owing to
improved interfacial adhesion between the matrix and filler, agglomeration and
disintegration.

e The morphology of the worn surface was observed through SEM. The SEM
investigations revealed that all of the specimens have significant debonding. In
the specimens, fibre fracture, fibre pull out, and matrix breakage have all been
detected.

e MWCNTs significantly reduce adhesive wear, which was a benefit of generating
a thin transfer film, enhancing wear resistance and lowering the COF.

Symbols and Abbreviations

Natural Fiber Reinforced Composites NFRCs

Multiwalled carbon Nanotube MWCNT

Scanning Electron Microscope SEM

XRD X Ray Difraction
SWR Specific wear rate
COF Co Efficient of Friction
Analysis of variance ANOVA
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A Review on the Sustainability Prospects m
of Bio Fibre Reinforced Composite L
Materials

Ashwin Sailesh, K. Palanikumar, N. Mani, and A. Ponshanmugakumar

Abstract A biocomposite is a material composed of a matrix (resin) and natural fibre
reinforcement. Environmental concerns as well as the exorbitant costs of synthetic
fibres sparked the development of natural fibre reinforcement in polymer composite.
The concept of using green materials has become more popular over the last decade.
With heightened awareness of the importance of environmental preservation, sincere
efforts can indeed be cited all over the world in the search for biodegradable and
bio-based sources. Bio composites have the proclivity to absorb dampness via the
interface, matrix, reinforcement and the zones already adversely impacted by the
formation of pores, cracks and delamination of layers. Due to the positive uses of bio
fibre materials, many researchers have been obligated to investigate the potential use
of natural fibres as reinforcement in bio composites. Due to the mechanical qualities,
low density, environmental benefits, renewability, and commercial viability, cellu-
losic fibres are becoming increasingly tempting for the creation of bio-based products.
Natural fibre polymer composites have recently acquired popularity for a variety of
industrial applications due to the relatively low density and renewability. The main
key factors in the research and development of bio composites are the hazards of
synthetic fibres, recycling issues, and toxic by-products. Bio composites are envi-
ronmentally friendly, renewable, non-abrasive, and non-toxic, with characteristics
equivalent to synthetic fibre composites and used in a broad array of applications.
Due to the above-mentioned merits, developing nations are increasingly turning to
new green materials, including natural fibres, to help meet the demands of weight
reduction, environmental concerns, and customer satisfaction. Nevertheless, effec-
tively replacing green bio composites presents multiple barriers. The most daunting
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barrier in this field is the lack of data on the effectiveness of biocomposites charac-
terized by a wide range of constituents. This article outlines the challenges in the
development of bio composites towards sustainability.

Keywords Bio fibres - Bio composites * Sustainability - Natural fibre *
Biodegradability

1 Introduction

Owing to their eco-friendly and biodegradable nature, bio-composite materials have
received considerable attention. There is a greater emphasis on the need to miti-
gate global warming, ecological disruption and pollution. The research community
has been focusing primarily on developing sustainable and eco - friendly materials
that could really substitute non-renewable materials that endanger the environment.
Bio-composites are opening up new possibilities for addressing current environ-
mental concerns, lowering energy consumption, and lowering carbon residues. Bio-
composites are environmentally sustainable, biodegradable, renewable, non-toxic,
and possess low density property. These materials are being used in automobiles to
curb the weight and improve fuel savings Bio composites are being used in the fabri-
cation of exterior panels in passenger cars. Acoustic properties and crash resistance
are improved in parts made of bio-composite materials.

Bio-based materials are made from biological sources such as crop varieties,
flora, or other naturally derived resources. They are viable replacement for man-made
synthetic fibres [1]. Today’s researchers are concentrating their efforts on developing
novel materials that have a minimal environmental impact and might be used to
replace existing the composites, which cause damage to the environment [2]. Since
synthetic products pose major health hazards, natural fibres are the chosen material
for the fabrication of sustainable composites [3]. Inclusion of fillers to natural fibres
significantly enhances the properties of the material [4].

Demands from various sectors of industries, including the automobile, aircraft,
defence, and many others, are becoming more environmentally sensitive. There is an
increasing need to produce unique bio-based goods and other creative technologies
that can break the world’s reliance on fossil fuels [5]. A green economy is a significant
potential for improving the health and environmental conditions. A green economy
is defined by minimal carbon, and proper utilization of renewable sources of energy
[6, 7].

In today’s world, manufacturing is centred on sustainable and environment
composite materials. The term “sustainable composite material” refers to material
composed of a number of various components. Sustainability is an important task
in manufacturing, industrial and mechanical engineering. Sustainability is rapidly
becoming a worldwide concern, with a strong push for transition. Sustainability
leads to reduction of energy and other manufacturing requirement so as to reduce
the energy requirement which is the most significant parameter to be considered.
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Bio fibre reinforced composites material replaces the costly materials which are not
naturally available. The usage of natural fibre reinforced composites leads to environ-
mental protection which saves the mother earth. Now-a-days the fibre reinforced bio
polymer composite materials find applications in wide areas especially in automobile
sector the bio fibre usage increases day by day.

Sustainable Composites intends to address these issues by advancing the imple-
mentation of novel recycling techniques while also developing viable composites
made from bio materials such as agricultural wastes, maize, husks, and algae. To
satisfy our needs today without jeopardising the resources open for future gener-
ations, sustainability necessitates a harmony and forethought of socio economic,
and ecological factors. The sustainable natural bio composites pave the way for
improvement in manufacturing. Products manufactured from sustainable compos-
ites is a major boon for businesses. They boost their revenue because users are
conscious of the environmental risks associated with manufacturing processes based
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on non-green practices. Consumers really need to help the environment, and ecolog-
ical friendly composite sectors recognises the same. The sustainable composite sector
understands that they can use their composite material to strengthen their company’s
profitability as well.

The current work emphasises a substantial contribution in the field of bio fibre
composites. The sustainability of bio fibres has been addressed in detail and finally
the future scope of the bio fibre composites is explored in depth.

2 Significance of Bio Fibre Composites

The advent of ecologically friendly and sustainable natural fibre materials which are
available abundantly has raised global awareness of environmental challenges [8].
Natural fibre composite materials are made up of natural fibres and polymeric resin
that have been bonded together under ideal operating circumstances. A thorough
understanding of the characteristics of reinforcing fibre is required [9]. Reinforce-
ment of a natural fibre such as jute, kenaf, cotton, bamboo in a polymeric matrix base
is an excellent replacement for the composite material made of man-made synthetic
fibres [10]. Natural fibre or the bio fibre composites have improved corrosion resis-
tance, are easier to manufacture, are environmentally benign, and the reinforcing bio
fibres needed for the fabrication of natural fibre composites are abundantly available
[11].

Natural fibre reinforced composites have the ability to augment the mechanical
and physical properties of composites, making them ideal for a wide variety of
possible applications. Due to superior fibre starch interactions, composites consisting
of starch and cellulose fibres have improved mechanical properties [12]. According
to research reports, the production of natural fibre composite material consumes less
amount of energy when compared to the energy consumed while fabricating synthetic
fibre composite materials. Natural fibres possess the benefit of being compact and
lightweight, non-abrasive, non-irritating, non-toxic, disposable, and eco-friendly
[13].

Bio fibres have a hollow inner structure arrangement composed of plant proteins.
Often these natural fibres possess high mechanical characteristics, however they
are relatively low when compared to man-made fibres. Bio fibres exhibits more
strength and stiffness. Which are considerable, and they are feasible since they are
widely available, affordable, and entirely biodegradable without causing environ-
mental harm. All of these advantageous qualities make bio fibres prominent amongst
research groups in order to expand their applicability [14, 15]. Table 1 throws light
on the mechanical properties of the some of the important natural fibres. Other
significant qualities of natural fibre are shown in Fig. 2.
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Table 1 Mechanical Characteristics of potential natural fibres [16-21]

Natural fibre or Bio fibre | Specific Strength | Ultimate Strength in | Young’s Modulus (MPa)
tension (MPa)

Jute 364.3 393-773 26.5
Coir 494.1 593 04-Jun
Kenaf 185.8 223 15
Hemp - 389 35
Bamboo 2.63 1.79 12.02
Flax - 344 27
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Fig. 2 Significant qualities of bio fibre

3 Application of Bio Fibre Composite Materials

Bio fibre or natural fibre composite materials are used in a variety of applications
due to their promising features. The efficiency of natural fibre composites is directly
linked to the number of fibres, their length, shape, and organisation of the fibres, as
well as their interfacial adhesion with the matrix [22]. An example of a guitar boards
manufactured by the use of natural fibre composite material is shown in Fig. 3 and
an example of automotive panels is shown in Fig. 4.
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Fig. 4 Application of bio fibre composite materials in automobile sector

The automotive industry is now the most popular use for natural fibre compos-
ites. A lot of researchers have contributed to the understanding of the uses of bio
composites in automobiles through their diverse studies [23—28]. The light weight of
the resulting autos and the simplicity with which materials may be recycled are the
most compelling reasons for using natural fibre composites in automobiles [29]. Bio
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fibres are an excellent reinforcing material for a wide range of automotive compo-
nents. Door covers, seatback linings, and floor panels, for example, are made of flax,
sisal, and hemp [30]. Seat bases, back jackets, and head ties are made of coconut
fibres, while automotive parts that need to be soundproofed are made of cotton fibres.
The seat backs and car panels are also made of wood fibres and textiles.

By including natural fibres in resin fibre composites the cost of the manufacturing
may be reduced. The fabricated natural fibre reinforced composites are also low
cost, light in weight, environmental friendly and having zero health implications. As
a result, natural fibre composites have a wide range of uses in the home appliance
industry. [31].

Natural fibre composite materials play a vital role in energy sector. The usage
of natural fibre composites enhances the efficiency of power generation to a greater
extent. Bamboo fibre for instance is a potential candidate in the wind power gener-
ation. Due to low density of bamboo fibres, it is used in the manufacture of wind
turbine blades and the usage of bamboo fibres are appreciated in meeting the raise
in the energy demand [32].

The production of materials used for packaging purpose is yet another new appli-
cation domain for naturally available fibre composites. The bulk resins used in pack-
aging are prepared by using expensive biodegradable polymers. Natural fibres added
to degradable resins can lower material costs while enhancing strength, stiffness,
and thermal deformation without compromising degradability. As a result, usage of
natural fibres in the fabrication of materials in packaging purpose has substantial
advantages. Natural fibre composites are currently mostly employed in packaging
for disposable items [33]. Banana fibres are being used to make cosmetic boxes
and lunch boxes for food packaging. These composites are particularly popular for
packing because of their superior mechanical and thermal performance [34].

Due to the sheer excellent sound throughput of natural fibres, they are widely
used for percussion instruments. Neck stiffeners and top plates are two examples
of lightweight components. They have an advantage because of their substance.
Another advantage of natural fibre composite materials is the quick manufacturing
time and high sustainability. Flax seed fibres are now commonly employed in the
manufacture of speakers [35]. Natural fibre composite materials or the bio fibre
reinforced composite materials are used in the manufacture of guitar boards which
are conventionally manufactured by using wood. When compared to standard wood
boards, the boards produced by using bio fibre composite materials demonstrates
better temperature and humidity resistance as well as satisfactory acoustic properties
[36].
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4 Sustainability of Bio Fibre Reinforced Composite
Materials

The pervasive ecological awareness of product quality has resulted in substantial
improvements in product design with many eco-friendly items. Amongst the opti-
mistic approaches in addressing the needs is to employ natural fibre reinforced
composites and filler materials in polymer composite construction to lessen the
reliance on synthetic fibres. The manufacture of bio fibre-based polymer composites
has expanded drastically over the years [37]. Composite materials fabricated by using
bio fibres as reinforcement are becoming more popular, particularly when compared
to synthetic composites [38, 39]. Other pros of using natural fibre or the bio fibre
reinforced composites, especially in automotive sectors includes enhanced physical
property and thermal stability, enhanced acoustical insulation, and carbon-di-oxide
balancing due to the utilization of greenhouse gases during plant cultivation [40].

The automobile sector has undertaken the challenge of application of green
composites in order to obtain superior environmental results, reduced energy
consumption, and thus the development of cleaner manufacturing techniques and
completely reusable materials through the proper disposal stage. The virtue of recy-
clability also allows the natural fibre compositeto build an ecological marketing
approach [41]. Life cycle assessment (LCA) has recently become one of the most
prominent approaches for analysing and measuring the environmental effect of
commodities, services, over their entire existence. LCA is becoming recognised as
one of the most important aspects in sustainable development, particularly in public
and corporate decision-making process [42].

A thorough knowledge on the sustainability of natural fibre composite materials
or the bio fibre reinforced composite materials is crucial. Sustainability relates to the
reliability of the composite materials fabricated by using bio fibres as reinforcing
material. With regard to environmental sustainability, green composites or the bio
composite materials plays a crucial role. Replacement of hazardous synthetic fibres
is the need of the hour and bio fibres are the best candidate for the replacement
of the same. Bio fibres can be blended with man-made biodegradable materials to
form bio composite materials with improved ecological benefits such as biodegrad-
ability, parent material renewability, and reduced greenhouse gas emissions. These
are the most important considerations for natural fibre composite materials’ long-
term viability. Degradation has a number of advantages, including the disposal of
hazardous plastic waste and the reduction of waste management expenses because
the garbage produced as a by-product is biodegradable in nature. [43].

Increasingly efficient and environmentally suitable composites with improved
sustainability encounter obstacles in wide-scale deployment. Plastic and reinforce-
ment sustainability is a complicated process that is governed by factors such as
feedstock type, energy input during manufacturing, durability, health effects, and
recycling or disposal [44]. For the long-term use of bio fibre composite materials, a
uniform protocol for the efficient use of bioresources is necessary. The durability of
any bio fibre reinforced composite material intended to replace traditional synthetic
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composite materials is a vital process. Bio fibre composite applications in Automo-
bile components, infrastructure applications must provide the necessary effective life
and superior robustness to accomplish viability. The usage of bioplastics and recy-
clable materials for sustainable composite applications involves significant scientific
obstacles. It is critical to design and construct new classes of bio fibre composite
materials that can withstand a wide range of external conditions. The distinction
between biodegradable and non-biodegradable composites is equally crucial in terms
of applicability [45].

Composite deterioration results from the breakdown of composite materials as
well as the loss of mechanical characteristics. The degradation of natural fibre rein-
forced composites in the external environment is caused by moisture present in the
atmosphere, rise in the ambient temperature, and Ultra Violet radiations. The degra-
dation of the fibre is caused by the disintegration of plant proteins. This can degrade
the interface between the fibres and the matrix. As a result, the mechanical char-
acteristics of composites are reduced. This is a pivotal point which can affect the
sustainability of the natural fibre reinforced composite material [46].

The bonding between the matrix and reinforcement, matrix and alteration of
fibre structure due to chemical treatment of bio fibres, hybrid strategy, and desired
processing approach are all significant elements in producing efficient bio composites
for specific end-use applications. An underlying problem across the broad range of
matrix and fibre/filler systems is hybrid synergistic assembly for better compatibility.
Since bio fibres are hydrophilic, they have a low compatibility with hydrophobic
polymer matrices. This is a serious concern with regard to the sustainability of
composite materials fabricated using bio fibres [47].

The disintegration of individual elements in composite materials occurs as a result
of the biodegradability of Natural Fibre Reinforced Composite Materials. Biodegrad-
ability, recyclability, and sustainability can all have a substantial impact on both the
future and current climate. Sustainable and green materials are gaining popularity
around the world as a result of the constant increasing of regulations and legislations
against dangerous materials [48-52].

Natural Fibre Reinforced Composites are commonly alluded to as sustainable
materials because the majority of the materials used in the fabrication are derived
from living plants. Industries using natural fibre composite materials for fabrication
of products are gaining more profits which indicates a positive sign for the sustain-
ability of composite materials fabricated using natural fibres [53]. The sustainability
gains of composite materials over conventional structures in aeroplanes have been
demonstrated and examined in several life cycle assessment-based studies. The incin-
eration of natural fibre composites results in excellent carbon credits and a lesser risk
to the environment [54].

Sustainability of natural fibre reinforced composite materials can be enhanced
by following a suitable hybridization scheme during the fabrication of natural fibre
reinforced composite materials. Hybridization is a process of reinforcing two or
more fibres in the matrix phase. Interlaminate and Intralaminate hybridization are
the two most common types of hybridization. Interlaminate, or overlay, is created by
layering layers of different strands. In contrast, intralaminates have the two filaments
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Table 2 Hybridization Scheme for optimum sustainability [60—64]
Natural fibre | Synthetic fibre | Benefits yielded

Jute Glass Jute fibres were used to provide the best mechanical qualities
Sisal Glass By adding sisal fibres, a high tensile strength was attained
Banana Glass When combined with glass fibre, banana fibre demonstrated the

highest flexural strength. This natural fibre reinforced composite
materials have found application in the manufacture if sports
equipment

Jute Carbon The amount of jute fibre in carbon/jute hybrid composites
increases impact and flexural strength

entrapped within a single layer [55]. Hybridization with synthetic fibre laminates
can yield natural fibre composite materials with improved moisture retention and
worthier mechanical characteristics [56-59]. Table 2 shows the optimized scheme
of hybridization for enhancing the sustainability of bio fibre reinforced composite
materials.

5 Conclusion

Full degradation of modern materials is essential to lessen the harmful effects of
advanced materials on the environment, which is both difficult and time consuming.
Researchers should look for materials that are fully incendiary or recyclable for
this purpose on a regular basis. Since synthetic fibre-based materials pollute the
environment, natural fibre reinforced composite materials are a potential alterna-
tive to man-made fibres with a wide range of applications. Some of the significant
conclusions can be drawn from the extensive review made is postulated below.

1. Since the green economy is crucial in sustaining an ecologically responsible
environment, industries are gravitating towards composite material fabricated
by using bio fibres as an alternative to composite materials made of man-made
fibres.

2. Recycling is a critical component of trash reduction in order to reduce
environmental contamination.

3. Natural fibre composite materials are employed in a variety of industries,
including automobiles, aerospace, military, and other biomedical applica-
tions, owing to their physical property, cost effectiveness, reusability, and
biodegradability.

4. Life cycle assessment is acknowledged as a key environmental management
aspect, notably for industry and government decision-making.

5. Life cycle assessment play a crucial role in determining the sustainability and
reliability of natural fibre reinforced composite materials.
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6. Extensive research on the sustainability implications of natural fibre reinforced
composites are required.

7. In the long term, bio fibres will be one of the sustainable and eco- friendly
competent, capable of replacing man-made synthetic fibres in a wide range of
applications.

6 Future Prospects of Natural Fibre Reinforced Composite
Materials

According to the preceding discussion, the usage of natural fibre reinforced composite
material in engineering applications is warranted due to their mechanical strength
which are in par with the synthetic fibres and reduced ecological consequences.
However, regulating and increasing the mechanical characteristics of bio fibre rein-
forced composite materials presents significant hurdles. Further investigation from
the scientific community is also essential to promote and encourage the use of innova-
tive natural fibre as well as novel chemical approaches in the advancement of natural
fibre reinforced composite materials. Finally, we may conclude that the development
of bio fibre reinforced composite material is rapidly progressing and it is envisioned
as a future sustainable material for developing applications.

Further research is required to confront impediments such as dampness in outdoor
applications. Thermal stability, humidity, and Ultra Violet radiation, in particular, all
have an effect on the service life of natural fibre reinforced composite materials.
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