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Abstract

Traditional materials like metals, ceramics, and polymers cannot provide the unique combination of

qualities needed to match advancements in modern technologies, leading to a focus on composites.

Due to environmental concerns and the disadvantages of synthetic fibers, research is increasingly

focused on natural fibers to develop sustainable, biodegradable composites that are suitable for

automotive, aerospace, and construction because of their excellent strength-to-weight ratio. Using

bamboo-based biocomposites as an example of eco-friendly and sustainable material development,

the present study focused on designing and developing eco-friendly and sustainable biomaterials.

This study investigates the physical, mechanical, structural, and thermal properties of Bambusa

tulda fiber and its reinforced green composites. Initial investigations were conducted on fibers ex-

tracted from the inner, middle, and outer parts of bamboo culms, evaluating their physical, chemi-

cal, mechanical, and thermal properties. Physical and tensile properties of the fibers were analyzed

using Weibull’s statistical approach. The investigation revealed that technical fibers extracted from

the outer part (external technical fibers) of the bamboo culm had higher cellulose content (58.13

± 3.51%), higher crystallinity index (60.142%), greater tensile strength (365.014 ± 50.441 MPa),

modulus (14.098 ± 1.763 GPa), lower moisture absorption capacity, and higher thermal stability

than fibers from the middle and inner parts of the bamboo. The extracted external technical fibers

were then chemically treated with different concentrations of sodium hydroxide (NaOH). Various

characterization processes were used to examine the effects of chemical treatment. Single-fiber

tensile testing, fiber pull-out testing, X-ray diffraction (XRD), Fourier transform infrared spec-

troscopy (FTIR), thermogravimetric analysis (TGA), and atomic force microscopy were performed

to examine the impact of these treatments. The investigation found that fibers treated with 6%

NaOH exhibited a tensile strength of 526.452 ± 17.509 MPa and a tensile modulus of 24.055 GPa,

viii
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both higher than those of untreated fibers. These treated fibers also had higher cellulose content

and greater surface roughness, which improved interfacial interaction with the polymer matrix.

Furthermore, green composite samples were fabricated with various fiber weight fractions (10%,

20%, 30%, and 40%). As compared to untreated fiber composites, 30% fiber-loaded composites

exhibited maximum tensile strength, tensile modulus, and flexural strength of 94.56 ± 5.56 MPa,

5.11 ± 0.266 GPa, and 97.8 ± 5.11 MPa, respectively. The effect of chemical treatments on the

mechanical properties of biocomposites was investigated using composites with a 30% fiber weight

fraction and different NaOH treatments. Composites with 30% fiber weight fraction, 6% NaOH

treatment showed better tensile strength (132.916 MPa), tensile modulus (6.983 GPa), flexural

strength (154.8 MPa), modulus (8.243 GPa), and impact strength (44.06 kJ/m2), with reduced

moisture absorption compared to untreated fiber reinfored composites. Additionally, the effect of

different polymer matrices on the thermo-mechanical and physical properties of the composites

were analyzed. The best material among the developed composites was selected using a multi-

criteria decision-making (MCDM) technique, VIKOR. Bamboo microparticles and bamboo fibers

were hybridized to produce bamboo fiber-reinforced biocomposites to improve their properties, and

their thermomechanical properties were analyzed. The developed hybrid composites showed a max-

imum tensile strength of 163.17 ± 6.44 MPa, a flexural strength of 144.26 ± 4.44 MPa, and an

impact strength of 64.52±5.97 kJ/m2. These values are higher than those for non-hybrid compos-

ites by 12.72%, 19.79%, and 12.07%, respectively. These findings highlight the potential of these

developed composites for advanced structural engineering applications across various industries,

including automotive, aerospace, packaging, electronics, sports, medical devices, and construction.

Keywords: Natural Fiber, Bamboo Fiber, Bio-composite, Green Composite, Sustainable Material,

Mechanical Properties.
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INTRODUCTION

1.1 PREFACE

Alternative environmentally friendly materials, like natural fiber composites, have gained pop-

ularity as a result of global concern over fossil fuel depletion, plastic waste, and the increasing

carbon footprints of products. Petrochemicals derived from fossil fuels are used in the manufacture

of most plastics [1]. In 2021, global plastic consumption was valued at USD 568.9 billion and is

expected to grow annually by 3.2% for the next seven years [2]. Even though plastics are inexpen-

sive and have desirable long-lasting properties, they accumulate as waste in landfills and oceans

after they reach the end of their useful lives. Environment scientists predict that by 2050, there

will be approximately 12,000 million tons of plastic waste in landfills worldwide. It is estimated

that 400 million tons of plastic waste are generated annually, almost half of which comes from

packaging. Approximately 150 million tons of the 400 million tons end up in oceans around the

world [3]. There is a possibility that marine organisms can consume these microplastics, which

may contaminate the food supply. It is evident from the discussion above that petroleum-based

plastics and synthetic materials are harmful to the environment when used to develop polymeric

materials or polymer composites [4]. It is therefore imperative to use sustainable materials that

are renewable, biodegradable and eco-friendly. This has led to the development of environmentally

compatible solutions, such as biocomposites [5]. Biocomposites have excellent properties like- re-

cyclability, biodegradability, strength, lightweight and cost efficiency, making them an attractive

research area. Generally, biocomposites are made of bio-based polymers and natural fibers, which

are derived from renewable natural resources, and can be used to replace traditional non-renewable
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plastics [6]. During the forecast period of 2017-2023, bio-based composites demand is expected to

grow at a compound annual growth rate (CARG) of 11.2%. According to this data, the global

biocomposites industry is expected to have a large market [7].

Natural fibers, such as banana, jute, coir, bamboo, hemp, pineapple leaf, flax, kenaf, ramie,

and sisal, are extracted from different parts of plants—stems, seeds, leaves, or agricultural wastes

[8]. These fibers serve as highly effective reinforcements in biobased thermoset or thermoplastic

polymer matrices. Bamboo fiber, in particular, offers numerous advantages over other plant fibers,

including higher mechanical strength, stiffness, rapid growth rate, and high absorption of atmo-

spheric carbon dioxide. In comparison to other natural fibers, bamboo fiber has a lower density

[9]. Bamboo, with its significantly faster growth rate compared to other wood types and natural

fibers, can reach maturity within three years of being planted. This rapid growth enables the mass

production of bamboo-based biocomposites with reduced impact on biodiversity. Such a charac-

teristic allows bamboo-based biocomposites to exhibit superior specific properties. The bamboo

family comprises more than 1000 species and 70 genera, all of which can naturally thrive in various

climates, particularly in Asia and South America [10]. Each bamboo species possesses a distinct

composition, leading to variations in thermo-mechanical properties [11]. Therefore, it is crucial to

analyze different bamboo species separately. One notably abundant bamboo in the northeastern

part of India, especially in the Assam region, is Bambusa tulda.

The primary focus of the present thesis is on the design and development of biocomposites

using bamboo from North-East India (Bambusa tulda), specifically tailored for various structural

applications with a concurrent emphasis on mitigating adverse effects on the ecosystem.The present

thesis includes: (a) classified extraction of bamboo fiber from Bambusa tulda and investigation

of their potential for reinforcing biocomposites, (b) alkalization of extracted bamboo fiber with

different NaOH concentrations, (c) development of bamboo-based biocomposites with different

weight fractions of fiber and with both treated and untreated fiber, (d) investigation of the effect of

different epoxy matrices on the properties of bio and green composites, their suitable application for

automobile interior application and (e) hybridization of bamboo-based biocomposites with bamboo

micro particles and their futuristic structural engineering applications.

2TH-3447_196103002



NATURAL FIBER

1.2 NATURAL FIBER

Natural fibers are formed through geological processes or extracted from the bodies of plants

or animals. Example of some natural fiber is- pineapple leaf fiber, hemp, flax, sisal, jute, kenaf,

bamboo etc [12]. These fibers find applications as components in composite materials, influencing

the properties through the orientation of the fibers. Additionally, natural fibers can be consolidated

into sheets to produce paper or felt. Emergent ecological attentiveness throughout the world has

elicited a paradigm shift towards designing materials well-suited with the environment. These

environmental apprehensions have forced governments and private organizations to invest millions

of dollars in the research and development of the use of natural cellulosic fibres as a viable alternative

to synthetic fiber based polymer composites and to produce environmentally gentle composite

materials [13]. Properties such as light weight, cost, availability and environmental friendliness

make these fibers perfect replacement to conventional or synthetic fibers. The main constituents

of natural fibers are cellulose, hemicellulose, lignin, pectin and wax [14].

Cellulose: Cellulose is the basic framework constituent of all natural fibers. The natural polymer

cellulose composed of carbon, hydrogen and oxygen which by degrading process produce glucose.

All the glucose units in cellulose molecules linked by long chains. Cellulose’s crystallinity controls

the properties of fibers which is determined by hydrogen bonding in it. The properties like strength,

stiffness and stability is provided by this component [15].

Hemicelluloses: These are polysaccharides which are relatively short and are bonded together in

the form of chains. Cellulose micro fibrils are firmly associated with hemicelluloses and embedded

the cellulose in a matrix. Hemicellulose generally contains glucose, glucuronic acid, mannose, xylose

etc. and it causes absorption of moisture, thermal degradation and biodegradation of the fiber.

The nature of hemicellulose is hydrophilic and their molecular weight is comparatively lower than

that of cellulose [16].

Lignin: It is a hydrocarbon polymer and it adds rigidity to the fiber. Non-reversible elimination

of water from sugar causes the formation of lignin. UV degradation in plants can be eliminated

by controlling lignin content. Chemical adhesiveness within the fibers is not possible without the
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presence of lignin [17].

Pectin: Presence of pectin adds flexibility to plants it contains heteropolysaccharides. Major

quantity of pectin is present in bast fibers. Strength of a fiber mainly depends on pectin content

within the fiber.

Wax: The plant waxes are combinations of long chains of aliphatic hydrocarbons. The ingredients

it contains are ketones, fatty acids, aldehydes, primary and secondary alcohols [18].

Now a days natural fibers are used in numerous applications. Fig. 1.1 represents the various

application of the natural fiber [19].

Fig. 1.1: Different applications of natural fibers [38].

1.3 FEATURE OF BAMBOO AND BAMBOO FIBER

Bamboo is a hollow culm belonging to the grass family. Being a perennial plant, it can grow up

to 40 m in a torrential rain climatic condition. It has two different areas called nodes and internodes
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along the length. The distance between nodes varies depends on the bamboo species [20]. Among

natural fiber plants, bamboo has attracted considerable attention in recent years as a sustainable

structural material for different applications (building construction, housing, flooring, alternative

fillers, automotive, and furniture) [21] because it has low density, good mechanical properties,

and low cost. In very recently it has been reported that curtains made from bamboo can absorb

electromagnetic radiation (like- X-ray, infrared etc.) of various wavelengths. This thing helps to

reduce the harmfulness of electromagnetic radiation to the human body [22].

The bamboo is growing in various countries of the world. More than 1450 species of bamboo com-

ing from 70 different genera can be found in different climatic zones - from cold mountains to warm

tropical regions. The bamboo growing region has been divided into different region accordingly:

Asia-Pacific bamboo region, European and North American bamboo region and African bamboo

region. Among these, the Asia-pacific is the largest bamboo growing region in terms of bamboo

production and bamboo variation in the world. About 65% of the world bamboo production is

produced by this region. In the other hand, American and African region only has 28% and 7%

part of the total production [23]. In Asia, the large area of bamboo production has been occupied

by six major counties. They are- India, China, Japan, Korea, Vietnam, Malaysia and others. The

huge awareness of bamboo plantation in China has increased the global bamboo population by

30%. The below Table 1.1 [24] show the different countries of the bamboo region.

Table 1.1: Bamboo region along with the counties [22].

Sl. No. Bamboo regions Countries

1. Asia-Pacific region India, China, Korea, Japan, Vietnam, Malaysia,

Bangladesh, Sri Lanka, Thailand and Australia.

2. American region Columbia, Brazil, Mexico, Costa Rica

and some European counties.

3. African region Mozambique and Eastern Sudan.

Bamboo fiber is a natural fiber extracted from bamboo plants. It is a sustainable and eco-friendly
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material known for its versatility and various applications. The process of obtaining bamboo fiber

involves harvesting bamboo, breaking it down into pulp, and then mechanically or chemically

processing it to create the fibers. Here are some key characteristics and uses of bamboo fiber:

Sustainability: Bamboo is a rapidly renewable resource, making bamboo fiber an eco-friendly

alternative to traditional fibers [25].

Biodegradability: Bamboo fibers are biodegradable, contributing to environmentally friendly

end-of-life disposal.

High growth rate: The growth rate of bamboo is very high. Sime bamboo species can grow

90cm/day. Moreover, where wood takes about ten years to reach its maturity, bamboo matures in

just 6-8 months [10].

Low carbon footprint: Due to small harvesting cycle and rapid growth rate of bamboo it has

low carbon footprint.

Superior mechanical properties: Bamboo fiber, with its relatively higher cellulose content,

exhibits superior thermo-mechanical properties compared to other natural fibers [26].

Softness: Bamboo fibers are soft and smooth, providing a comfortable and gentle feel against the

skin.

Breathability: Bamboo has natural moisture-wicking and breathable properties, making bamboo

fiber garments suitable for warm weather [27].

Antibacterial: Bamboo has natural antibacterial properties, reducing the growth of bacteria on

the fiber [28].

The percentage compositions of bamboo fibers vary based on factors such as bamboo age, region,

and environmental conditions. Consequently, the percentages of cellulose, lignin, hemicellulose,

and ash in bamboo fibers differ. Notably, approximately 90% of bamboo’s total weight consists

of fibers, while the remaining 10% comprises tannins, pigments, ash, fat, protein, and pectin [29].

These components are situated in the cell cavity of specialized organelles and play crucial roles in

bamboo’s physiological activity.
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1.4 BAMBOO ANATOMY

Bamboo is a prominent member of the grass family Poaceae. Its culm (or stem), as illustrated in

Fig. 1.2, is cylindrical, hollow, and divided into nodes and internodes. At the nodes, a diaphragm

(septa) forms, dividing the culm transversely. The primary mechanical function of the septa is to

prevent Brazier buckling, which is initiated by ovalization of the cross-section during bending [30].

Unlike wood, bamboo does not exhibit secondary growth, which restricts geometric adaptation and

increases the need for structural optimization at the material level [31]. For a physics-based predic-

tion of the mechanical behavior of bamboo material, its characterization in terms of its multiscale

hierarchical composition is a key prerequisite for micromechanics modeling. Fig. 1.3, adapted from

a recent manuscript by Wegst et al. [32] , illustrates the typical hierarchical organization of bamboo

culm material. Each hierarchical scale can be characterized by suitable microimaging technologies.

Fig. 1.2: Macroscale anatomy of a bamboo culm [28].
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In the following, a brief description of the heterogeneous microstructures found at each hier-

archical scale is provided, illustrated with corresponding imaging data taken from the literature.

Additionally, the selection of the elastic and failure properties of the base materials—cellulose,

hemicellulose, and lignin—stemming from mechanisms at the nano- and atomic scale is explained.

1.4.1 Macroscale: Cross Section

The macroscopic observation level corresponds to a length scale ranging from centimetres to

several millimetres. At this scale, the bamboo cross-section is characterized by vascular bundle

tissues, with their main axis aligned parallel to the longitudinal direction of the stem. These

bundles are embedded in a matrix composed of parenchyma tissue. As illustrated in Fig. 1.2, the

density of vascular bundles increases radially across the circular cross-section. This distribution

of bundles can be quantified using scanning electron microscopy (SEM). Fig. 1.4 (b) shows a

representative micro image that illustrates the radial grading of vascular bundles, as provided by

Mannan et al. [33].

Fig. 1.3: Hierarchical structure of bamboo and its micromechanical representation [30].

1.4.2 Mesoscale: Functional Regions

A vascular bundle has a diameter of approximately 100 µm. It consists of xylem and phloem

tissues surrounded by a sclerenchyma fiber sheath. Xylems and phloems are responsible for the
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transportation of nutrients and water within the plant. Support is provided to the xylem and

phloem vessels by sclerenchyma fibers. The volumetric contribution and morphology of fibers and

vessels in vascular bundles can be determined from SEM images at a suitable scale. An example of

a SEM image is shown in Fig. 1.4 (b), provided by Dixon and Gibson [34]. The sclerenchyma cells

in the fibers are long hollow tubes oriented in the stem direction, with a characteristic length scale

on the order of 10–20 µm. These cells have thick cell walls surrounding lumens with polygonal

or circular cross sections. The thickness of the cell walls in the sclerenchyma cells varies radially

across the cross-section. These characteristics of the sclerenchyma fibers can be quantified using

SEM images, such as those in Fig. 1.5 (a) and (b) provided by Dixon and Gibson [34].

Fig. 1.4: SEM images depicting the radial gradation within the bamboo cross section and the
typical structure of a vascular bundle [31].

The parenchyma cells form the base of the stem cross-section and exhibit polyhedral geome-

try. They consist of thin cell walls filled with living protoplasm that contains water and various

molecules. The typical length scale of parenchyma cells is 5–10 µm [35]. Fig. 1.6 (a) and (b) show

SEM images of transverse and longitudinal cuts through parenchyma tissue taken by Mannan et

al. [33]. The morphology and volume fractions of different phases in all mesoscale regions can be

determined using these images.

1.4.3 Microscale: Cell Walls and Their Components

The cell wall material corresponds to an observation scale of 100–300 nm. Both the parenchyma

and sclerenchyma cells are composed of cellulose fibers embedded in a non-cellulosic matrix of
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Fig. 1.5: SEM images showing thick cell and long sclerenchyma fibers surrounded by parenchyma
matrix tissue [32].

Fig. 1.6: SEM images showing the internal structure of parenchyma cells [33].

hemicellulose and lignin. In the cell wall material, cellulose fibrils are helically wound with an

average microfibril angle (MFA) to the cell axis, denoted by θ. Fig. 1.7 (a) presents micro-images of

cell walls of parenchyma produced via ultraviolet (UV) microscopy by Suzuki and Itoh [36], where

the color intensity reflects the lignin concentration in the cell wall region. Fig. 1.7 (b) depicts

transmission electron microscopy (TEM) images showing the multi-layered cell wall structure in a

matured sclerenchyma fiber, from a paper by Gritsch and Murphy [37]. The cell wall structures in

the different regions can be characterized using these images. The non-cellulosic host matrix for

cellulose microfibrils is primarily composed of hemicellulose and lignin. The typical length scale of
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the hemicellulose-lignin matrix is 8–20 nm. Lignin and hemicellulose also serve as hydrophilic sites

within the cell wall material, and their properties depend on moisture content [38, 39].

Fig. 1.7: Cell wall characterization: (a) Cell wall in parenchyma region observed with UV mi-
croscopy reported by Suzuki and Itoh [36]. (b) TEM image of layered cell wall in matured scle-
renchyma fibers [37].

1.5 EXTRACTION OF BAMBOO FIBER

While bamboo fibers are sourced from bamboo trees, their extraction methods lead to two catego-

rizations based on processes [40]: (a) Original bamboo fiber, directly obtained through mechanical

and physical means without any chemical additives. This variant is often referred to as ”Original,”

”Pure bamboo,” or ”Natural bamboo.” (b) Bamboo pulp fiber, also known as bamboo viscose fiber

or regenerated cellulose bamboo fiber, involves the extraction of bamboo fibers with the assistance

of chemical additives.

The extraction of bamboo fibers involves two main processes—mechanical and chemical pro-

cessing. Both processes start with bamboo strips splitting, and the choice between mechanical or

chemical methods depends on the intended usage and the stress the bamboo fibers will endure. The

chemical process entails alkali hydrolysis (NaOH) to yield cellulose fibers, followed by multi-phase

bleaching through the passage of alkali-treated cellulose fibers with carbon disulfide. This chemical

method is favored by many manufacturers due to its efficiency and shorter duration [41].

In contrast, the mechanical process involves treating initially crushed bamboo with enzymes,

resulting in the formation of a spongy mass. The individual fibers are then obtained with the
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assistance of a mechanical comb. Despite being less cost-effective compared to the chemical process,

this method is more environmentally friendly [42]. The extraction of fibers can be conveniently

categorized into rough or fine bamboo based on the preparation technique [43]. Rough bamboo

fibers undergo preparation through cutting, boiling, and separation, followed by fermenting the

bamboo with enzymes. On the other hand, fine bamboo involves boiling, fermenting with enzymes,

washing, bleaching through acid treatment, and finally soaking in oil, followed by air-drying. The

outlined procedures are depicted in Fig. 1.8 [44]. An inherent advantage of the mechanical process

for fiber extraction over the chemical process lies in the superior environmental characteristics of

the extracted fiber .

Fig. 1.8: Extraction of rough and fine bamboo fiber [42].

1.5.1 Mechanical Extraction Technique

This approach encompasses various processes, including steam explosion, retting, crushing, grind-

ing, and milling bamboo to extract fibers tailored for specific applications, particularly in composite

reinforcements.
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Steam explosion method: Steam explosion, a low-energy consumption process initiated in 1962,

is employed to separate bamboo plant cell walls and produce pulp, primarily serving the pulp

industry. Although effective in isolating lignin from the plant’s surface, this method yields dark

and rigid fibers [45]. Complete lignin removal is deemed impossible through steam explosion alone;

however, machine mixing allows the extraction of bamboo fiber cotton (BFC) with lignin as a

remnant [46].

Studies indicate that BFC-reinforced composites exhibit significantly higher tensile strength com-

pared to those with bamboo fiber alone. In a specific procedure, bamboo is repeatedly cut, over-

heated, and treated to safeguard cell walls from fracture. Steam, released and repeated for ash

removal, causes lignin remnants to condense on fiber surfaces, reducing adhesion between resin and

fibers [47].

The steam explosion softens bamboo fibers by cracking cell walls, facilitating extraction. Crush-

ing the softened cell wall reduces shear resistance and allows partial lignin decomposition [48].

Ultrasonic washing removes lignin, and subsequent isocyanate treatment eliminates unexpended

cells. Tensile strength analysis reveals that steam-explosion-extracted fibers outperform isocyanate-

treated ones due to weak interfaces between soft cells and fibers, impacting composite strength.

Consequently, there’s a need for alternative treatment techniques enhancing adhesion between bam-

boo fiber and the formed matrix [49].

Retting process: This method involves peeling the cylindrical section of the culm to obtain strips.

Before peeling, bamboo bark is removed. The strips are then soaked in water for at least 3 days,

compressed, and trimmed with a sharp-edged knife. The scraping process significantly influences

fiber quality, minimizing fiber breakage along the length. Another approach involves cutting raw

bamboo into longitudinal fragments without removing the bamboo epidermis and node, with no

scraping or combing [50].

In this method, bamboo strips are rinsed with water, while culms undergo a 2-month water

fermentation at room temperature before effective aerobic and anaerobic retting separates the

bundles from the culm. Studies show that the extracted fiber bundle consists of a single fiber with

variable length [51].
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Crushing process: To extract bamboo fibers, the initial step involved using a roller crusher to cut

raw bamboo into small pieces. Subsequently, these pieces were extracted into coarse fibers using a

pin roller. The coarse fibers underwent boiling at 90 °C for 10 hours in a dehydrator to remove fat

before being dried in a rotary dryer [52]. However, a drawback of this process is the production of

short fibers that tend to become powdery with excessive mechanical processing [53].

Grinding process: Grinding involves cutting the bamboo culm without nodes into strips, followed

by soaking them in water for 24 hours [54]. After wetting, the strips are manually cut into smaller

pieces using a sharp knife. An extruder can be employed to obtain wide strips, while longer strips

can be achieved by cutting bamboo into small chips, with the grinding process taking approximately

30 minutes [55].

Typically done with a high-speed blender, this ensures that bamboo fibers are of smaller sizes,

later separable with sieves of various sizes and apertures. An alternative drying method involves

using an oven for 72 hours at 105°C. Employing a high tensile load during grinding yields longer

fibers and increases transverse length. This grinding procedure has been employed to extract fibers,

enabling effective study of the morphological and rheological behavior of bamboo fiber composites .

The same grinding system has also been utilized in producing dried bamboo strands and studying

Nano clay [56].

Rolling mill process: This method entails cutting the bamboo culm into smaller pieces, typically

1 mm thick, by removing nodes. The strips are soaked in water for 1 hour, facilitating fiber

separation under very low speed and pressure.

Subsequently, the rolled strips are soaked for an additional 30 minutes, and the fibers are sliced

into small pieces using a sharp knife or razor blade. These fibers, ranging from 220 to 270 mm in

size, are sun-dried for a maximum of 2 weeks [20]. An alternative approach involves compressing

bamboo strips between two pairs of steel cylinders, allowing fiber extraction without soaking in

water. Typically, the slicing process involves water soaking to soften lignin, and the fibers can be

passed through a roller to reduce their bonding strength. Fibers extracted through this process

usually range from 30 to 60 cm in length [57].

14TH-3447_196103002



EXTRACTION OF BAMBOO FIBER

1.5.2 Chemical Extraction Technique

This process involves reducing or eliminating the lignin content of elementary fibers through alkali

or acid retting, chemical retting, Chemical Assisted Natural (CAN), or degumming. This treatment

also significantly affects other components of the bamboo microstructure, including hemicellulose,

pectin, and hemicellulose. The chemical procedures employed in different studies are discussed in

the following section.

Simultaneous extraction and degumming: Researchers have employed a combination of chem-

icals and enzymes for fiber extraction, followed by the addition of a degumming process to achieve

finer and softer fibers. This involves removing gummy and pectin content from decorticated bam-

boo strips [58]. It’s important to highlight that enzymes play a crucial role in degrading the gummy

material within the middle lamella and cell wall, facilitating a highly effective separation of cellulose

fibers.

Alkali or acid retting process: This processing method involves bamboo stripping and subse-

quent heating in a stainless-steel vessel with a 1.5 M NaOH solution at 70 °C for 5 hours. After

heat treatment, the alkaline-treated bamboo strips are pressed using steel to separate the fibers

[59]. Notably, this extraction process minimizes fiber damage. Another approach involves sizing

bamboo into smaller chips, soaking them in 1 M NaOH for 2 hours at 70°C, stimulating cellulose

and noncellulose parts to enhance bamboo fiber separation. This procedure, repeatable under con-

trolled pressure, allows fiber extraction in pulp form. However, a drawback is the development of

larger fiber bundles with continued extraction.

In a separate study, bamboo strips soaked in 1 M NaOH for 72 hours were subjected to fiber

extraction with trifluoroacetic acid (TAA) solutions. Lignin obtained dissolved completely in both

NaOH and TAA. The study concluded that lignin remained in the middle lamella when soaked in

NaOH but could be substantially removed with TTA, highlighting that alkaline solutions offer su-

perior interfacial bonding for fiber composites compared to methods like degumming or mechanical

extraction [60].

Chemical retting process: The chemical-assisted natural retting process has been identified
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as effective for water and lignin removal from bamboo fibers. In this method, bamboo culms are

thinly sliced longitudinally and manually separated into fibers. They are then immersed in a 1-

3% Zn(NO3)2 solution at a 1:20 liquor-to-bamboo ratio, maintaining a temperature of 40°C at

neutral pH for 16 hours and subsequently boiling in water for 1 hour. The process, conducted in a

Bio-Oxygen Demand incubator, ensures more efficient lignin removal compared to alkaline or acid

retting, although resulting in high bamboo fiber moisture content.

In a different study [61], bamboo culms are sliced into 2-cm chips, roasted at 150°C for 30 minutes,

soaked in water for 24 hours at 60°C, air-dried, and rolled on a flat surface to remove impurities.

This procedure is repeated, and the fiber bundles are soaked and cooked in various solutions,

including 0.5% NaOH, 2% Na5P3O10, 2% Na2SO3, and 2% NaSi, before acid treatment with 0.5%

diethylenetriamine pentacetic acid and 0.04% xylanase acid. After hot water washing, the bamboo

fibers undergo further cooking, bleaching, refinement with 0.5% H2SO4 acid, and emulsification for

5 days. The study concludes that the resulting bamboo fiber has a small orientation angle, making

it suitable for exterior macrofibrils and an excellent reinforcement compared to fibers from cotton,

ramie, and flax [62].

1.5.3 Combined Mechanical and Chemical Extraction Process

This method combines mechanical extraction, employing compression molding methods (CMM)

and roller molding methods (RMM), with chemical extraction through alkali and acid solutions

[63]. In CMM, bamboo strips are pressurized in a bed of alkaline solutions using a load of 10 tons

at both ends to extract fibers. Key factors for quality fibers include bed thickness and compression

time. RMM involves flattening bamboo strips using two fixed rollers or one rotating end while

the other is fixed. Chemical and mechanical processes facilitate quick separation into various sizes

of bamboo fibers. Essential factors for RMM are compression mound size and roller diameter,

determining the amount of extractable fiber.

In another study, fibers were extracted using only a roller. Nodes of the bamboo culm were

removed, and internodes were sliced longitudinally to create strips. These strips were soaked in

NaOH solutions (1%, 2%, and 3%) at 70°C for 10 hours. The mechanical properties of fibers

16TH-3447_196103002



DIFFERENT SURFACE AND FIBER TREATMENT PROCESSES OF BAMBOO FIBER

soaked in 1% NaOH were superior. Using a roller looser, alkali-treated strips were extracted, and

the resulting small fibers were dried in an oven at 105 °C for 24 hours [64].

1.6 DIFFERENT SURFACE AND FIBER TREATMENT PROCESSES OF
BAMBOO FIBER

The natural fibers have very had inter-facial interaction with polymer matrix. The surface

and fiber treatment are the most suitable process to increase the inter-facial bonding between

natural fiber and polymer matrix. This section is presenting a discussion about different surface

modification techniques:

1.6.1 Salinization Treatment

In this method, the fibers are immersed in a 3:2 alcohol-water solution containing a silane-based

adhesion promoter for 2 hours at a pH of approximately 4. Subsequently, they are rinsed in water

and dried in an oven. Organosilanes, a primary category of coupling agents, play a crucial role

in bonding polymers to mineral fibers. During salinization, the functional group in the coupling

agent initiates a reaction with the polymer, either through copolymerization or the formation of

an interpenetrating network (IPN) [65].

1.6.2 Acetylation Treatment

This method entails introducing an acetyl functional group into an organic compound. The

primary purpose of acetylation is to cover the hydroxyl (OH) groups of fibers, responsible for

their hydrophilic nature, with molecules possessing greater hydrophobic characteristics. In the

acetylation process, fibers are immersed in glacial acetic acid for 1 hour, followed by immersion in

a mixture of acetic anhydride and a few drops of concentrated sulfuric acid for a short duration.

Subsequently, the fibers are filtered, washed, and dried in a ventilated oven [66].

1.6.3 Benzoylation Treatment

Benzoylation of fibers enhances fiber–matrix adhesion, increasing composite strength, reducing

water absorption, and improving thermal stability. The process begins with alkaline pretreatment

to activate the hydroxyl groups of cellulose and lignin in the fiber. Subsequently, the fiber is
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suspended in a solution containing 10% NaOH and benzoyl chloride for 15 minutes. The treated

fibers are then soaked in ethanol for 1 hour to remove benzoyl chloride, followed by washing with

water and drying in an oven at 80°C for 24 hours [67].

1.6.4 Maleization Treatment

Maleated coupling agents are commonly employed to reinforce composites incorporating fillers

and fiber reinforcements. The use of maleic anhydride is widespread in modifying both the fiber sur-

face and the polypropylene (PP) matrix to achieve exceptional interfacial bonding and mechanical

properties in composites. The reaction mechanism involves heating the copolymer to approximately

170°C before fiber treatment, followed by the esterification of cellulose fiber. This treatment in-

creases the surface energy of cellulose fibers, bringing it closer to the surface energy of the matrix

[66]. Consequently, this results in improved wettability and higher interfacial adhesion of the fiber.

1.6.5 Isocyanate Treatment

In this treatment process, fibers treated with sodium hydroxide are washed and dried. Subse-

quently, the fibers are immersed in carbon tetrachloride (CCl4), a catalyst is introduced, and the

mixture is thoroughly stirred. The reaction can persist for an extended period at a temperature

slightly above room temperature, with continuous stirring. The fibers are then purified through

refluxing and, ultimately, washed with distilled water before being oven-dried at 100°C [68]. The

isocyanate group reacts with the hydroxyl group on the fiber surface, enhancing the interface ad-

hesion with the polymer matrix [65].

1.6.6 Peroxide Treatment

In this surface treatment method, fibers are immersed in a solution of dicumyl (or benzoyl)

peroxide in acetone for approximately thirty minutes, followed by draining and drying. Studies

have demonstrated noteworthy enhancements in the mechanical characteristics of natural fibers,

particularly in terms of strength and stiffness, leading to improved mechanical properties of the

resulting composite [69].
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1.6.7 Enzymatic Treatment

The utilization of enzyme-based techniques in fiber treatment is gaining prominence and be-

coming increasingly important. Currently, the use of enzymes for modifying natural fibers is ex-

periencing rapid growth. One significant factor contributing to the adoption of this technology is

the cost-effectiveness and environmentally friendly nature of enzymes. The reactions catalyzed by

enzymes are highly specific, leading to focused and precise performance. Enzymatic treatments are

typically conducted through experiments lasting 90 minutes under constant agitation (80 rpm) at

the optimum temperature in a standard water bath. The enzymes are then deactivated by heat-

ing at 90 °C for 10 minutes. To eliminate traces of enzymes and buffer reagents, the fibers are

washed with warm water, and the samples are subsequently dried at 80°C for 5 hours and stored

in polyethylene bags [70].

1.6.8 Corona, cold plasma Treatment

Both corona discharge and cold plasma treatments are physical processes employed for surface

oxidation activation. This method alters the surface energy of cellulose fibers [71]. Different

plasma gases can be utilized to achieve various surface modifications. Surface cross-linking can be

introduced, the surface energy may be increased or decreased, and reactive free radicals and groups

can be generated.

1.7 NATURAL FIBER REINFORCED POLYMER COMPOSITES (NFRCs)

Natural fiber composites are materials formed by combining natural fibers with a matrix mate-

rial, often a polymer, to create a composite material with enhanced properties. These composites

leverage the unique characteristics of natural fibers, such as jute, hemp, flax, sisal, bamboo, and

others, to reinforce and improve the performance of the composite. The matrix material, typically a

polymer like polypropylene or epoxy, binds the fibers together, providing structural integrity. Poly-

mer matrix may also derive from natural resources like vegetables oil, fruits shell, starch, cellulose,

and proteins etc. to develop green composite for various sustainable applications. It provided great

strength and stiffness, along with anisotropic in nature, resistance to corrosion, wear resistance and
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fatigue resistance [72]. NFRPCs having greater advantageous over other conventional and synthetic

composites materials like high strength to weight ratio, required stiffness to weight ratio, lower cost,

lighter weight, lower density per unit volume, noncorrosive, high fracture toughness, high fatigue

strength, nontoxicity, nonmagnetic properties, outstanding chemical and moisture resistance, bet-

ter thermal and impact resistance, eco-friendly with nature, biodegradable and biocompatibility

[73].

Previous studies have emphasized that the performance of Natural Fiber Reinforced Polymer

Composites (NFRPCs) relies on factors such as chemical composition, physical and mechanical

properties, cell dimensions, fiber structure, and the interaction between fiber and matrix. Improving

the mechanical properties of NFRPCs is contingent on factors like fiber orientation, fiber strength,

physical characteristics of the fiber, and interfacial adhesion properties. Strengthening the base

structures, i.e., the natural fibers, enhances the stiffness of the polymer matrix, leading to overall

improvement [16].

NFRPCs face challenges such as moisture, which can disrupt the composite structure and hinder

bonding and mechanical properties. Additionally, the distinct chemical structures of reinforcement

and matrix materials can result in weaker interfacial bonding and ineffective stress transfer during

NFRPC interfaces [74]. To address these challenges, chemical modification and hybridization of

natural fibers emerge as crucial and effective methods to enhance mechanical performance and

foster stronger interfacial interactions between fibers and polymer matrices.

1.7.1 Different Fabrication Process of NFRCs

Biocomposites, or natural fiber composites, are materials made by combining natural fibers

with a matrix material, often a polymer, to create a composite with improved properties. The

manufacturing processes for biocomposites can vary, and several methods are commonly employed.

The some of common fabrication method is presented below [75, 76, 77]:

1. Compression Molding

� Process: Natural fibers and the matrix material are mixed and then compressed in a mold

under heat and pressure.
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� Application: Suitable for producing biocomposite products with relatively simple shapes.

2. Injection Molding:

� Process: Molten polymer is injected into a mold containing natural fibers. The mixture

solidifies, forming the final product.

� Application: Used for manufacturing complex shapes and detailed components.

3. Extrusion

� Process: Molten polymer and natural fibers are forced through a die to create a continuous

profile. The profile can be cut into specific lengths.

� Application: Continuous profiles for various applications, such as decking or structural

components.

4. Resin Transfer Molding (RTM)

� Process: Liquid resin is injected into a closed mold containing natural fibers. The resin

impregnates the fibers, and the composite cures.

� Application: Suitable for producing large, complex parts with high fiber content.

5. Hand Lay-Up

� Process: Natural fibers and resin are manually laid up layer by layer in a mold.

�Application: Commonly used for prototyping and small-scale production of simple shapes.

6. Pultrusion

� Process: Continuous fibers are pulled through a resin bath and then through a heated die

where curing takes place. The cured profile is then cut to the desired length.

� Application: Continuous profiles with high fiber volume fraction for structural applica-

tions.

7. Sheet Molding Compound (SMC)
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� Process: Natural fibers are pre-impregnated with resin and then compressed between two

heated mold halves.

� Application: Suitable for large, flat components with relatively high production volumes.

8. Hand Lay-Up (Spray-Up)

� Process: Natural fibers and resin are sprayed onto a mold surface.

�Application: Used for large, low-cost components such as boat hulls and automotive parts.

The choice of manufacturing process depends on factors such as the desired properties of the final

product, the complexity of the shape, production volume, and cost considerations.

1.7.2 Application of NFRCs

Natural fiber composites find applications across various industries due to their unique properties

and environmentally friendly characteristics. Some common applications are presented below [14,

78, 79, 80]:

1. Automotive Industry:

� Interior Components: Natural fiber composites can be used in the production of interior

components such as door panels, dashboards, and seat backs. They provide a lightweight

alternative to traditional materials, contributing to fuel efficiency.

� Exterior Components: Some automotive manufacturers use natural fiber composites

for non-structural exterior components like body panels. These composites can be an

eco-friendly alternative to traditional materials.

2. Construction and Building Materials:

� Structural Components: Natural fiber composites can be incorporated into structural

elements like beams and columns in construction. They offer good strength-to-weight

ratio and can be used in various building applications.

� Insulation Materials: NFCs are used in the production of insulation materials for build-

ings. These composites can provide effective thermal and acoustic insulation.
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3. Aerospace Industry:

� Interior Components: Similar to the automotive industry, natural fiber composites can

be used in the aerospace sector for interior components, helping to reduce overall weight

and improve fuel efficiency.

4. Packaging Industry:

� Biodegradable Packaging: Natural fiber composites can be utilized in the production

of biodegradable packaging materials, offering a sustainable alternative to traditional

plastics.

5. Consumer Goods:

� Furniture: NFCs can be used in the manufacturing of furniture, providing a lightweight

and environmentally friendly alternative to traditional materials.

� Sporting Goods: Natural fiber composites are employed in the production of sports

equipment such as bicycle frames, tennis rackets, and snowboards due to their lightweight

and high strength properties.

6. Electronics Industry:

� Casing and Housings: Natural fiber composites can be used in the production of casings

and housings for electronic devices. They offer a balance between strength, weight, and

environmental impact.

7. Marine Industry:

� Boat Components: NFCs can be used in the construction of boat components such

as hulls and decks. They offer good resistance to moisture and can be a lightweight

alternative to traditional marine materials.

8. Renewable Energy:
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� Wind Turbine Blades: Natural fiber composites can be employed in the manufacturing

of wind turbine blades. Their lightweight nature can contribute to increased energy

efficiency.

9. Medical Devices:

� Prosthetics and Orthopedic Devices: NFCs can be used in the production of prosthet-

ics and orthopedic devices, providing a lightweight and potentially more comfortable

alternative.

10. Infrastructure:

� Bridge Components: Natural fiber composites can be used in the construction of bridge

components, offering a lightweight and durable alternative to traditional materials.

As industries seek sustainable and eco-friendly alternatives to traditional materials, the use of

natural fiber composites continues to grow, with ongoing research and development expanding

their range of applications.

1.8 GENERAL OBJECTIVE OF THE PRESENT WORK

The objective of this research is to develop and characterize bamboo fiber-reinforced bio-composites,

aiming to advance sustainable engineering applications. The study focuses on extracting fibers

from different parts of the Bambusa tulda culm, evaluating the effects of alkali treatment, and

exploring the properties of bio-composites reinforced with bamboo fibers and hybrid bamboo mate-

rials. By enhancing the mechanical, thermal, and physical characteristics of these bio-composites,

the research targets potential applications in the automotive industry, contributing to global sus-

tainability efforts by providing eco-friendly and renewable material alternatives. Ultimately, this

research aspires to significantly impact the field of sustainable materials by thoroughly understand-

ing bamboo fiber-reinforced bio-composites. By addressing key challenges in material extraction,

treatment, and characterization, the study aims to develop lightweight, durable, and eco-friendly
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materials that align with global sustainability goals, reduce carbon emissions, and developing bio-

economic opportunities in the burgeoning bio-composites industry.

1.9 ORGANISATION OF THE THESIS

The complete work presented in the thesis has been organized into eight chapters. An overview

of the contents of all eight chapters are presented below:

Chapter 1 is devoted to a concise introduction of natural fibers, specifically bamboo fiber, dis-

cussing their global distribution, inherent features, and its anatomy. The chapter further de-

scribes the extraction process, chemical treatment process, and development process of natural

fiber-reinforced polymer composites. Additionally, it touches upon the application of natural fiber-

reinforced composites.

Chapter 2 contains an introductory part with composite materials, encompassing the history, clas-

sification, and characteristics of composite materials. It delves into bio and green composites. The

chapter also content extensive literature review and outlines the proposed objectives of the current

work. The review covers various aspects, including different types of bamboo fiber, classified extrac-

tion methods, chemical treatment processes, the development of bamboo-based bio-composites, the

influence of diverse matrix materials on bio-composites, and bamboo fiber-reinforced hybrid bio-

composites. Additionally, the chapter addresses research gaps identified in the literature, as well

as the motivation and objectives of the present research work.

Chapter 3 focuses on the systematic extraction of Bambusa tulda fiber from bamboo culm, ex-

ploring its physio-chemical, thermal, and mechanical properties. The physical characterization

involves examining the structural morphology through SEM, measuring density, and conducting

chemical analysis to determine the fiber’s composition. Structural characterization includes XRD

and FTIR analysis, while mechanical properties are assessed through single fiber tensile testing.

Thermal behavior is investigated using thermogravimetric analysis. Additionally, the extracted

fiber’s potential as a reinforcement material in bio-composites is evaluated through a comparative

study with other natural fibers extracted from literature.

In Chapter 4, the influence of chemical treatment using various NaOH concentrations on the
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physical, chemical, and mechanical attributes of bamboo fiber is explored. The comparison be-

tween treated and untreated fibers involves assessing density, identifying functional groups within

the fiber, conducting XRD analysis, XPS analysis, single fiber tensile testing, measuring surface

roughness, evaluating interfacial shear strength, and examining thermal stability.

In Chapter 5, bio-composites are developed with different weight fraction and differently treated

and untreated fiber. Apart from that, the different physical, structural, mechanical, thermal, and

dielectric characterization of developed bio-composites are also presented in this chapter.

Chapter 6, presents effect of different matrix materials on bamusa tulda reinforced bio-composites.

The effect has been analysis in terms of physical, thermal and mechanical properties. Additionally,

this chapter presents a VIKOR-based MADM method for selecting and optimizing bio-composites

for automobile interiors applications.

Chapter 7, investigates the effect of bamboo micro particles on different thermo-mechanical and

physical properties of bamboo fiber reinforced bio-composites.Furthermore a comparative study

with different hybird composite has been presented. Moreover, this chapter includes a comparative

analysis of various hybrid composites drawn from the literature.

Finally, the major conclusions of the present work, contribution of the present thesis and suggestions

for future research are summarized in Chapter 8.

1.10 SUMMERY

This chapter provides information about the introduction of composite materials, their history,

applicability, and sustainability. A brief overview of natural fibers and bamboo fiber is also pre-

sented. The different fiber extraction processes, surface modification processes of fibers, different

development processes of natural fiber-reinforced biocomposites, their suitable applications are dis-

cussed. The organization of the thesis is also found in this chapter. The next chapter describes

about classification and history of composite materials. An extensive literature review on different

species of bamboo fiber, their extraction, chemical treatment, development processes of biocom-

posites, and different characterization techniques is also found in next chapter. Furthermore, the

literature gaps, and objective of the present work are also presented in the Chapter 2.
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LITERATURE REVIEW

2.1 INTRODUCTION

The Chapter 1 provides a concise overview of natural fibers, particularly bamboo fiber, covering

their global distribution, inherent features, extraction methods, chemical treatment processes, and

the developmental process of natural fiber-reinforced polymer composites. This chapter presenting

the classification and history of composite materials and literature review for the present study.

For a systematic study, review has been divided into six sections which provide information related

to the issues and concerns to be considered in the thesis. Fig. 2.1 represents the different section

of the literature review.

In this chapter, a classification and history of composite materials are provided in Section 2.2.A

brief discussion about green and bio composites are described in Section 2.3. An extensive litera-

ture review is provided in Section 2.4. The extraction process, specifically the classified extraction,

is thoroughly discussed along with the related literature in Section 2.5. A comprehensive exam-

ination of past literature pertaining to the chemical treatment of bamboo fiber is presented in

Section 2.6. Section 2.7 offers a succinct overview of the literature concerning the development

and characterization of bamboo-based bio-composites. The analysis of the literature on the im-

pact of different matrix materials on the properties of bio-composites is presented in Section 2.8.

Furthermore, Section 2.9 encompasses the literature on hybrid bamboo fiber composites.The lit-

erature’s identified research gaps are outlined in Section 2.10. The motivation behind the current

work is detailed in Section 2.11.Section 2.12 is providing research question. Section 2.13 out-

lines the objectives of the present thesis. Section 2.14 presents the novelity of the present work
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and the chapter concludes with a conclusion section discussed in Section 2.15.

sss

Fig. 2.1: Classification of literature review

2.2 COMPOSITE MATERIAL

A composite material is a structural material which consists of two or more constituent phases

which are not soluble in each other and combined at the macroscopic level. Generally, there are

two phases in a composite material, one is the matrix phase and another is the reinforcing phase

[81]. Two different phases have different purposes. The purpose of the reinforcement phase is to

carry the load which is applied to the composite structure and matrix material works as binding

material. It helps to distribute the load uniformly throughout the reinforcing material, not only

that it protects the fiber from an outside environmental effect like a chemical reaction, moister, etc

[82]. Generally, two types of reinforcement materials are there one is fiber (it may be long fiber or

it may be short fiber) and another one is particulate. Fibers are again two types one is synthetic
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fiber(man-made) like- carbon fiber, glass fiber, etc. and another is a natural fiber like jute fiber,

bamboo fiber, hemp fiber, pineapple leaf fiber etc current research leads to the development of

natural fiber-natural particulate reinforced composite [83].

2.2.1 History of Composite Material

Development of composite material from ancient times to present is explained below:

Ancient Times: Composite materials, inherent in nature’s design, manifest in living organisms

such as seaweeds, bamboo, wood, and even human bones. The historical use of reinforced polymeric

materials dates back to around 4000-2000 B.C. in Babylonia, where the populace employed materials

comprising reinforced bitumen or pitch. In the regions of Egypt and Mesopotamia around 3000

B.C., historical evidence suggests the construction of river boats from bundles of papyrus reed

embedded in a bitumen matrix. A remarkable early instance of filament winding processes emerged

in Egypt around 2500 B.C. during the era of mummification. In this practice, meticulously treated

deceased bodies were enveloped in linen tapes, subsequently impregnated with a natural resin,

resulting in the creation of a rigid cocoon. The utilization of lac, known to India and China for

millennia, finds mention in the Vedas written around 1000 B.C. In India, lac resin was employed

as a filler for sword hafts and in the production of whetstones by combining shellac with fine

sand—an early precursor to the contemporary composite grinding wheel. By 500 B.C., the Greeks

had advanced composite technology in shipbuilding, constructing triremes with three banks of oars.

These vessels featured keels of exceptional length, surpassing what could be achieved with a single

length of timber. Thus, the roots of composite technology trace back to ancient times, illustrating

its enduring presence in human history [84].

1200’s: The inception of the first composite bows occurred approximately in 1200 AD. The Mon-

gols innovatively crafted these bows by combining wood, bamboo, horns, and cattle tendons, com-

plemented by the use of pine resin in the bow-making process. Renowned for their formidable

capabilities, these bows remained among the most dreaded weapons until the 14th century.

1800’s: The roots of modern polymer science can be traced back to Henri Braconnot’s pioneering

work in the 1830s. Collaborating with Christian Schönbein and others, Henri explored derivatives
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of the natural polymer cellulose, leading to the development of novel semi-synthetic materials such

as celluloid and cellulose acetate. The term ”polymer” was officially coined in 1833 by Jöns Jakob

Berzelius, although his contributions to polymer science in the contemporary sense were limited. In

the 1840s, Friedrich Ludersdorf and Nathaniel Hayward independently discovered that the addition

of sulfur to raw natural rubber (polyisoprene) prevented the material from becoming sticky. Charles

Goodyear obtained a U.S. patent in 1844 for vulcanizing natural rubber with sulfur and heat, a

process that had been patented by Thomas Hancock in the UK the previous year. Vulcanization

strengthened natural rubber, preventing it from melting with heat while retaining flexibility. This

breakthrough enabled the practical production of waterproofed articles and paved the way for the

widespread manufacturing of rubberized materials. Vulcanized rubber stands out as the earliest

commercially successful outcome of polymer research. In 1884, Hilaire de Chardonnet established

the first artificial fiber plant, producing regenerated cellulose or viscose rayon as a silk substitute.

However, this material was highly flammable [85].

1900’s: The year 1907 witnessed a groundbreaking moment with Leo Baekeland’s invention of the

first synthetic plastic—a thermosetting phenol–formaldehyde resin known as Bakelite. This marked

a significant leap in the realm of polymer innovation. The properties such as non-conductivity and

heat-resistant made Bakelite as the most widely used composite in industrial and consumer good

applications. Materials like vinyl, polystyrene, phenolic came into the existence in this period,

reinforcement was needed to provide strength and stiffness.

1930’s: The most important phase in the composite history which saw the rise of new form of resins

which have been using till date came into the existence. Owens Corning started the usage of glass

fiber and introduced fiber reinforced polymer industry. Development of unsaturated polyesters and

some important epoxies become available.

1940’s: The production of fiber reinforced polymers took place during World War 2, scientists

learned many things about fiber glass during this period. For the first time hull type boats were

developed during this time. The year 1947 saw the development of composite body automobile and

led to the development of 1953 Corvette. Fiber glass was used to build this type of car. Different

types of methods like sheet molding compound and bulk molding compound turned out to be
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emergent form of moldings for many industries.

1960’s: Introduction and development of carbon fibers which were used to improve the strength to

weight ratio of thermosets which led to the usage in different kinds of fields like aerospace, consumer

goods, and automotive started.

1990’s and 2000’s: By 1995, composite materials became the most useful materials in manu-

facturing and construction fields. Replacement for the conventional materials took place in this

period. Every manufacturer saw the rise of composite in many fields and later it became a part of

daily human needs. Development of high strength composite and continued development of finish

technology like PVD expanded the applications in automotive industries [86].

Present: There has been huge research going on from the government, industries and manufactur-

ers in the field of composites. Aerospace and Marine industries are looking for innovative methods

to produce highly effective composite materials. Natural fibers came into existence which has got

excellent strength to weight ration and highly cost effective which can replace synthetic fibres com-

pletely. The development of Hybrid composite materials that is the combination of two or more

fillers in a single matrix which has got better properties than conventional composite materials

[87, 88]. The content from Ashby’s article has been partially replicated in Fig. 2.2.

It is estimated that the global composites market will reach US$ 130.8 billion by 2024 at a CAGR

(Compound Annual Growth Rate) of 7.8%, while the Indian composites market is projected to

reach US$ 2.0 billion by end of 2021 with a forecasted CAGR of 14.1% [89]. As of 2019-2020, India

consumes about 0.3 kilograms of composites per capita compared with 2.5 kilograms in China and

11 kilograms in the US. The data indicates that the composite industry in India has a large market

potential [90].

2.2.2 Classification of Composite Material

Depending upon the type of reinforcement and matrix material, composite materials are classified

into different categories.

1. According to the type of matrix material, composite material can be classified as:

� Metal Matrix Composites
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Fig. 2.2: Relative importance of material development through history [86].

� Ceramic Matrix Composites

� Polymer Matrix Composites

2. According to the type of reinforcing the material, composite material can be classified as:

� Fiber Reinforced Composites

� Particulate Reinforced Composites

3. Hybrid composite

Metal Matrix Composites: Metal matrix composites typically utilize a ductile metal as the

matrix material, proving particularly advantageous in applications requiring elevated temperatures.

Compared to polymer and ceramic composites, metal matrix composites exhibit significantly higher

thermal conductivity. They are nonflammable and exhibit excellent resistance to the impact of

organic fluids. However, the cost of these composites is higher than that of polymer and ceramic

matrix composites. Commonly employed matrix materials in metal matrix composites include alloys
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of Ti, Al, Be, Ag, and Cu. While these materials offer enhanced functionality, certain combinations

of composites may exhibit reactivity at higher temperatures, leading to material degradation. This

challenge can be addressed through the application of a suitable coating to the dispersed material or

by altering the combination of matrix and reinforcement. Metal matrix composites find extensive

use in aerospace and structural applications [91].

Ceramic Matrix Composites: Despite possessing outstanding physical and mechanical proper-

ties, Ceramic matrix composites face limitations in their application due to their inherent brittle-

ness. The restricted usage in certain areas, particularly in automobile and structural applications,

is further influenced by the relatively low fracture toughness of these composites. To address these

challenges, innovative combinations of ceramic composites have been developed, incorporating ce-

ramic particulates or platelets to enhance the fracture toughness of the ceramic matrix. This

enhancement opens up a broader spectrum of applications. An additional advantage of ceramic

matrix composites lies in their ability to resist material deterioration even at elevated temperatures.

Commonly utilized matrix materials in these composites include C, Al22O3, and mullite [92].

Polymer Matrix Composites: Polymer matrix composites find extensive use in diverse fields

such as engineering, construction, automobile industries, and agricultural buildings. Their widespread

application can be attributed to several advantages, including specific strength, the anisotropic na-

ture of the composite, stiffness, wear resistance, and fatigue resistance. These qualities position

polymer matrix composites as ideal substitutes for various materials. Their affordability, material

strength, and ease of fabrication contribute to their prevalence as the most commonly used compos-

ites. The field of polymer matrix composites has witnessed substantial investment, research, and

development, leading to continuous advancements. Recent progress in polymer matrix composites

has expanded their applications to include the construction of bridges, tunnels, turbine blades,

storage vessels, as well as fire and blast walls [93].

Fiber Reinforced Composite: Reinforcement of fibers into the matrix phase bring about sig-

nificant improvements to the mechanical properties of the composite with added advantages like

lightweight, increase in strength to weight ratio and dimensional stabilities [94]. Length of the

fiber, their orientation relative to other fibers, the concentration of fibers and distribution have a
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significant effect on the mechanical properties of the fiber reinforced composite. The necessity of

the critical length of the fiber plays a dominant role in strengthening and stiffening of the com-

posite. The most frequently used fibers are glass, carbon, aramid and many natural fibers [95].

The common point in all these fibers is ideally their less density and provides the matrix required

strength and stiffness [96].

Particulate Reinforced Composite: Particle-reinforced composites can be categorized into

two subtypes: large particle composites and dispersion-strengthened composites. In large particle

composites, the term ’large’ signifies that the interactions between particles and the matrix cannot

be analyzed on an atomic or molecular level. The particulates exhibit significantly higher strength

and stiffness than the matrix phase. Achieving an even distribution of particles within the matrix

enhances reinforcement effectiveness, leading to overall improvements in composite properties. On

the other hand, dispersion-strengthened composites involve strengthening at an atomic level. The

particles in these composites are relatively smaller, typically within a diameter range of 0.01 to

0.1 µm [97]. The mechanism of strengthening in dispersion-strengthened composites is akin to

precipitation hardening. Notably, the strength of these composites can be maintained even at

elevated temperatures and over extended periods, as the dispersed particles remain unreactive with

the matrix phase [98].

Hybrid Composite Material: The integration of two or more distinct types of reinforcement

materials into a unified matrix has given rise to the emergence of hybrid composite materials.

These composites exhibit enhanced mechanical properties compared to those containing a single

type of fiber in the matrix. The development of hybrid composite materials aims to strike a balance

between cost and performance [99]. The properties of hybrid composite materials are contingent

upon factors such as fiber content, fiber length, bonding strength between the matrix and fiber,

and the arrangement of fibers. Diligent design of hybrid composites enables the attainment of a

harmonious blend of properties. The selection of fibers and matrix for hybrid composite materials

depends on the intended purpose of hybridization, working conditions, and specific requirements

imposed on the material. While the concept of hybrid systems for improving material properties

is well-established in engineering design, the advent of high-performance natural fibers has spurred
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innovative material designs, including hybrid composites. Combining two or more different fibers

with varying lengths and diameters in a single matrix offers more advantages than utilizing a

single type of fiber in the matrix [100]. A hybrid composite material can involve a combination of

synthetic and natural fibers, natural and natural fibers, or synthetic and natural fibers. Notably,

the hybridization of natural and synthetic fibers in a single matrix represents a sophisticated and

cost-effective composite material with excellent properties.

2.3 BIOCOMPOSITES AND GREEN COMPOSITES

A biocomposite refers to a composite material comprising a matrix (resin) and natural fiber

reinforcement. The escalating environmental concerns and the cost associated with synthetic fibers

have spurred the adoption of natural fibers as reinforcements in polymeric composites. The matrix

phase is composed of polymers derived from both renewable and nonrenewable resources. This

matrix serves a critical role in safeguarding the fibers against environmental degradation and me-

chanical damage, ensuring cohesion among the fibers, and efficiently transferring loads. Biofibers,

derived from biological sources like crops (such as cotton, flax, or hemp), recycled wood, waste

paper, crop processing byproducts, or regenerated cellulose fiber (viscose/rayon), constitute the

primary components of biocomposites [12]. The burgeoning interest in biocomposites spans indus-

trial applications (including automobiles, railway coaches, aerospace, military applications, con-

struction, and packaging) and fundamental research, driven by their numerous advantages such as

renewability, cost-effectiveness, recyclability, and biodegradability. Biocomposites can be employed

independently or as a complement to traditional materials, including carbon fiber. Proponents of

biocomposites assert that their utilization enhances health and safety during production, results

in lighter weight materials, imparts a visually appealing aspect reminiscent of wood, and offers su-

perior environmental credentials. The rapid growth of interest in biocomposites underscores their

potential contributions to sustainable practices and applications across various industries [73].

Green Composite: Green composites, a subgroup of biocomposites, consist of natural fibers

combined with biodegradable resins. These composites earn their ”green” designation due to their

environmentally friendly and sustainable qualities. Their biodegradable nature allows for easy dis-
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posal without causing harm to the environment. Typically durable, green composites are primarily

utilized to extend the life cycle of products that would otherwise have a short lifespan [101].

2.4 LITERATURE REVIEWONDIFFERENT TYPES OF BAMBOO SPECIES
AND ITS FIBER

The exploration of bamboo and its versatile fibers has garnered increasing attention within the

realm of literature, reflecting a growing fascination with sustainable materials and eco-friendly alter-

natives. This literature review delves into the extensive body of work dedicated to various bamboo

species and their fibers, shedding light on their unique properties, applications, and ecological sig-

nificance. As a renewable resource with remarkable strength and flexibility, bamboo has emerged

as a promising alternative to traditional materials in diverse industries, ranging from construction

to textiles. This comprehensive survey navigates through the wealth of research, examining the

distinctive characteristics of different bamboo species and their fibers, while also highlighting the

pivotal role they play in fostering sustainability and environmental conservation.

The bamboo family consists of more than 1000 species and 70 genera, all of which can grow

naturally in different climates, particularly in Asia and South America [102]. Liu et al. [103]

extracted bamboo fibers from Phyllostachys Pubescens through the chemical extraction process.

The fiber from Dendrocalamopsis oldhami bamboo was extracted by Cao et al. [104] by using the

boiling technique. Experimental investigations have been performed on Bambusa heterostachya,

Gigantochloa scrtechinii, Gigantochloa levis, Dendrocalamus asper and Dendrocalamus pendulus

by Zakikhani et al. [105] Across the world, researchers are investigating the sustainability of

bamboo fibers by considering local and abundant bamboo species which have high cellulose content.

Gigantochloa levis [106], Guadua angustifolia [107], Phyllostachys Heterocycla [108], Gigantochloa

scortechinii [109], Dendrocalamus latiflorus [110], Macana bamboo [111] and Bambusa vulgaris [112]

are some of the bamboo species that are well explored for fiber extraction.

Apart from the aforementioned species, various other bamboo varieties found in different parts

of the world include Bambusa vulgaris [113], Dendrocalamus giganteus [114], Dendrocalamus lati-

florus [115], Phyllostachys makinoi [116], Phyllostachys pubescens [117],Bambusa blumeana [118],
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Bambusa tuldoides [119], Gigantochloa brang, Gigantochloa wrayi [120], Phyllostachys bambusoides,

and Phyllostachys nigra [121]. These species are utilized either as a source of fiber or as biomass,

contributing to the diverse applications of bamboo in various industries.

Several bamboo species native to India include Dendrocalamus asper, and Cephalostachyum per-

gracile, predominantly found in the northern regions. In the southern part of India, Ochlandra spp.

and Melocanna baccifera thrive, while the northeastern part is home to Bambusa nutans, Den-

drocalamus strictus, and Bambusa tulda [122]. This geographical distribution highlights the rich

diversity of bamboo species across different regions of India. The major constituents of bamboo

fibers are cellulose, hemicellulose, lignin, extractive, ash and moisture content. Constituents in

bamboo fibers have a significant impact on their thermomechanical properties. Species-to-species,

these constituents’ proportions may differ, resulting in different thermo-mechanical properties. As

such, identifying and characterizing bamboo species are essential for fiber extraction. The Bambusa

tulda is one of the bamboo species found in the northeast parts (Assam region) of India, that has

not been explored. However, this bamboo is used for developing local products and supporting the

construction industries.

2.5 LITERATURE REVIEWON FUNCTIONALLY GRADED BAMBOOAND
ITS CLASSIFIED EXTRACTION

Bamboo is an innately functional material, exhibiting variations in structural and constituent

properties from the inner part to the outer part in the radial direction, which contributes to its

variation in mechanical and physical properties. The mechanical properties and microstructure of

the bamboo in the transverse direction were studied by Amada and Untao [61]. In their study,

it was observed that the fiber distribution was denser in the outer section of the bamboo culm

compared to the inner section. Ray et al. [123] reviled that not only numbers and diameters of

bamboo fiber but also the quality and strength of bamboo fibers are varied from inner part to

outer part of the bamboo culm. The variation of tenisle strength for the bamboo fiber is presented

in Fig. 2.3. Shao et al. [124] investigated the tensile properties of the bamboo blocks and also

calculated the fiber’s volume fraction in a block. It was reported that the outer parts of the culm
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Fig. 2.3: Variation of tenisle strength for the bamboo fiber extracted from different bamboo surface
[103].

have higher tensile strength and higher vascular bundle than the inner parts. Moreover, Zakikhani

et al. [20] found that vascular bundles were embedded in parenchyma tissue. Bamboo culms are

reinforced by vascular bundles and microfibrils. Dixon and Gibson [34] investigated Moso bamboo

in the light of structural mechanics and reported that the load-bearing capacity of bamboo strips

extracted from the outer part of the bamboo culm is higher than the inner part. The interlaminar

fracture toughness properties of bamboo strips have been investigated by H. Chen et al.[125].The

authors also reported the higher fracture toughness behaviour of external strips. The study of

Chen et al. [126] investigated the Mode I interlaminar fracture toughness of bamboo with varying

proportions of fiber cells (FCs) and parenchyma cells (PCs). Utilizing in situ SEM, it reveals

that the middle region, with balanced FCs and PCs, exhibits the highest fracture toughness due

to intrinsic mechanisms involving plastic zone size and crack kinking, and extrinsic mechanisms

related to fiber bridging. This research addresses critical gaps in understanding bamboo’s fracture

toughness, essential for optimizing its use in structural applications. Further, M. Chen et al.

[127] examined the flexural strength and ductility of bamboo strips. Similar to previous reports,

the external strips showed higher flexural strength and ductility. Wang and Shao [108] has given

38TH-3447_196103002



LITERATURE REVIEW ON FUNCTIONALLY GRADED BAMBOO AND ITS CLASSIFIED
EXTRACTION

empirical formulation for variation of fiber volume fraction from the interior to the exterior side. The

extraction of strip from bamboo clum has been presented in Fig. 2.4. Zhan et al. [128] examined

the moisture diffusion properties of bamboo, essential for understanding its growth, development,

and optimizing manufacturing processes. Testing bamboo in different locations reveals that its

graded hierarchical structure significantly influences moisture transportation efficiency. The study

suggests adaptation strategies in bamboo growth and provides insights for optimizing bamboo-based

product manufacturing technology.

sss

Fig. 2.4: Extraction of bamboo strip from bamboo clum [88].

Azadeh et al. [129] investigates the static and dynamic flexural behavior of bamboo as a func-

tionally graded material. It determines the Static Flexural Modulus (SFM) for untreated bamboo

and assesses the impact of heat on the Dynamic Flexural Modulus (DFM). The static flexural tests

reveal variations in Modulus of Elasticity (MOE) with fiber density, while the dynamic flexural tests

show a minor effect of heat treatment on DFM. The non-destructive impulse excitation technique

is proposed for assessing DFM in heat-treated specimens. Overall, the study provides insights into

the mechanical properties of bamboo strips extracted from different radius of the bamboo clum.

It is well known that bamboo strips extracted from the external parts of the bamboo culms have

better mechanical properties than internal strips, but the variation of the physical, mechanical,

thermal, and microstructural properties of extracted fiber from the external to internal parts of the

bamboo culm is still limited. Moreover, their potential as a reinforcing agent for bio-composite is
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also need to be explored.

2.6 LITERATURE REVIEW ON CHEMICAL TREATMENT OF BAMBOO
FIBER

The chemical treatment of bamboo fiber is a crucial aspect in enhancing its properties and

making it suitable for various applications. Bamboo, a versatile and sustainable natural fiber,

has gained significant attention in recent years due to its eco-friendly and renewable nature. To

fully exploit its potential, researchers have explored different chemical treatments to modify its

structure and improve its performance in terms of strength, durability, and functionality. One

common chemical treatment involves the use of alkali solutions, such as sodium hydroxide (NaOH),

to remove impurities, hemicellulose, and lignin from bamboo fibers. Alkali treatment not only

cleanses the fibers but also increases their crystallinity, resulting in improved mechanical properties

and make better interfacial interaction with polymer matrix [130]. This process has been extensively

studied to understand its effects on bamboo fiber and optimize the treatment conditions.

Das and Chakraborty [131] treated Bengal’s Bamboosa Balcua bamboo fibers with various NaOH

concentrations (10%, 15%, 20%). They found that 15% NaOH increased the crystalline index,

improving fiber properties. Higher concentrations, however, decreased crystallinity due to lignin-

induced brittleness. FTIR confirmed reduced lignin after alkali treatment, resulting in increased

elongation during tensile testing. Thereafter, Das and Chakraborty [132] explored the impact of

chemical treatment on bamboo fiber’s thermal and dynamic mechanical properties. The DSC curve

revealed a 15% reduction in moisture absorption, enhancing bonding with polymer matrices. Addi-

tionally, the treated fibers exhibited a noteworthy increase in storage modulus and glass transition

temperature. However, the study observed a simultaneous significant decrease in the loss modulus

value. Subsequently, Das and Chakraborty [133] examined the impact of chemical treatment on the

physical and mechanical properties of bamboo fiber. The bamboo treated with 15% NaOH exhibited

the highest tensile properties, revealing a 34.6% increase in tensile strength compared to untreated

bamboo fiber. However, additional increments in chemical treatment resulted in a decrease in

these properties. Kushwaha and Kumar [134] investigated different treatments on bamboo fiber,
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concluding mercerization as the most effective for enhancing mechanical properties. They further

studied the optimal concentration of NaOH solution, revealing that a 5% concentration provided

the maximum mechanical properties and improved water resistance [135]. Liu et al. [25] examined

the effects of different concentrations of NaOH on fiber crystalline and structural properties.6%

NaOH concentration shows highest crystalline index and thermal stability. Further improvement

in NaOH treatment concentration shows decrement in cellulose content as well as themrmal and

structural proprieties. Manalo et al. [59] conducted alkali treatment of bamboo fiber using 4%, 6%,

and 8% NaOH solutions. They determined that the optimal chemical treatment for strengthening

the mechanical properties of bamboo fiber is with a 6% NaOH solution. Chang et al. [136] ex-

plored hot compressed water treatment of Moso bamboo fibers, reporting increased tensile strength,

elastic modulus, and elongation before break for fibers treated at 140°C. The study suggested a

positive impact of maleic anhydride addition on mechanical properties, providing a novel approach

for hemicellulose removal from bamboo fiber surfaces for the bio-refinery industry. Chen [125] in-

vestigated the microstructure and mechanical properties of individual bamboo fibers after alkali

treatment with varying NaOH concentrations (6%, 8%, 10%, 15%, and 25%). Characterization

included electron microscopy, spectroscopy, X-ray diffraction, and tensile strength tests. Alkali

treatment resulted in more surface wrinkles and pores, transforming microfibril aggregates and cel-

lulose structure. Fiber diameter, lumen, and cross-sectional area decreased, causing cracks in the

cell wall. Tensile strength and modulus of elasticity decreased, with NaOH concentration affecting

MOE more than tensile strength. However, elongation at break significantly increased, indicating

potential for textile applications. Higher NaOH concentrations shifted fibers from brittleness to

ductility. Khan et al. [137] treated the bamboo fiber with different NaOH solutions and investi-

gated their different mechanical properties. The chemical treatment reduce the fiber diameter and

increase the tensile strength. The 6% NaOH-treated fiber showed the most desirable interfacial

shear strength. More then the optimal treatment concentration the strength and stiffness of the

fiber decreased. Later on, Buson et al. [138] explored alkalinization and acetylation treatments on

bamboo fibers to enhance adhesion in polymer composites. Acetylated fibers exhibited lower wa-

ter absorption, improved thermal stability, decreased crystallinity, and increased surface roughness
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for better fiber/matrix adhesion. However, acetylation reduced the fiber’s mechanical strength to

19,820 MPa, compared to 27,670 MPa for natural fibers and 31,730 MPa for alkaline-treated fibers.

Tong et al. [139] examined the impact of alkaline treatment on Malaysian bamboo fibers. Alkaline

treatment enhanced fiber morphology and physico-chemical properties, as revealed by FTIR, TGA,

and SEM analysis. Treated fibers exhibited a 45.6% increase in tensile strength and a 72% increase

in modulus compared to untreated fibers. The surface roughness was notably reduced. FTIR and

TGA indicated gradual removal of lignin and hemicellulose. These findings suggest that locally

sourced bamboo fibers are promising as reinforcement agents in composite materials. This study

of Chen et al. [140] aimed to assess the wettability and thermal properties of individual bamboo

fibers post-alkali treatment with varying sodium hydroxide (NaOH) concentrations. Atomic force

microscopy revealed increased surface roughness. Lower NaOH concentrations enhanced wettabil-

ity, but higher concentrations (15% and 25%) reduced it. Thermogravimetric analysis indicated

improved thermal stability at low NaOH concentrations, while higher concentrations compromised

thermal stability, shifting decomposition temperatures to higher values. Zhang et al. [141] treated

Moso bamboo with 2, 6 and 10% NaOH concentrations and the thermomechanical properties of the

fiber investigated. The chemical treatment affected positively on the properties of fiber. Fig. 2.5

presents the typical stress-strain curves of treated and untreated fiber. The study of Chen et al.

[142] explored the impact of alkali treatment on bamboo parenchyma cells and fibers. Treatment at

concentrations above 10% led to parenchyma cell collapse and fiber separation. Starch extraction

occurred at 2% NaOH. Alkali treatment removed lignin and hemicellulose from fibers but only

lignin from parenchyma cells. Cellulose transformation observed in both cell types. Parenchyma

cells exhibited lower thermal stability than fibers, and alkali treatment more significantly affected

the thermal stability of parenchyma cells than fibers. Wu et al. [143] compared the effects of alkali

treatment on bamboo fibers and parenchyma cells. Both were mechanically separated from the same

bamboo and treated with 5% alkali solution at different times and temperatures. The microstruc-

ture, chemical composition, crystallinity, and thermal stability were analyzed. Alkali treatment

temperature had a greater impact on chemical composition and crystallinity than treatment time.

Increasing temperature removed hemicellulose and lignin, impacting crystallinity.
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Fig. 2.5: Typical stress –strain curve for different chemical treated bamboo fiber [122].

In conclusion, the literature on the chemical treatment of bamboo fiber underscores its signifi-

cance in enhancing the fiber’s properties for diverse applications. Researchers have explored various

chemical treatments, such as alkali solutions, acetylation, and coupling agents, to modify the bam-

boo fiber’s composition and structure. These treatments have been found to influence not only the

mechanical and thermal properties of bamboo fibers but also their morphological characteristics.

However, the optimization of treatment conditions remains a key focus for achieving the desired

balance between improved properties and potential drawbacks. Some study has been reported by

different authors on different bamboo fiber regarding their NaOH treatment but how the concen-

tration of chemical treatment affecting the physical, structural, mechanical and thermal properties

of bamboo fiber is still limited.

2.7 LITERATURE REVIEW ON DEVELOPMENT OF BAMBOO BASED
BIOCOMPOSITES

In comparison to other natural fiber composites, bamboo fiber composites have superior thermo-

mechanical properties and are easy to obtain. These factors contributed to the 59.3 billion USD

bamboo market in 2021, which will continue to grow at a CAGR of 4.5% until 2030 [144]. Re-

43TH-3447_196103002



Chapter 2

searchers around the world investigated the thermo-mechanical properties of different bamboo fiber

and their reinforced composites.

H.E. Glen et al. [145] marked a groundbreaking moment in 1950 by introducing bamboo fiber

as a reinforcing material in conjunction with Portland cement. Subsequently, Mehra et al. [146]

delved into the examination of flexural and shear properties in an existing Portland cement bam-

boo composite. Fang and Mehra [147] investigated the influence of fiber volume fraction on the

strength and ductility of the cemented composite. A significant development occurred in 1983

when Guthrie and Torley [148] patented the design and creation of a low-cost composite building

material crafted from short bamboo fiber and Portland cement. Mansur and Aziz [149] conducted

experimental studies on the mechanical properties of a woven bamboo mesh fiber-reinforced cement

composite. In 1997, Chen et al. [150] achieved a milestone by introducing the first bamboo fiber-

reinforced polymer composite, with polypropylene polymer serving as the matrix material. Mi et

al. [151] secured a patent for a bamboo fiber-reinforced polypropylene composite, highlighting the

augmentation of tensile strength, modulus, and elongation before the break value resulting from

the addition of bamboo fiber to the polypropylene matrix.

The major development of bamboo based polymer composite has been observed in three specific

region which is as per the bamboo avalibility region, the region are- development in asia-pacific

region, american region and african region. The region wise literature on development of different

bamboo based composites has been presented below:

2.7.1 Development in Asia Specific Region

Several distinct bamboo species are found in the Asian region, with significant advancements in

bamboo composites primarily noted in India, China, Japan, South Korea, and Malaysia. The fol-

lowing sections provide a detailed overview of literature on the development of polymer composites

in each respective region.

Development in India- Rajulu et al. [152] developed a bamboo short fiber-reinforced composite

using Araldite as the matrix material, exploring various fiber lengths for mechanical testing. The

study indicated an optimal tensile load for a 30 mm fiber length, with a subsequent decline in
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load-bearing capacity as fiber length increased. Later on, the same researchers advanced their work

by creating a continuous fiber-reinforced polymer composite, reporting improved tensile strength

and load-bearing capacity compared to the earlier short fiber composite [153]. A notable advantage

of natural fiber-reinforced composites is their lightweight nature. Rajulu et al. [154] characterize

their composite through specific gravity tests. This revealed a reduction in specific gravity and

void content, emphasizing the composite’s lightweight properties and improved bonding strength

between bamboo fiber and epoxy resin. Saxena and Gowri [155] utilized bamboo fiber from Madhya

Pradesh, India to develop bamboo fiber-reinforced epoxy and polypropylene composites. Surface

treatment with polyestermide polyol enhanced mechanical strength and water resistance, demon-

strating improved fiber-matrix bonding. Further, Das and Chakraborty [133] explored the impact

of chemical treatment on composite mechanical properties. Alkali treatment significantly influ-

enced tensile strength, modulus, flexural strength, modulus, and impact strength. Continuing their

research, Das and Chakraborty [156] extended the study to include a different matrix material,

Resol matrix, reporting lesser mechanical properties but greater strength before break value com-

pared to the previous polyester resin. The study emphasized the crucial role of both reinforcing

material and matrix material in determining composite properties. Krishnaprasad et al. [157]

focused on microfibrils extracted from bamboo fiber to develop bamboo microfibril-reinforced poly-

hydroxy butyrate (PHB) composites, reporting increased impact and tensile strength with bamboo

microfibril loading. Gupta [158] developed a bamboo-based epoxy composite, exploring the effect

of fiber loading on water content and chemical resistance. The study found decreased chemical

resistance with increased fiber content. Kumari et al. [159] explored the effect of chemical treat-

ment on polyester-bamboo composites, noting improvements in thermo-mechanical properties and

reduced water absorption after alkali treatment. The study highlighted the cost-effectiveness and

eco-friendliness of the developed composite.

Development in China- China is one of the major producer of bamboo and bamboo based com-

posite. Wang et al. [160] investigated the impact of moisture content and bamboo micro-fiber size

on the mechanical properties of PVC composites reinforced with Makino bamboo fibers. The study

revealed a density-moisture absorption correlation and identified an optimal bamboo filler per-
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centage for enhanced tensile and flexural properties. Phuong et al. [161] studied recycled bamboo

fiber-reinforced polypropylene composite, using Makino bamboo from China. Chemical treatments,

particularly alkali treatment, improved fiber structure and thermo-mechanical properties, while

acetylation enhanced compatibility between bamboo fiber and matrix, resulting in superior mechan-

ical properties. The morphology of treated and untreated fiber has been presented in Fig. 2.6 The

sss

Fig. 2.6: (a) Bamboo fiber surface before and (b) after the chemical treatment [142].

hydrophilic nature of lignocellulose fibers posed challenges in fiber-matrix bonding and composite

durability. Hung et al. [162] investigated Makino bamboo fiber-reinforced high-density polyethylene

composites, finding that chemical treatment notably enhanced retention properties and decay re-

sistance during natural weathering. Wang and Ying [163] proposed a method for a uniform Makino

bamboo fiber-reinforced polypropylene composite, incorporating alkali-treated and untreated bam-

boo fibers with a silane coupling agent. The study demonstrated improved mechanical properties

and reduced water absorption in the alkali-treated bamboo fiber-reinforced composite, indicating

the success of the enhancement process. Yu et al. [53] innovated a process for bamboo fiber-

reinforced composite with an oriented bamboo fiber mat, achieving significant mechanical property

improvements without chemical treatment. Zhu et al. [164] evaluated the physical and mechanical

properties of these composites after outdoor exposure, indicating good dimension stability perfor-

mance despite gradual decreases in mechanical values. Xie et al. [165] explored three bamboo

species for fiber extraction, creating composites with varying densities. A density of 1200 kg/m³

showed superior mechanical properties, better dimension stability, and lower water absorption. The
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study concluded that bamboo fiber-reinforced composite properties were highly influenced by the

bamboo species. Chunhong et al. [166] fabricated non-woven bamboo fiber-reinforced polypropy-

lene composites via compression molding. Alkali-silane treated fibers were identified as optimal,

minimizing void content and moisture absorption. Chemical treatment of fibers proved beneficial

in hindering water diffusion and preventing moisture damage. Huang and Young [167] investigated

hygral, mechanical, and interfacial strength of continuous bamboo-reinforced epoxy composites.

The study concluded that moisture negatively affecting the mechanical properties of the compos-

ite. Zhang et al. [106] examined the relationships among internal structure, chemical composition,

and hygroscopic properties of bamboo fiber-reinforced composite (BFRC). Compression molding

altered internal cellulose structure, reducing water absorption capacity and making BFRC less hy-

groscopic. Rao et al. [168] introduced a novel technique to develop bamboo-fiber reinforced polymer

composites with varying concentrations of phenol-formaldehyde for outdoor use. Higher resin con-

centrations improved water resistance and shear strength but reduced compressive strength. A 20%

resin concentration was deemed optimal for cost-effective outdoor applications. Wang et al. [169]

fabricated a homogeneous bamboo fiber-reinforced polypropylene composite by modifying bamboo

fibers with 3-aminopropyltriethoxysilane (APTES). APTES modification improved mechanical and

water resistance properties, highlighting its advantages for enhancing interfacial adhesion. However,

APTES was noted to have a negative impact on thermal properties.

Development in Japan- In Japan, researchers and industry professionals have explored the use

of bamboo fibers as a reinforcement in polymer composites to enhance the mechanical properties

of the materials. These composites can offer advantages such as high strength, low weight, and

eco-friendliness. The development of bamboo fiber composites aligns with the country’s efforts to

promote sustainable and innovative materials. Kim et al. [170] developed a bio-composite using

Moso bamboo fiber and vinyl ester resin. Bamboo fibers were extracted through various methods,

with alkali extraction demonstrating superior single fiber tensile strength and greater fiber-matrix

contact angle. Chemical treatment using sodium hydroxide decreased fiber tensile properties but

increased interfacial shear strength, enhancing fiber-matrix bonding and overall composite mechan-

ical properties. Wang et al. [171] applied an impregnation modification process to Neosinacallamus
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affinis bamboo, incorporating nano-CaCO3 particles for enhanced surface roughness. Modified

bamboo showed significant improvements in single fiber tensile strength, young’s modulus, and

elongation before break. Subsequently, the study investigated the effects of fiber dipping time and

concentration, determining optimal conditions for maximum tensile strength, modulus of elasticity,

and elongation before break. Later Wang et al. [172] compared two fiber modification techniques,

blending modification (BM) and impregnation modification (IM). IM exhibited superior mechanical

properties in bamboo fiber composites. The interfacial interaction was further explored in 2019,

with IM-treated bamboo fibers used to develop composites with high-density polyethylene (HDPE).

Among three manufacturing processes (hot pressing, extrusion, and injection molding), injection

molding showed the highest mechanical properties, concluding it as the most effective process for

IM-modified bamboo fiber and HDPE composites.

Development in Korea- The development of bamboo fiber composites aligns with global efforts

towards sustainability and eco-friendly alternatives in various industries. South Korea, as a tech-

nologically advanced country, has likely been involved in research and applications of bamboo fiber

composites in sectors such as construction, automotive, and consumer goods. Ma and Joo [173]

utilized South Korean bamboo and PLA to create a composite through the film-stacking process.

To enhance the interaction between fibers and matrix, three treatment methods were employed:

direct silane coupling (DC), silane coupling during UV irradiation (CDU), and silane coupling

after plasma treatment (CAP). XRD analysis revealed that DC treatment increased the crys-

talline region, while CAP and CDU treatments augmented the amorphous region of bamboo fibers.

The interfacial shear strength improved by 44.2%, 87.4%, and 64.2% with DC, CAP, and CDU

treatments, respectively. Tensile strength in composites with DC, CAP, and CDU-treated fibers

increased by 43.7%, 71.1%, and 60.7%. Silane coupling after plasma treatment was identified as the

most effective technique for enhancing bamboo-composite properties. Later, Kang and Kim [49]

developed a Korean bamboo-reinforced PLA composite, exploring thermo-mechanical properties.

Alkali treatment increased fiber ductility, brightness, and thinness. Delignified bamboo-reinforced

PLA composites exhibited superior flexural and tensile strength compared to untreated bamboo

composites. Thermal properties were influenced by treatment; alkali-treated composites showed an
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increase in initial decomposition temperature but a decrease in maximum decomposition tempera-

ture. Silane treatment induced surface modification of bamboo fibers, enhancing bonding strength

with the matrix and overall thermo-mechanical properties.

Development in Malaysia- Malaysia has been actively involved in the exploration and develop-

ment of bamboo composites. Malaysia, with its abundant bamboo resources, has recognized the

potential of bamboo in various applications, including the production of composite materials for

construction, furniture, and other industries. Researchers and industries in Malaysia have been

studying the use of bamboo fibers and particles as reinforcement in composite materials. These

composites can offer advantages such as strength, durability, and sustainability. Malaysia’s interest

in bamboo composites aligns with the broader global movement towards eco-friendly and renew-

able materials. Tong et al. [139] studied Malaysian bamboo fiber composites, extracting fibers

through roller milling and hand layup. A 24-hour treatment with 8% NaOH solution enhanced

mechanical properties, yielding a 45.6% increase in tensile strength and a 72% increase in modulus.

Excessive NaOH concentrations adversely affected properties, indicating lignin and hemicellulose

removal. The findings suggest the viability of local bamboo fibers for effective reinforcement in

composite production. Chin et al. [174] investigated the mechanical and thermal properties of

Malaysian bamboo fiber-reinforced polymer composites. Chemical treatment and physical milling

were employed on bamboo fibers, integrated with three thermosetting polymers. Optimal tensile

and bending properties were achieved in the 40% fiber-reinforced epoxy composite, suggesting the

proposed preparation method as a valuable guide for robust bamboo fiber composites, potentially

applicable for external strengthening of buildings and structures. Furthermore, Hassan et al. [112]

explored the influence of fiber soaking and drying time on the mechanical properties of bamboo-

epoxy composites. With a predefined NaOH concentration, optimal tensile properties were achieved

with 3.99 hours of soaking time and 72 hours of drying time.Composites utilizing this treated fiber

demonstrated enhanced characteristics when compared to untreatment methods.
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2.7.2 Development in American Region

The development and uses of bamboo fiber composites in the Americas, particularly in North and

South America, has been limited compared to regions like Asia. However, interest in sustainable and

eco-friendly materials has been growing globally, and there has been increasing attention to bamboo

as a renewable resource. Porras and Marañon [175] developed biodegradable composite using

woven bamboo fiber and PLA from Colombia, showing impressive mechanical properties (86MPa

tensile, 154MPa bending, 13.44 kJ/m2 impact strength) via film stacking compression molding.

Scanning electron microscopy indicated good bonding, with identified failure modes as structural

delamination and matrix cracking. The laminates exhibited excellent energy absorption and high

elongation before break, suggesting suitability for engineering structures. Later, Sánchez et al. [176]

developed agglomerated panels with vegetable resin and Guadua bamboo fiber through manual

molding, finding the composite feasible for medium and low-load non-structural applications. In

2019, delignification with cold plasma and alkaline treatments enhanced mechanical properties and

reduced water absorption. Furthermore, Lima [177] studied the impact of a coupling agent on

mitigating mechanical property loss during the natural aging process. Inácio [178] assessed the

aging effects on thermal and mechanical behavior in Brazilian bamboo composites. The addition of

bamboo fiber improved fatigue life, tensile and flexural strength, with aging causing a reduction in

tensile strength, flexural strength, and fatigue life. Thermogravimetric analysis indicated increased

degradation temperatures with the addition of fiber and further increases due to aging.

2.7.3 Development in African Region

The use of bamboo composites in Africa has been gaining attention due to the continent’s abun-

dant bamboo resources and the growing interest in sustainable and eco-friendly materials. Africa’s

diverse climates and ecosystems offer favorable conditions for bamboo growth, presenting oppor-

tunities for the development of bamboo-based composites. Bamboo composites in Africa may find

applications in construction, furniture, and various industries. Researchers and organizations in

countries with significant bamboo resources, such as Ethiopia, Ghana, and Cameroon, have been

exploring the potential of bamboo composites for economic and environmental benefits. Akindapo

50TH-3447_196103002



LITERATURE REVIEW ON DEVELOPMENT OF BAMBOO BASED BIOCOMPOSITES

et al. [179] developed sustainable protective shields using Nigerian bamboo fiber and polyester resin

composites. Bamboo fibers were treated with NaOH, and composites were formed with varying

weight percentages. The most promising composite (40% bqamboo fiber loaded composite) ex-

hibited excellent mechanical properties, low water absorption, and thermal stability. The findings

highlight the potential of treated bamboo fiber-polyester composites for sustainable applications

in security and defense equipment. Mebratie et al. [180] explored the mechanical properties of

oil-treated Ethiopian Highland bamboo fiber/polyester composites. The oil treatment aimed to

enhance flexibility, resulting in higher tensile and flexural strengths. Oil-treated composites out-

performed untreated ones, showing improved characteristics, with increased strain and reduced

breakage due to enhanced strand flexibility from lubrication. Daramola et al. [181] developed

high-density polyethylene (HDPE) composites by compressing short bamboo fiber (BF) reinforced

with 0.5 M NaOH-treated BF. Various weight fractions (2-10 wt.%) were melt-compounded with

HDPE. Mechanical properties improved up to 4 wt.% BF, while water absorption increased with

higher fiber content. Morphological analysis indicated homogeneous BF dispersion at lower weight

fractions, with agglomeration at higher fractions. The study concludes that treated bamboo fibers

effectively reinforce HDPE.

The current literature on bamboo-based biocomposites highlights a significant gap in research

pertaining to the optimization of processing techniques and the scalability of production. While

some studies have explored the mechanical and environmental advantages of bamboo-based bio-

composites, there is limited research on the systematic development of cost-effective and scalable

manufacturing methods based on Northeast Indian bamboo. Additionally, there is a lack of com-

prehensive investigations into the influence of varying bamboo species, processing parameters on

the final properties of the biocomposites. Addressing this literature gap is essential for unlocking

the full potential of bamboo-based biocomposites, enabling sustainable and widespread adoption

in various applications.
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2.8 LITERATURE REVIEW ON EFFECT OF DIFFERENT BIODEGRAD-
ABLE MATRIX MATERIALS ON BIO-COMPOSITES

In the earlier period (before 2017), researchers predominantly dedicated their efforts to crafting

natural fiber-reinforced composites with high strength. However, around mid-2017, there was a

noticeable shift in focus towards the development of green composites or biodegradable compos-

ites. The escalating carbon footprint resulting from plastic waste and concerns about depleting

fossil fuels have heightened interest in alternative environmentally friendly materials. In previ-

ously documented literature, the development of polymeric materials or polymer composites using

petroleum-based polymers and synthetic materials is acknowledged to be environmentally harmful.

Consequently, there is an imperative need to utilize bio-based polymers and bio-based reinforce-

ment materials for the formulation of sustainable materials. Liuyun et al. [182] integrated bamboo

fiber into a nano-hydroxyapatite-PLGA composite, producing biodegradable composites with vary-

ing bamboo fractions (0%, 5%, 10%, 20%) through a solution mixing method. Investigating me-

chanical properties, interfacial structure, and crystallization behavior, the bamboo-hydroxyapatite-

PLGA composite displayed superior thermo-mechanical properties to the bamboo-PLGA compos-

ite. The addition of 5% bamboo fiber showed optimal mechanical properties, indicating the bamboo-

hydroxyapatite-PLGA composite’s potential superiority over the nano-hydroxyapatite-PLGA com-

posite for biomedical applications. Fang Wang et al. [183] developed bamboo fiber-reinforced green

composites using hot-pressing with polylactic acid as the matrix and varying fiber volume fractions

(30%, 40%, 50%). Tensile testing revealed increased strength and reduced elongation with higher

fiber volume. Chemical treatment improved tensile strength by 38.6% and elongation by 34.4%,

though the modulus decreased by 15.7%. Fig. 2.7 presents the XRD graph of treated and untreated

fiber reinforced polylactic acid. Later Wang et al. [184] investigated the effect of chemical treatment

on crystallization index and chemical composition of fibers. It was reported that due to chemical

treatment the crystallization index of the bamboo fibers were increased which affected positively on

the ductility of biocomposite. Thereafter, Yang et al. [185] investigated the dynamic mechanical

(DMA) and thermal properties of these composites. A decrement in glass transition temperature

was reported with the increment of fibers volume fraction. TGA results exposed that the degra-
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Fig. 2.7: XRD pattern of treated and untreated bamboo fibers [164].

dation temperature of the composite increased with increasing the fiber content. The detailed

analysis concluded that the bamboo fibers have a positive effect on thermo-mechanical properties

of the epoxy composite and providing feasibility to using bamboo fiber-reinforced composites for

medium and low structural application. Long et al. [186] developed bio degradable short bamboo

fiber reinforced PLA composite. To increase the fiber-matrix interaction, the fibers were treated

with alkine solution and MAPP was added with matrix material. Addition of 5% MAPP was

showed maximum tensile strength (33.73 MPa), flexural strength (47.18 MPa) and impact strength

(3.15 kJ/m2). There after, Long et al. [187] added polyethylene glycol with the matrix material

to increase the mechanical properties of the composite. Addition of polyethylene glycol shown

greater crystalline index with compared to previously prepared composites. The maximum tensile,

flexural and impact strength of 65.46 MPa, 97.94 MPa and 3.25 kJ/m2, respectively were reported

for present composites which were 94.07%, 107.58% and 3.17% greater in tensile strength, flexural

strength and impact strength respectively. Yang et al. [188] examined the biodegradable character-

istics and impact of degradation on the mechanical properties of a previously prepared bamboo fiber

composite. Soil burial degradation and microbial degradation tests were conducted. The degra-

dation process led to a deterioration in the mechanical properties of the composite, along with a
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decrease in thermal stability. Interestingly, the crystallinity of the PP component increased dur-

ing degradation. Zindani et al. [189] developed bio-composites using cashew nutshell liquid-based

biopolymer and Punica granatum fiber. The developed bio-composites show permissible mechani-

cal and structural properties. The maximum tensile and flexural strength has been reported as 84

MPa and 166 MPa, whereas the maximum tensile and flexural modulus has been reported as 4.75

GPa and 8.15 GPa. Sanchez et al. [111] developed vegetable-based polyurethane polymer bamboo

composites. The developed composite shows a maximum tensile strength of 70.94 ± 8.35 MPa, a

maximum modulus of 9166 ± 125 MPa and a density of 0.97 gm/cm3 can be used for advanced

engineering and semi-structural application. Cortat et al. [190] developed sustainable composites

using nutshell residue with polypropylene (PP). The sustainable green composites were with 5, 10,

15, 20, 25 and 30% of reinforcement by wt. Further author characterized the prepared samples

by performing different physical, mechanical and thermal testing. The maximum tensile strength

and tensile modulus have been recorded as 30 MPa and 2401 MPa, respectively. Loganathan et

al. [191] investigated the physical-mechanical and flammability properties of Cyrtostachys renda

Fibers Reinforced Phenolic Resin Bio-composites. The developed composites experimentally in-

vestigated the properties in terms of tensile, flexural, impact, and water absorption. Kumar et

al. [192] developed bio-composites using kenaf/pineapple fiber and Formulite bio-epoxy. The bio-

content of the epoxy was 34%. The developed composite shows a maximum strength of 86.47 MPa

in tensile and 116.43 MPa in flexural. The impact strength of the composites has been reported as

33.87 kJ/mm2. The author concludes that the developed composites can be used in semi-structural

engineering applications.

The existing literature on biodegradable biocomposites reveals a noteworthy gap in understand-

ing the long-term structural integrity and environmental impact of these materials. While numerous

studies have investigated the initial biodegradability and mechanical properties of such biocompos-

ites, there is a scarcity of research focusing on the comprehensive evaluation of their degradation

over time. Additionally, the influence of diverse environmental conditions on the biodegradation

process and the subsequent effects on material properties remains an underexplored aspect. More-

over, the majority of bio-composites in the literature are based on thermoplastic polymer matrixes.
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As per the author’s knowledge, very little literature exists on thermoset biopolymers-based com-

posites. Bridging this literature gap is crucial for advancing sustainable materials development and

ensuring a thorough comprehension of the lifecycle and eco-friendly attributes of biodegradable

biocomposites.

2.9 LITERATURE REVIEW ON BAMBOO FIBER REINFORCED HYBRID
BIOCOMPOSITES

Hybrid bamboo composites refer to materials that combine bamboo fibers with other reinforcing

materials to create a composite material with enhanced properties. These composites leverage the

strengths of bamboo, a natural and sustainable resource, along with the unique characteristics

of other materials. The combination of bamboo fibers with polymers, other natural fibers, or

even traditional reinforcing agents like glass fibers or any others natural fiber/particles can lead to

improved mechanical, thermal, and structural performance.

Thwe et al. [193] created a durable bamboo-glass fiber hybrid composite to enhance hygrother-

mal aging resistance. The study compared bamboo fiber reinforced polypropylene (BFRP) and

bamboo-glass fiber reinforced polypropylene (BGRP) composites, finding improved fatigue resis-

tance in BGRP. Aging at 75°C significantly impacted tensile strength. In the other hand, coupling

agents mitigated degradation. Han et al. [194] developed HDPE/bamboo composites with varying

nanoclay and maleated polyethylene (MAPE) by melt compounding. The effect of compounding

characteristics, clay dispersion and HDPE crystallization, on mechanical properties of composites

has been analysied. MAPE was crucial for clay exfoliation in HDPE/bamboo systems, enhancing

tensile strength, bending modulus, and strength. However, the addition of clay reduced overall

mechanical properties, requiring further study on pre-coating fibers for enhanced synergy. Okubo

et al. [195] innovated hybrid biocomposites, blending biodegradable poly(lactic acid) with mi-

crofibrillated cellulose (MFC) and bamboo fiber bundles. The hierarchical reinforcement system

enhances properties, with 1 wt% well-dispersed MFC significantly improving fracture energy by

almost 200%. The fracture morphology around bamboo fiber bundles also undergoes a signifi-

cant change in hybrid bamboo/MFC/PLA composites. Later, Cuicui Wang et al. [196] enhanced
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composite mechanical properties by surface-modifying bamboo fibers with nano calcium carbonate

particles. Composites, using untreated, blending modified, and impregnation modified fibers with

high-density polyethylene, exhibited increased flexural and impact properties. Impregnation mod-

ification showed greater effectiveness, with a 44.19% improvement over untreated fibers. However,

no significant enhancement was observed in impact strength and flexural modulus.

Chee et al. [197] prepared Bamboo/kenaf-reinforced epoxy hybrid composites using hand layup,

were studied for their thermal and thermo-oxidative stabilities at different bamboo and kenaf fiber

ratios. Results showed improved stability with higher bamboo content. Further, Qianting Wang et

al. [198] enhanced bamboo-polypropylene composite by incorporating graphene oxide with short

bamboo fiber. The addition improved interfacial strength, resulting in a 12.6% increase in tensile

strength and a 23.7% increase in flexural strength with 0.1% graphene oxide. Gouda et al. [199]

added graphene nano partials with bamboo microparticles and investigated the synergetic effect

of these two particles on the thermo-mechanical properties of hybrid composites. Cement bypass

dust (CBPD) and cenosphere fly ash were used as fillers by Gupta [200] in bidirectional bamboo

fiber-reinforced polymer composites. Two sets of composites, one with untreated bamboo fibers

and the other with alkali-treated fibers, were fabricated with varying filler compositions. Chemical

resistance and water absorption properties were studied, indicating that filled composites exhibited

good resistance to acids, solvents, and alkalis, along with improved water resistance compared to

neat composites. These composites hold potential for diverse industrial and civil engineering ap-

plications. Adediran et al. [201] developed bamboo fiber-coconut shell husk reinforced polyvinyl

chloride composite. Bamboo fibers (BF) treated with NaOH and particulate coconut shell (PCS)

were incorporated into polyvinyl chloride (PVC) to enhance properties for ceiling boards and insu-

lating pipes. Compression molding resulted in composites with improved strength, modulus, and

wear resistance, with optimal performance at 2 wt% PCS and 15 wt% BF. The combination of

0–30 wt% BF and 2 wt% PCS demonstrated the best overall property enhancement. Ramu et

al. [202] added groundnut shell, copper particle and MWCNT filler separately into bamboo fiber

epoxy composites. The author reported impressive results in thermos mechanical and physical

properties with groundnut shell and carbon nanotube filler reinforced hybrid bamboo composites.
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Furthermore, Ramu et al. [203] reported significant increases after filler addition to hybrid com-

posites with rice husk and bamboo fiber mat. Sarmin et al. [204] added olive biomass into bamboo

fiber reinforced epoxy-based bio-composites to develop a cost-effective and sustainable composite

material with superior thermos-mechanical properties. Alam et al. [205] added egg shell as a rein-

forcing particle into bamboo fiber reinforced hybrid polyester laminated composites. Hybridization

in reinforcement increased the tensile and flexural properties of the composites positively. Kumar

et al. [206] developed composites with bamboo fiber and SiO2 particles. The author analyzed

the positive effect of SiO2 addition on bamboo fiber reinforced composites. Chakkour et al. [207]

developed montmorillonite and eggshell /bamboo fiber reinforced biocomposites for reducing the

moister aging of composites. Results indicate improved water absorption, thickness swelling, and

mechanical properties at a 3wt% filler content. The composites exhibit enhanced strengths under

ambient conditions, though slight improvement is observed in wet conditions.

In conclusion, the literature review on bamboo fiber-reinforced hybrid composites reveals a di-

verse range of studies focused on enhancing the mechanical, thermal, and physical properties of

these sustainable materials. Researchers have investigated a wide array of hybridization approaches,

exploring diverse reinforcing materials in conjunction with bamboo fibers. These materials include

ceramic particles, natural fibers, and a combination of both natural and synthetic particles. The

studies demonstrate that fiber and micro particle hybridization contribute to improved interfa-

cial adhesion, leading to enhanced mechanical properties. Furthermore, efforts have been made

to understand the impact of environmental factors, such as natural weathering and aging, on the

long-term durability of hybrid bamboo composites. While challenges like delamination and matrix

cracking have been identified, the overall findings emphasize the potential of bamboo fiber-reinforced

hybrid composites for sustainable applications in diverse industries, offering a compelling alterna-

tive to traditional materials. However, the effect of adding bamboo micro particles into bamboo

fiber reinforced bio composite is still limited. Future research should continue to address optimiza-

tion strategies, explore additional treatment methods of bamboo particles, and thermo-mechanical

properties aspect of these composites for broader implementation in various structural engineering

and construction applications.
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2.10 RESEARCH GAPS

Based on the above literature, the following research gaps has been identified:

� In the majority of the existing literature, bamboo fibers sourced from China and northeastern

Asia have been predominantly utilized by researchers. While a few studies have introduced

bamboo of Indian origin, it’s noteworthy that the northeastern region of India, particularly

Assam, boasts a diverse and abundant range of bamboo resources. There is very limited work

available on bamboo and bamboo fiber available at this region.

� Most of the literature performed extraction of bamboo fiber from any part of the bamboo

clum. The bamboo is a naturally functionally graded materials and its properties changes from

inner to outer section of the culm. So, classified extraction and comparative characterization

of bamboo fiber from different section of bamboo clum in radial direction is still a major

research gap.

� To increase mechanical properties of fiber and interfacial bonding strength between fiber

and matrix materials chemical treatment with constant alkaline solution (5%) is present

in literature. Very few research is presented by controlling the effect of concentration of

NaOH solution. There is a need to investigate the effect of NaOH concentrations on thermo-

mechancial and physical properties of the bamboo fiber to set the optimal value of NaOH

concentration.

� From the literature it has been observed that most of the papers presented with non-degradable

polymer matrix. Very few was working on degradable polymer matrix. And most of these

degradable polymer matrix are thermoplastic. The effect of biodegradable thermosetting

matrix material need to be studied.

� Further, bamboo based materials can be used for electronic parts, for this purpose, its physical,

mechanical and dielectric properties need to be exploded.

� There is very limited studies available on FTIR and XRD characterization of bamboo fiber

composites.
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� Several micro and nano-particles have been added to bamboo fiber reinforced bio-composites

to improve their thermo-mechanical properties, but the effect of bamboo micro particles on

bamboo fiber reinforced bio-composites are still limited.

2.11 MOTIVATION

The research on bamboo fiber-reinforced bio-composites is motivated by several factors. First,

it aligns with global sustainability efforts, as bamboo is a rapidly renewable resource that can re-

place less sustainable materials like plastic and metals, contributing to eco-friendly alternatives.

Additionally, bamboo’s low environmental impact and biodegradability can help reduce carbon

emissions and pollution, making it an environmentally friendly choice. Furthermore, this research

offers economic opportunities in the rapidly growing bio-composites industry, potentially creating

jobs and business growth. Bamboo’s excellent strength-to-weight ratios make it suitable for rein-

forcement, leading to lightweight and durable materials. Finally, there is a growing market demand

for sustainable materials, making bamboo fiber-reinforced bio-composites a valuable solution. In

conclusion, this research has the potential to address sustainability challenges, drive innovation,

and positively impact the environment and society, making it a motivating endeavor for those

committed to eco-friendly solutions.

2.12 RESEARCH QUESTIONS

The major research questions for the present thesis are as follows:

1. How do the material properties of fibers extract from different radial parts (inner, middle,

and outer) of the Bambusa tulda bamboo culm differ, and what are the implications of these

differences in the performance of bamboo-based bio-composites?

2. What is the effect of varying concentrations of NaOH solution on the mechanical, thermal,

and dielectric properties of bamboo fibers and the resulting bio-composites?

3. How do different weight percentages of bamboo fiber and NaOH concentrations influence the

thermal, dielectric, static, and dynamic mechanical properties of bio-composites, and how
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suitable are these composites for automobile interior and different structural applications?

2.13 OBJECTIVES OF THE PRESENT WORK

Based on the current literature survey, the following research objectives are proposed for the present

research work:

1. To extract fiber from three different parts (inner, middle and outer part of the bamboo culm in

the radial direction) of Bambusa tulda by using suitable fiber extraction process. To conduct

complete material characterization by performing SEM, FTIR, XRD, TGA, UTM tesing.

2. To study the effect of NaOH solution concentration (2, 4, 6, 8, 10 % w/v ratio) on the fibers

and composites.

3. To investigate the effect of various weight percentage of fiber as well as NaOH concentrations

on thermal, dielectric, static and dynamic mechanical properties of developed bamboo based

bio-composite.

4. To develop bio-composites with bamboo fiber as reinforcement material and different bio-

polymer as matrix materials and study their physical, thermal and mechanical characteristics

for automobile interior applications.

5. To develop hybrid bio-composites with bamboo fiber and bamboo micro particles as duel

reinforcement phase. Further, study and compare their different structural and mechanical

properties.

2.14 RESEARCH NOVELTY

The novelty of the proposed research lies in several key areas:

1. Firstly, the extraction and comprehensive material characterization of fibers from different

radial parts of Bambusa tulda using advanced techniques (SEM, FTIR, XRD, TGA, UTM)

provide unprecedented insights into their properties.
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2. Secondly, the systematic study of NaOH solution concentration effects on fibers and compos-

ites addresses a gap in the understanding of chemical treatment optimization.

3. Thirdly, the investigation of the influence of fiber weight percentages and NaOH concen-

trations on thermal, dielectric, static, and dynamic mechanical properties of bamboo-based

bio-composites is a novel approach.

4. Fourthly, developing bio-composites with bamboo fibers and various biopolymers specifically

for automobile interior applications emphasizes practical innovation and sustainability.

5. Finally, developing and comparing hybrid bio-composites with dual reinforcement phases

(bamboo fibers and micro particles) introduces a unique perspective on enhancing structural

and mechanical properties. This multifaceted research significantly advances the field of

bamboo-based bio-composites for structural application.

2.15 CONCLUSION

This chapter provides a comprehensive literature review covering various aspects, including dif-

ferent types of bamboo fiber, the classification of bamboo fiber extraction, chemical treatment of

the fiber, development of diverse bamboo-based biocomposites, the impact of various matrix ma-

terials on biocomposites, and the exploration of bamboo-based hybrid biocomposites. Through

an exhaustive literature survey, research gaps were identified, motivating the undertaking of the

current study. The survey also played a crucial role in defining the research objectives. The chapter

concludes with an overview of the thesis structure. The subsequent chapter (Chapter 3) initiates

with a focused exploration of bamboo fiber extraction from Bambusa tulda, and concluded with

their potentiality analysis for reinforcing bio-composites.
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Classified Extraction of Bambusa
tulda Fiber for Bio-Composite
Reinforcement

3.1 INTRODUCTION

Bamboo is an inherently functional material, exhibiting variations in structural and constituent

properties from the inner part to the outer part in the radial direction. These variations contribute

to its diverse mechanical and physical properties. In this chapter, for the first time, bamboo fibers

are extracted from three different parts (i.e. inner, middle, and outer parts of the culm in the

radial direction) of Bambusa tulda. Bambusa tulda is one of the bamboo species highly available

in the northeastern part of India, especially in the Assam region. The different materials used for

this study are presented in Sec. 3.2.1. The fibers are extracted using the retting process. The

detailed classified extraction process is presented in Sec. 3.2.2. Furthermore, the extracted fiber is

characterized by performing structural morphology analysis using FESEM (Field Emission Scanning

Electron Microscopy) images, chemical composition analysis by measuring different constituents

of bamboo fiber. Extracted fibers are further analyzed for density, crystallinity index, crystalline

size, and thermogravimetric analysis (TGA). The tensile properties, such as tensile strength, tensile

modulus (Young’s modulus), and elongation before break value for the extracted fiber from different

regions, are measured, and their statistical analysis is performed using the Weibull distribution.

Sec. 3.3 presents the detailed characterization of the extracted fiber. The investigation revealed

that the technical fiber extracted from the outer part (external technical fiber) of the bamboo

culm has a higher cellulose content (58.13 ± 3.51%), higher crystallinity index (60.142%), greater
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tensile strength (365.014 ± 50.441 MPa), modulus (14.098 ± 1.763 GPa), low moisture absorption

capacity, and higher thermal stability than fibers from the middle and inner parts of the bamboo.

Additionally, a comparative study of Bambusa tulda fiber with other previously reported fibers

is done and presented in Sec. 3.4. The comparative study shows the great potential of external

technical fiber (ETF) as reinforcing materials for biocomposites. This study will help develop

Bambusa tulda-based sustainable bio-composites for futuristic applications.

3.2 Material and Methods

3.2.1 Materials

The bamboo culms in the age group of 3.5 to 5 years of species Bambusa tulda were purchased

from the local Nursery at Guwahati. The benzene (C6H6) (95% pure), ethanol (C2H5OH) (99.9%

pure) and sodium hydroxide pellet (NaOH) were procured from Sigma-Aldrich, India. Sulfuric acid

(H2SO4) (98% pure), Barium chloride (BaCl2), filter paper and litmus paper were purchased from

Merck Life Science Private Limited, India.

3.2.2 Extraction of Bamboo Fiber

Bamboo green culms of 350 to 400 mm length (diameter of 60 to 65mm) were selected for cleaning

and the knots were removed with the help of a knot cleaning machine (Freshly harvested, green

culms have high moisture content, which gradually decreases as they dry. This drying process,

known as seasoning, can lead to shrinkage and increased brittleness. Green culms are heavier due

to the high-water content. As they dry, they become lighter.It is easier to extract fiber from green

culm rather than dry culm). Thereafter, the cylindrical culm was split into four pieces using a

splitting machine. The thickness of the cut culm was measured as 14 ± 2 mm. Then with the help

of a planner machine, the epidermal (most inner layer) and endodermal (most outer layer) of the

bamboo was removed and billets were made. The average thickness of the billet was maintained

as 12 ± 1 mm and length as 350 ± 10 mm. Thereafter each billet was cut vertically into 3 equal

thickness strips. The thickness of each strip was maintained at 4 ± 0.5 mm. Strips are taken from

the outermost, middlemost and innermost part of the culm and are known as external strip, middle
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strip, and internal strip, respectively. The strips were soaked in distilled water for 3 days and fibers

were peeled with the help of a sharp knife and comb. The extracted fibers were placed into a hot

air oven for 4 hrs at 80 ◦C. This fiber extraction process is named as retting process [208]. In the

previous study, the retting method was found to be the most appropriate process for continuous

(long) fiber extraction [102]. The fiber extracted from external, middle and internal strips were

named as external technical fiber (ETF), middle technical fiber (MTF) and internal technical fiber

(ITF). The average length of the extracted fiber was measured as 300 ± 7 mm. Fig. 3.1 (a), (b),

(c) and (d) show the selected bamboo clum, cross-sectional view and strip classification of bamboo

culm, water submerged bamboo strips and extracted technical fiber, respectively.

(a) (b)

(c) (d)

Fig. 3.1: (a) bamboo clum, (b) cross-sectional view and strip classification of bamboo culm, (c)
water submerged bamboo strips and (d) extracted technical fibers.

3.2.3 Characterization of Fiber

A detailed analysis of the extracted fiber has been carried out in order to understand its physical,

mechanical, thermal, and structural characteristics. In this section, detailed results are presented.
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3.2.3.1 Structural Characterization

The structural morphology of all three types of fiber (internal, middle and external) was examined

with the help of Sigma field emission microscopy (Make: Zeiss, Germany). As the natural fibers

are non-conductive or less conductive [209], to increase the conductivity of the samples thin film of

gold was coated. The Sputter coater (model: BALTEC-SCD-005, USA) is used for very thin gold

coating on the fiber samples. To investigate the diameter of the original single fiber, the FESEM

image was analyzed with the help of ImageJ software (open-source software). The diameters of

randomly selected twenty-five original single fiber from each group were measured and statistical

analysis was done with the help of Minitab 17 software (student version).

3.2.3.2 Diameter of Technical Fiber

The diameters of technical fiber were determined by randomly selecting twenty-five fibers from each

group and examined under a stereomicroscope (Model: SMZ25, Nikon, Japan). The diameter of

each technical fiber was measured at five different places of the fiber and the mean value has been

reported.

3.2.3.3 Chemical Composition of Fiber

The chemical composition of the fiber played a vital role in the physical and mechanical properties

of the fiber. The general chemical composition of natural fiber is cellulose, hemicellulose, lignin,

extractive, ash and moisture [24]. The extracted fiber from three different regions (outer, middle

and inner part of the bamboo culm) were ground into powder as used as a sample of chemical

composition. The moisture content of fiber was obtained by putting 1 gm of ground fiber into a

hot oven (IKON, Model: IK-109, India) at 105 ± 5 ◦C till constant weight was achieved [210]. The

moisture content of the samples (W1) was calculated through the weight difference of the samples

as per Eq.3.1. Ash content (W2) of oven-dried samples were determined by heating samples at a

muffle furnace (YOMO, Model: MF – 5510 D, India) at 580 ± 20 ◦C for 4hrs as per Eq.3.2 [211].

Other components like- extractive, hemicellulose, lignin and cellulose content were determined by

the process described in the literature S. Li et al. [212] and A. Verma et al. [213] The flow process
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Fig. 3.2: Flow diagram of the chemical composition analysis.

has been presented in Fig. 3.2. The following equations Eq.3.3, Eq.3.4, Eq.3.5 and Eq.3.6 are

used to find extractive percentage (W3), hemicellulose (W4), lignin (W5) and cellulose (W6) weight
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fraction, respectively.

W1 =
M0 −M1

M0
× 100% (3.1)

W2 =
M2

M0
× 100% (3.2)

W3 =
M1 −M3

M0
× 100% (3.3)

W4 =
M3 −M4

M0
× 100% (3.4)

W5 =
M6

M0
× 100% (3.5)

W 6 = 100− (W1 +W2 +W3 +W4 +W5) (3.6)

Where M0 is the initial mass, M1= measured mass after moisture is removed, M2= mass of ash,

M3= mass after removal of extractive, M4= mass after removal of hemicellulose and M6 is the mass

of lignin residue of grounded fiber.

3.2.3.4 Density of Fiber

The density of the extracted fiber from the different regions (internal, middle and external) of

bamboo culm was determined with the help of a Pycnometer as solid and toluene as the liquid

medium. The samples and results were prepared as per ASTM D 2320-98 [214]. The extracted

fiber was chopped and dried in a hot air oven at 70 ◦C for 4 hrs to remove moisture content. The

density of the fiber bundles is calculated by Eq.3.7.

ρfiber =
(m3 −m1)

(m2 −m1)− (m4 −m3)
ρliq (3.7)

where, ρfiber is the density of fiber,ρliq is the density of liquid used (here it is toluene,0.8623

gm/cm3 at 25◦C). m1 is the mass of pycnometer at empty condition, m2 is the mass of pycnometer

filled with toluene, m3 is the pycnometer’s mass filled with chopped bamboo fiber and m4 is the

mass of the pycnometer filled with both toluene and chopped fiber. The electronic precise weighing

balance of Sartorius (Model: Cubis®, Germany) with an accuracy of ±0.1mg was used to measure

the weight of the sample. Five bundles from each sample have been taken for density measurement

and the average density is reported with standard deviation.
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3.2.3.5 XRD Analysis

A powder X-ray diffraction (XRD) analysis was performed using BRUKER (model: D8 advance,

United States) to determine the crystallographic information of classified extracted bamboo fiber

under Cu-Kα radiation (λ = 1.542Å) operated at 30kv/15mA. The intensity count has been

recorded between 2θ= 10 to 60 ◦ with a speed of 2 ◦/min and step size of 0.02 ◦. The crys-

tallinity index of the fiber samples was determined with the help of the Ruland-Vonk method as

per Eq.3.8 and the crystalline size of the fiber samples was determined with the help of Scherrer’s

formula as per Eq.3.9 [215].

Cr% =
(AT −AAm)

AT
× 100% (3.8)

CS =
K × λ

β × Cosθ
(3.9)

where AT is the total area under the XRD graph, and AAm is the area of the amorphous zone.

where K,β, λ and θ are denoted as Scherrer’s constant, full-width half maximum of the peak, the

wavelength of radiation and Bragg angle, respectively.

3.2.3.6 FTIR Analysis

A Fourier transform infrared spectroscopy (FTIR) was carried out on different extracted fiber to

determine the presence of the functional group. The FTIR experiment was performed in Attenuated

Total Reflection (ATR) mode with the help of the PerkinElmer (Model: Spectrum-2, Singapore)

spectrometer. FTIR spectra were recorded between 4000 cm-1 to 400 cm-1 with a resolution scan

of 2 cm-1. For this experimental work, each sample was scanned 12 times and an integrated graph

has been presented as the final result. To prepare the sample of FTIR, the bamboo fiber extracted

from different radii has been ground into powder and mixed with KBr (Potassium Bromide) with

a weight ratio of 1:150 (10 mg of ground bamboo fiber was mixed with 1500 mg of KBr) and

compressed in a circular mould to form pellet for the experiment [216]. The FTIR analysis helps

to identify the constituents of natural fibers, such as cellulose, hemicellulose, lignin, and wax. This

understanding aids in interpreting the results of tensile testing of the fibers. Additionally, it allows

for the explanation of mass losses at different temperatures for natural fibers.
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3.2.3.7 Mechanical Testing

Tensile properties (tensile strength, modulus, and elongation before break) of extracted technical

fiber was measured by tensile testing. Shimadzu Tensile testing machine was used (model: AGX-V,

Japan) with a load cell of 1 kN (minimum load applying capacity of 0.001 N) for tensile testing.

Twenty-five samples of each group (external, middle and internal extracted) of fiber were tested by

following ASTM D-3822-07 [89] standard. The gauge length of 40 mm and a crosshead speed of 0.5

mm/min (engineering strain rate of 0.0002083 S-1) was considered for testing. The environmental

condition of testing was 25◦C temperature and 65% relative humidity. Due to the presence of

deviation in the testing result, the statistical analysis of the results was performed with the help

Weibull model in Minitab 17 software (student version). Eq.3.10 presents the basic model of

Weibull distribution [90]. Where m is the shape parameter and η is the scale parameter.

Fx = 1− e
−
(

x
η

)m

(3.10)

3.2.3.8 Water Absorption Test

Natural fibers are hydrophilic. The moisture content of fiber plays a vital role in the processing and

performance of bio-composite. The water absorption test of the fiber was performed by soaking it

into distilled water at room temperature (25◦C) with an RH value of 65% for different durations

(300 seconds to 7200 seconds with equal time intervals). Finally, the water absorption percentage

was calculated with the help of Eq.3.11. Five fiber samples of each group were tested and the

average value was reported.

MW =
Wt −Wd

Wd
× 100% (3.11)

where MW = moisture content,Wt= weight of fiber sample at time t, Wd= weight of dry fiber

sample.

3.2.3.9 Thermogravimetric Analysis

For high-temperature applications, the thermogravimetric analysis (TGA) of the substance is very

important. TGA analysis of the extracted fiber was performed with the help of the Perkin Elmer
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Instrument (model: STA 800, USA). 5 mg to 8 mg of ground fiber samples were heated from

room temperature (25◦C) to 600◦C with a heating rate of 10◦C/min in a nitrogen atmosphere and

weight loss curves have been recorded. The study chose TGA over DSC due to its focus on thermal

stability and compositional analysis, as TGA better addresses thermal degradation and stability of

composite materials. While DSC provides insights into phase transitions, incorporating both TGA

and DSC in future studies could offer a more comprehensive thermal analysis.

3.3 RESULTS AND DISCUSSIONS

3.3.1 Structural Morphology of Bamboo Fiber

The structural morphology is very important to understand the internal structure of natural

fiber and it helps to determine its potentiality as a reinforcing material in any bio-composites [192].

The morphology of technical fiber has been observed with 500 times magnification and presented

in Fig. 3.3 (a), (b) and (c). Like other natural fiber, the technical fibers are composed of many

single fibers or elementary fibers (sometimes it is also called microfibril). The growth direction of

these single fiber is parallel to the length of technical fiber or bundle fiber. The major component

of a single fiber is cellulose. This cellulose made the skeleton of the cell wall and non-cellulose

components like- hemicellulose, lignin etc act as filling material for these skeletons [217]. The

cellulose skeleton provides elasticity and strength to the bamboo fibers. Whereas non-cellulosic

compounds, lignin act as the binding material of these microfibrils. This non-cellulosic material

helps the fiber to distribute the externally applied load homogeneously throughout the fiber body

[218]. It is observed that the numbers of single fibers were more for ETF and they were smaller in

diameter and distributed densely. Whereas for MTF and ITF the single fiber’s distribution density

gradually decrease compared to ETF. Not only density but also diameter of single fiber, is varied

from ETF to ITF. To understand the diameter distribution of a single fiber, the diameter of 25

single fibers from each technical fiber has been measured with the help of ImageJ software and

statistical analysis has been performed. Fig. 3.3 (d), (e) and (f) showed Weibull distribution of

single fiber diameter inside ETF, MTF and ITF, respectively. The statistical parameters for the

diameter of single fibers in different technical fibers are presented in Table 3.1.
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Fig. 3.3: SEM image of (a) ETF, (b) MTF and (c) ITF, Weibull distribution for single fiber
diameter in (d) ETF, (e) MTF and (f) ITF.

Table 3.1: Statistical parameters for diameters of single fibers in different technical fibers

Fiber Type Shape Scale Mean Median St. Dev IQR Co-relation

ETF (micron) 4.695 10.767 9.850 9.958 2.389 3.284 0.965
MTF (micron) 6.082 22.115 20.532 20.822 3.828 5.315 0.989
ITF (micron) 5.167 39.133 35.999 36.453 8.000 10.936 0.981
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In bamboo, the diameter of a single fiber and its distribution density gradually vary from the

exterior to the interior, making it a functionally graded material [218]. For Mechanical or manual

extraction of fiber it is difficult to remove all parenchyma cells from the fiber. But it could be

removed after chemical treatment of fiber. The higher value of single fiber distribution density

makes the technical fiber stronger. So, for any bio-composite, ETF is a more suitable reinforcement

material compared to MTF and ITF.

3.3.2 Diameter of Technical Fiber

Technical fiber diameter is a very important parameter for the design and development of fiber-

reinforced composites. The diameter of the extracted fiber sample was measured with the help of a

stereomicroscope. Fig. 3.4 (a) (b) and (c) shows the diameter of technical fiber extracted from the

internal, middle and external parts of the bamboo culm. It is observed that the average diameter of

ETF, MTF and ITF are 689.575 ± 12.678; 642.492 ± 13.562 and 616.445 ± 5.024 µm, respectively.

It can be seen that ETF is thicker than MTF and ITF. The diameter of technical fiber is affected by

arrangement, tightness and number of single fibers present in it. The arrangement of the vascular

bundle inside the bamboo is also a major factor and it influences the technical fiber’s diameter [89].

The external technical fiber contains closely packed single fibers and efficiently arranged vascular

bundles.Therefore, the separation of fiber bundles from one to another was difficult and it results

in higher technical fiber diameter. However, it was easier to separate the internal technical fibers,

which resulted in smaller diameters. Smaller pore size with larger technical fiber diameter may lead

to better fiber wettability. Further, it may form better fiber-matrix interfacial bonding which leads

to better mechanical properties [89]. In the present case, ETF shows its characteristics and thus it

is a more appropriate reinforcing material compared to the other two types of extracted fibers.

3.3.3 Density of Fiber

The density of ETF, MTF and ITF have been measured as 0.9174 ± 0.0268 gm/cm3, 0.8305 ±

0.0207 gm/cm3 and 0.6968 ± 0.0213 gm/cm3, respectively. The density of ETF is quite higher than

the density of ITF and MTF. It may be due to the presence of higher single fiber density inside ETF

bundles. A similar type of density variation has also been reported in previous research with bamboo
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Fig. 3.4: Diameter of technical fiber (a) ITF, (b) MTF, (c) ETF, and (d) Weibull distribution for
technical fiber diameters.

culm [34]. The density of the reinforcing material played a vital role in the development of polymer-

based bio-composite. The general density of thermosetting polymers is in the range of 1.1 to 1.3

gm/cm3 [219]. At the time of the composite fabrication process, if the density of reinforcing fiber

is much lower than the matrix, then due to bouncy the fiber may float on the upper surface of the

composite plate. If the density of the fiber is much higher than the polymer matrix then it may sink

to the lower surface of the developed polymer plate. This may lead to the development of defective

composite plates [220, 221]. Due to the change in viscosity of the material and its penetration into

asperities as well as the porous surface of the fiber, the apparent density of the fiber changes when

it is subjected to high pressure and temperature [89, 220]. The density of ETF tulda fiber is lesser

than Chilean bamboo, Korea (1.1 gm/cm3) [49], Bambusa Oldhami, China (1.08 gm/cm3) [175],

and Moso bamboo, China (0.93 gm/cm3) [222], whereas higher than Guadua bamboo, Colombia

(0.6 gm/cm3) [223], Neosinocalamus affinis, china (0.72 gm/cm3) [167] and Phyllostachys pubescens,
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china (0.751 gm/cm3) [106]. Therefore, the comparative study revealed that external technical fiber

(ETF) can be used as a reinforcing material potentially for the development of bio-composites with

low density.

3.3.4 Chemical Composition

The structure and mechanical properties of the natural fiber are directly dependent on the

chemical composition of the fiber. In the present study, the ETF has shown 58.13 ± 3.51% of

cellulose content, which is 6.49% and 16.11% higher than MTF and ITF. The cellulose content

provides fiber strength, stiffness and crystallinity [224]. So, higher cellulose content may provide

the ETF with higher tensile strength and tensile modulus compared to MTF and ITF. The lignin act

as the binding material of the microfibril and provides the fiber with a higher load-bearing capacity

and protects the fiber from moisture and biological attack [223]. The ETF shows 18.39 ± 1.15%

lignin content. This value is 12.39% and 35.39% higher than MTF and ITF. The hemicellulose act as

cementing material of the cellulose skeleton. It is also one of the amorphas materials present in the

fiber [167]. The ETF shows 14.76 ± 2.97% hemicellulose content, which is 24.46% and 40.95% lower

than MTF and ITF. The higher moisture and extractive content results in less interfacial bonding

between fiber and polymer matrix [104, 224]. It has been observed that for the ETF, both moisture

and extractive contents are lower compared to MTF and ETF. The graphical representation of

the chemical composition of all three types of technical fibers are presented in Fig. 3.5 and a

comparative study for chemical composition with other previously reported bamboo fibers has

been presented in Table 3.2.

3.3.5 XRD Analysis

The X-ray diffraction of ground fiber has been performed and the diffraction curve has been

presented in Fig. 3.6. It has been observed that all three types of technical fiber show three peaks

(one sharp and two broads). For ETF these picks are at 2θ= 15.68◦, 22.24◦ and 34.92◦ whereas

for MTF and ITF these 2θ values are 15.53◦, 22.2◦, 34.86◦ and 15.46◦, 22.18◦, 34.72◦, respectively.

The peak around 2θ= 15◦, 16◦, 22◦ and 34◦ are corresponding to the crystalline plane (1 1 0),

(1 1 0), (0 0 2) and (0 4 0) respectively [103, 226]. The Peaks for (1 1 0) and (1 1 0) planes are
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Fig. 3.5: Chemical composition in technical fibers.

Table 3.2: Comparative study for chemical composition of ETF with other previously reported
bamboo fiber.

Bamboo Cellulose Hemicellulose Lignin Extractive Ash Moisture Refe-
Specimen (%) (%) (%) (%) (%) (%) rence

Bambusa tulda 58.13± 14.76± 18.39± 3.97± 1.98± 2.75± Present
(ETF) 3.51 2.97 1.15 1.20 0.33 1.18 study
Bambusa 54.61 6.85 20.85 10.69 3.45 3.55 [224]
heterostachya
Moso (China) 66.7 11.0 19.0 1.8 0.3 1.8 [167]
Bambusa 72.6 11.1 9.5 3.4 2.2 1.2 [224]
emeiensis
Guaduaangustifolia 58.63 13.37 26.45 – – – [223]
Kunth
Phyllostachys 40.1 32.9 26.6 3.1 1.2 – [225]
pubescens
Neosinocalamus 74.1 21.46 0.72 1.38 – – [171]
affinis
Dendrocalamopsis 45.0 26.1 23.1 3.9 1.5 – [104]
oldhmami
Phyllostachys 43.41 23.96 24.25 – – – [136]
Pubescens
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overlapped [227]. The reason behind the peak at 15.68◦, 16.6◦ and 22.24◦ are due to the presence of

cellulose Iβ (native cellulose) inside the bio fiber [228]. Due to the presence of amorphous material

inside the technical fibers a broad amorphous peak has been observed at around 2θ=18 to 19◦ for

all three types of extracted fibers. As per the recommendation of Lila et al.[90], due to the smaller

crystalline size of cellulose, the Ruland-Vond method has been adopted to find out the crystalline

index of technical fiber rather than the Segal method [89]. The ‘Origin 2021b (student version)’

software was used to find the area of the curves and graphical analysis.
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Fig. 3.6: XRD pattern of technical fibers.

The crystallinity of the ETF has been found as 60.142% whereas for MTF and ITF this crys-

tallinity value has been calculated as about 55.613% and 48.842% respectively. The crystallinity

index of ETF is 4.529% and 11.3% higher than MTF and ITF respectively. The crystallinity value of

ETF is higher than Guaduaangustifolia Kunth (58.63%) [171], Phyllostachys Heterocycla (51.28%)

[125], Neosinocalamus affinis (53.42%) [223] and Gigantochlea scotechini (49.92%) [167] bamboo

fiber but lesser than Bambusa heterostachya (62.5%) [110], Phyllostachys Pubescens (67.5%) [224]

and Moso bamboo fiber (61.51%) [108]. From the XRD curve, the crystalline size of the ETF was
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found as 2.578 ± 0.337 nm which was 2.40% and 5.85% higher than MTF (2.516 ± 0.379nm) and

ITF (2.427 ± 0.3436nm). The bigger crystalline size is attributed to lower moisture absorption and

chemical reactivity [228].

The bigger crystalline size and better crystallinity index exhibit rich cellulose contents in ETF,

which may lead to less moisture absorption and better mechanical properties of developed bio-

composites.

3.3.6 FTIR Analysis

The obtained FTIR spectra in ATR mode for ETF, MTF and ITF are shown in Fig. 3.7. The

peak at 3344 cm-1 is due to the stretching vibration of the hydrogen bond of O-H (hydroxyl) groups
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Fig. 3.7: FTIR spectra of technical fibers.

present in cellulose, hemicellulose and lignin. The presence of this hydroxyl group signifies that

the fiber is hydrophilic. There are many numbers of hydroxyl groups present in cellulose that can

interact with water or moisture by making hydrogen bonds. But interaction depends on the types

of cellulose and its degree of crystallinity. On the other hand, the hydroxyl groups present in the

amorphous phase are easily accessible to make a hydrogen bond with water [228]. The other peaks
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for the assigned transmission band of FTIR spectrum have been tabulated in Table 3.3. The

difference in functional group may lead fiber to different properties [89]. The FTIR analysis reveals

that all three types of extracted technical fiber possess the same functional groups and the same

type of chemical components (cellulose, hemicellulose, lignin, extractive and moisture).

Table 3.3: Assignment of transmittance bands in FTIR spectra.

Wave number Assignment Refere-
(cm-1) nces

3344 Stretching vibration of O-H groups present in Cellulose, hemi- [229]
cellulose and lignin

2914 Stretching vibration of C-H group of Cellulose and lignin [230]
1731 C=O group’s Stretching vibration of hemicellulose [230]
1643 Water absorption [110]
1598 Vibration of C=C bond in aromatic group of lignin [216]
1503 C-O bonding vibration of lignin [216]
1462 C-H and C-O bond stretching and bending vibration of lignin [215]
141 Bending vibration of -CH2 group of cellulose and lignin [231]
1369 Bending vibration of C-H2 bond present in cellulose and hemicellulose [215]
1320 Due to bending vibration of C-H bond in cellulose [231]
1243 Stretching vibration of C=O bond present in extractive and lignin [232]
1162 Carbonyl groups present in hemicellulose [232]
1030 C-C/C-O bond stretching vibration of cellulose [215]
895 bending vibration of C-H group of cellulose [233]
663 Vibration of O-H groups of cellulose [221]
566 Vibration of p-hydroxyphenyl of propene in lignin molecule [233]

3.3.7 Mechanical Properties Analysis

The extracted bamboo fiber was tested with the help of a static tensile machine under the same

conditions. The fiber was grouped into 3 series, with 25 fiber specimens from each group (ETF,

MTF and ITF), so a total number of 75 specimens were tested for this work. Fig. 3.8 (a), (b)

and (c) are the obtained stress-strain curves of ETF, MTF and ITF groups. It can be seen from

the stress-strain curve that stress increases quasi-linearly as strain increases to its maximum and a

sudden rupture is observed when stress reaches its maximum value. This behaviour of fracture is

attributed to the brittle nature of the bamboo fiber, which is quite similar to other lignocellulose

fibers [167]. The ETF showed a higher tensile strength value (365.014 ± 50.441 MPa) than MTF

(250.147 ± 39.552 MPa) and ITF (147.925 ± 41.108 MPa). This may be due to the presence of

higher cellulose content in EFT (about 6.49 and 16.11% higher than MTF and ITF respectively).
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Fig. 3.8: Stress-strain curve for (a) ETF, (b) MTF, (c) ITF and (d) comparative stress-strain
curve.

In addition, it could also be seen in the SEM image that the ETF microfibrils are tightly packed

together which provides continuous solid structure and higher strength value. The ETF showed

a tensile modulus value of 14.098 ± 1.763 GPa which is 24.35% and 41.52% higher than MTF

and ITF. The higher tensile modulus of ETF is attributed to the greater crystallinity index of the

fiber. The ETF has also higher lignin content (which acts as an adhesive material within bamboo

microfibril), as a result of which the cellulose and hemicellulose components are tightly bound and

showed greater strength and stiffness [171]. It is also observed that ETF has a higher value of

elongation before break than MTF and ITF. As a result, ETF absorbs more energy before they fail

than MTF and ITF. Several factors may affect the elongation before break value, such as microfibril

angle and gauge length etc.[234]. Fig. 3.8 (d) represents a comparative stress-strain diagram of
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technical fiber.

The statistical analysis of mechanical properties was conducted with the help of Minitab version

17 commercial software (student version) using three and two-parameter Weibull law to determine

suitable distribution. The two parameters’ Weibull value was found much closer to the experimental

mean values of the samples. So, two parameters Weibull was treated as most suitable for the

analysis, a similar analogy was reported by Lila et al.[89] with Munja fiber and Amroune et al.[233]

with date palm fiber. The two parameters Weibull distribution results for strength, strain at failure,

and young’s modulus of ETF, MTF, and ITF are shown in Fig. 3.9 (a to f) and Fig. 3.10 (a to d).

The parameters of the Weibull modulus (shape factor) and Weibull scale were determined by using

the least-squares estimation technique (LS). Statistical parameters of mechanical properties for

Bambusa tulda are presented in Table 3.4. Moreover, it is evident that all the investigational data

is spread around the line and fitted correctly. The Weibull distribution reveals a better correlation

with a correlation factor (R2) value of around 0.958 to 0.992.

The present results are compared with relative literature in Table 3.5. The present compar-

ison shows that some of the bamboo varieties, like- Dendrocalamus latiflorus, Macana bamboo,

Phyllostachys heterocycla, Phyllostachys pubescens, Dendrocalamus asper, Gigantochloa levis have

higher strength and modulus than present bamboo (Bambusa tulda), whereas Gigantochlea scote-

chini, Bambusa vulgaris, Gigantochloa scortechinii, Gigantochloa levis, Bambusa heterostachya have

lower strength than tulda. Bambusa tulda also exhibits higher values of elongation before the break

compared to other previously reported bamboo fiber, except for Phyllostachys pubescens and Phyl-

lostachys heterocycla. Bambusa tulda fibers with moderate tensile strength and modulus and higher

elongation before break can serve as reinforcement for composites used in low to medium-load struc-

tural applications.

3.3.8 Moisture Absorption Behaviour

The result of the moisture absorption test is shown in Fig. 3.11. It can be seen from Fig. 3.11

that ETF absorb less water as compared to MTF and ITF. At approximately 5400 seconds, all

the samples start achieving saturation and after 7200 seconds, the moisture content of ITF, MTF
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Fig. 3.9: Weibull distribution for (a) tensile strength, (b) tensile modulus, (c) elongation before
the break, of ETF and (d) tensile strength, (e) tensile modulus, (f) elongation before the break, of
MTF.

and MTF became 94.299 ± 2.67%, 85.677 ± 5.029% and 74.994 ± 4.88%, respectively. The higher

moisture absorption behavior of natural fibers can be attributed to several interconnected factors.

Firstly, natural fibers contain hydroxyl (–OH) groups in their cellulose structure, which have a

strong affinity for water molecules, making the fibers highly hydrophilic [236]. Additionally, natural
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Fig. 3.10: Weibull distribution for (a) tensile strength, (b) tensile modulus, (c) elongation before
the break, of ITF and (d) comparative stress distribution diagram of technical fibers.

Table 3.4: Statistical parameters of mechanical properties for Bambusa tulda fibers.

Fiber Properties Shape Scale St. Dev Mean Median IQR Co-relation

ETF Strength (Mpa) 8.630 386.198 50.441 365.014 370.141 66.8074 0.972
Modulus (GPa) 9.575 14.799 1.761 14.053 14.244 2.319 0.957
Strain (%) 17.736 3.520 0.2377 3.416 3.448 0.304 0.970

MTF Strength (MPa) 7.472 266.519 39.552 250.147 253.762 52.837 0.973
Modulus (GPa) 11.344 11.153 1.138 10.665 10.799 1.485 0.958
Strain (%) 10.734 2.684 0.288 2.561 2.594 0.377 0.990

ITF Strength (MPa) 4.042 163.103 41.108 147.925 148.964 56.9914 0.988
Modulus (GPa) 7.874 8.761 1.241 8.244 8.363 1.653 0.992
Strain (%) 9.231 1.954 0.240 1.853 1.878 0.317 0.987

fibers are often more porous than synthetic fibers, with pores and capillaries within the fiber

structure providing additional sites for water absorption. The surface of natural fibers is typically

rougher compared to synthetic fibers, increasing the surface area available for moisture absorption

[237]. Moreover, besides cellulose, natural fibers contain other components like hemicellulose and
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Table 3.5: Comparative study for mechanical properties of ETF with others previously reported
bamboo fiber.

Bamboo Species Tensile Strength Tensile Modulus Elongation before Reference
(MPa) (GPa) break (%)

Bambusa tulda 365.014 ± 50.441 14.098 ± 1.818 3.416 ± 0.237 Present
study

Gigantochlea scotechini 140 ± 56.753 11.45 ± 2.495 3.02 ± 0.60 [171]
Dendrocalamus latiflorus 430 ± 41.17 25.62 ± 1.64 2.00 ± 0.27 [235]
Macana bamboo 583 ± 48 25.513 ± 3.760 2.099 ± 0.19 [111]
Bambusa vulgaris 138.88 ± 1.23 4.96 ± 0.23 2.70 ± 0.45 [112]
Gigantochloa scortechinii 276.472 ± 59.42 33.41 ± 6.86 1.15 ± 0.56 [109]
Phyllostachys Heterocycla 496.52 ± 92.08 15.85 ± 5.62 5.56 ± 2.66 [108]
Guadua angustifolia 513 ± 69 55 ± 5 1.18 ± 0.19 [107]
Gigantochloa levis 262 ± 75 9.8 ± 1.6 2.7 ± 0.7 [106]
Phyllostachys pubescens 717.53 ± 188.67 43.34 ± 8.66 2.03 ± 0.56 [167]
Dendrocalamus pendulus 293.47 ± 65.44 13.942 ± 1.66 2.7 [105]
Dendrocalamus asper 916.49 ± 98.2 39.444 ± 8.36 2.72 [105]
Gigantochloa levis 750.66 ± 85.08 23.634 ± 4.43 2.47 [105]
Gigantochloa scrtechinii 374 ± 40.11 31.260 ± 6.95 2.29 [105]
Bambusa heterostachya 199.25 – – [137]
Neosinocalamus affinis 792.022 ± 208.02 26.73 ± 3.20 2.88 ± 0.18 [171]
Moso, China 192 ± 73.67 – – [234]
Phyllostachys Pubescens 916 13.6 12.6 [103]

pectin, which are more hydrophilic and contribute to higher moisture absorption [238]. The presence

of other hydrophilic components, such as proteins and lignin, in certain natural fibers further

enhances their moisture absorption capabilities. In summary, the intrinsic hydrophilic nature of

the fiber’s chemical structure, combined with its physical characteristics such as porosity and surface

roughness, leads to higher moisture absorption in natural fibers [239].

A higher value of water absorption not only leads to degradation of its mechanical property

but is also responsible for weaker fiber-matrix interfacial bonding of bio-composites [110]. Higher

moisture content in fibers can significantly influence the mechanical and thermal properties of

composites in several ways. Moisture can act as a plasticizer, reducing the interfacial bonding

between the fibers and the matrix, which leads to a decrease in tensile strength and stiffness

of the composite. Additionally, absorbed moisture can cause fibers to swell, leading to internal

stresses and potential deformation in the composite material, affecting its dimensional stability and

overall integrity. The presence of moisture can also accelerate fatigue damage, resulting in reduced
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fatigue life and increased susceptibility to crack propagation under cyclic loading. Furthermore,

moisture can catalyze the degradation of the polymer matrix and fiber-matrix interface at elevated

temperatures, leading to a reduction in thermal stability. Moisture absorption can lower the glass

transition temperature of the composite, affecting its performance at higher temperatures; the

material may become more flexible and less rigid at lower temperatures than intended. Increased

moisture content can also alter the thermal conductivity of the composite. Since water has a

higher thermal conductivity than many polymers, this might lead to changes in the heat transfer

characteristics of the composite. In summary, higher moisture content in fibers can negatively

impact the mechanical strength, stiffness, dimensional stability, fatigue resistance, thermal stability,

and thermal properties of composites, often leading to reduced overall performance and reliability

[240]. ETF shows a lower water absorption value than the other two types of extracted fiber, hence

it has greater potential to be used as a reinforcing material for bio-composite.
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Fig. 3.11: Moisture absorption behaviour of technical fibers.
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3.3.9 Thermogravimetry Analysis

Thermal stability is considered to be one of the major parameters for natural fiber functioning

as reinforcement in bio-composite materials [241, 242]. The thermogravimetry analysis of extracted

fiber has been done and presented in Fig. 3.12.

Fig. 3.12: Thermogravimetric analysis of technical fibers.

The TG curves revealed that all three types of fiber lose their mass in the four-stage process.

Temperatures go from 24°C to 150°C in the first stage of mass degradation. Which indicated that

moisture evaporation was taking place [221]. The next stage is the dismissal of hemicelluloses,

extractive, and the small amount of cellulose of fiber from 150°C to 252°C [216]. Here major mass

degradation (around 60-64%) takes place as the temperature goes from 240°C to 381°C, leading to

the thermal degradation of cellulosic elements [89]. The fourth stage of degradation is in the range

of 381°C to 600°C, which leads to thermal degradation of lignin and high crystalline cellulose [243].

The weight percentage of degradation for all three types of technical fiber were presented in Table

3.6. In stage-I, ITF shows more degradation, which could be due to the presence of a greater

moisture level in bio fiber. The ETF shows a higher T50 (50% weight loss at T temperature) value
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(about 356.63°C) and higher MRDT (maximum rate of degradation temperature) value. It may

happen due to the higher crystalline index of cellulose [189]. ETF also has more residue mass than

ITF and MTF.

Table 3.6: Comparative study for mechanical properties of ETF with others previously reported
bamboo fiber.

Fiber Stage-I Stage-II Stage-III Stage-IV T50 MRDT Residue
Type mass loss (%) mass loss (%) mass loss (%) mass loss (%) (ºC) (ºC) mass (%)

ITF 6.36 5.52 64.95 35.11 344.44 338.94 20.11
MTF 5.19 1.98 63.76 34.78 348.75 348.75 21.96
ETF 2.56 1.01 63.59 31.49 356.63 354.91 24.05

3.4 COMPARATIVE STUDY WITH DIFFERENT NATURAL FIBERS

Table 3.7 provides a comparative analysis of the mechanical properties of Bambusa tulda (ETF)

with various other previously reported bamboo and natural fibers, including key parameters such

as density (ρ), cellulose content, moisture content, tensile modulus, tensile strength, crystallinity

index (CI), thermal stability, and references. Bambusa tulda (ETF) from the present study has

a moderate density (0.917 gm/cm3), cellulose content (58.13%), and moisture content (2.75%). It

exhibits a tensile modulus of 14.098 GPa, tensile strength of 365.014 MPa, a crystallinity index

of 60.142%, and thermal stability at 234.651ºC. Munja Fiber displays a higher tensile modulus

(62 GPa) and tensile strength (970 MPa) compared to Bambusa tulda (ETF). Corchorus (Jute)

has a high density (1.46 gm/cm³), tensile modulus (19.5 GPa), tensile strength (473 MPa), and

thermal stability (240ºC). Flax stands out with an extremely high tensile modulus (400-938 GPa)

and tensile strength (61.4-128 MPa), though its thermal stability data is missing. Hemp shows a

high tensile modulus (70 GPa) and tensile strength (690 MPa), with a thermal stability of 225ºC.

Kenaf offers a wide range for tensile modulus (9-53 GPa) and tensile strength (350-930 MPa). This

table highlights the diversity in mechanical properties among different natural fibers, illustrating

how Bambusa tulda (ETF) compares with others and emphasizing the potential of various fibers

for specific engineering applications.
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3.5 SUMMARY

In this study, bamboo fiber has been successfully extracted from the internal, middle, and outer

segments of the bamboo culm of Bambusa tulda. The diameter of a single fiber has been observed

using FESEM (Field emission scanning electron microscopy). The diameter of the technical fiber

has been measured using stereo-optical microscopy. The density and chemical composition of the

extracted fiber have been determined. The crystallinity index and crystalline size of the fiber have

been observed with the help of XRD (X-Ray diffraction analyzer).Furthermore, mechanical and

thermal analyses have been performed using a Single Fiber Tensile Testing Machine and a thermo-

gravimetric analyzer. The study explores the potential of these fibers as reinforcing materials in

bio-composites, and the following conclusions have been drawn from the experimental investigation:

(i) The SEM image reveals that external technical fibers (ETF) comprise finer single fibers than

middle and internal technical fibers, making ETF more compact and stronger.

(ii) The FTIR results indicated similar kinds of chemical bonding in all three types of technical

fibers

(iii) The chemical composition analysis revealed that external technical fibers (ETF) had higher

lignin and cellulose content, along with lower moisture, extractive, and hemicellulose content

compared to middle and internal technical fibers (MTF) and (ITF).

(iv) The higher cellulose content in ETF led to a higher crystalline index compared to MTF and

ITF.

(v) The ETF exhibit a larger crystal size than ITF and MTF. The increased crystalline size

of ETFs contributes to their reduced water absorption properties and enhanced chemical

stability.

(vi) Due to higher crystalline index and crystalline size of ETF, it exhibited higher thermal sta-

bility.

(vii) In the comparative analysis among ETF, MTF, and ITF, it is evident that ETF exhibits

superior potential as reinforcing materials for biocomposites.
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Effect of NaOH Treatment
Concentrations on Bamboo Fiber

4.1 INTRODUCTION

In many studies, bamboo fibers have been used as reinforcement materials in polymer matrices,

and it has been found that their interface bonding with the matrix materials is poor. The most

commonly used process for improving interface interaction is alkalizing of bamboo fiber with NaOH

solutions. From the previous section it has been observed that the fiber extracted from the external

part of the Bambusa tulda culm is suitable for reinforcing bio-composites. In this section those fibers

are chemically treated with different concentrations of sodium hydroxide.The chemical treatment

of fiber has been done with different NaOH concentrations of 2%, 4%, 6%, 8%, and 10% w/v (for

2% NaOH solution, the solution has been made with 2g of NaOH pellet mixed with 100 ml of

distilled water). The effect of chemical treatment has been investigated by performing different

physical, chemical, thermal and mechanical characterization process. The section Sec. 4.2.1

describes about the materials used in the study. The Sec. 4.2.2 and Sec. 4.2.3 present the fiber

extraction process and chemical treatment process of the extracted fiber. The impact of chemical

treatment on density, chemical composition, crystalline properties, tensile properties, interfacial

properties, and thermal degradation behavior is detailed in Sec. 4.3. The chemical treatment

of fiber affected positively on different properties of bamboo fiber.The investigation revealed that

the 6% NaOH-treated fiber showed better thermo-mechanical and interfacial properties. Relative

to the untreated fiber (BF 0), the fiber treated with 6% NaOH (BF 6) demonstrated a 42.09%

increase in tensile strength and a 75.71% increase in modulus. The chemical treatment enhances
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fiber surface roughness, consequently boosting the interfacial bonding strength between the bio-

epoxy and the fiber. Nevertheless, treatments exceeding a 6% NaOH concentration resulted in

the removal of cellulose from fiber surfaces, leading to a reduction in both crystallinity index and

mechanical properties of the fiber.

4.2 MATERIALS AND EXPERIMENTAL METHODS

4.2.1 Materials

Local bamboo (Bambusa tulda), age group 3 to 4 years, was procured from a local nursery in

Guwahati. The sodium hydroxide pellet (NaOH) and acetone were purchased from Merck Life

Science Private Limited, India.

4.2.2 Fiber Extraction

THe bamboo fiber has been extracted from bamboo clum by using retting process. the detained

process has been mentioned in Sec.3.2.2. The only extracted external technical fiber are used

here for chemcial treatment of fiber. Fig. 4.1 represents a schematic process diagram of the fiber

extraction.

4.2.3 Chemical Treatment of Fiber

The chemical treatment of fiber has been done with different NaOH concentrations (2%, 4%,

6%, 8%, and 10% w/v). The solution of NaOH (i.e for preparing 2% NaOH solution 2g of NaOH

pellet was mixed with 100 ml of distilled water) was made by using distilled water with the NaOH

pellets at room temperature and put on a magnetic stirrer for 5 to 8 mins at 750 rpm for preparing

a homogeneous mixture [216]. Thereafter the fibers were put into the solution and the beaker was

placed on a magnetic stirrer at 48◦C with 430 rpm for 8hrs [257]. After 8hrs. duration, the fibers

were taken out of the NaOH solution and washed with distilled water and acetone. This washing

removed lower-molecular-weight biopolymers and impurities (such as lignin, hemicellulose, wax and

fat).Finally, the treated fiber was put into an oven for 24 hrs at 65◦C. A schematic diagram of the

chemical treatment process has been presented in Fig. 4.2. The fiber treated with 2, 4, 6, 8 and

10% NaOH concentration has been nominated as BF 2, BF 4, BF 6, BF 8 and BF 10, respectively.
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Fig. 4.1: Fiber extraction process.

The surface modification mechanism for bamboo fiber through NaOH treatment may be completed

in a two-step reaction. During step-I; The NaOH molecule severance into Na+ (Sodium cations) and

OH- (hydroxide anions). Thereafter when the bamboo fiber has been put into this solution, Na+

ions may graft hypothetically into the cellulose part of the bamboo fiber. The reaction produced

modified cellulose, which may be more crystalline and thermally stable than previous cellulose [216].

4.2.4 Characterization of Fiber

This section provides a comprehensive exploration of the impact of chemical treatment on the

physical, mechanical, structural, and thermal properties of the fiber, with detailed findings are
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Fig. 4.2: Chemical treatment of fiber.

presented for analysis.

4.2.4.1 Physical Characterization of Fiber

The effect of chemical treatment on mass loss, fiber’s diameter and density have been investigated.

The mass loss and density of the differently treated fiber has been measured by using equation

Eq.4.1 and Eq.4.2, respectively [258].

Wloss =
Wbt −Wat

Wbt
× 100% (4.1)

ρfiber =
(m3 −m1)

(m2 −m1)− (m4 −m3)
ρliq (4.2)

Where ρliq is density of liquid (for the present experiment used liquid is toluene; 0.862 gm/cm3

at room temperature) and ρfiber is density of fiber. m1, m2 and m3 are the mass of an empty

pycnometer, pycnometer filled with toluene, and pycnometer filled with chopped bamboo fiber
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respectively. m4 represented the mass of pycnometer when filled with toluene and chopped fiber.

A stereomicroscope (Model: Nikon: SMZ25, Japan) was used to measure the diameter of ten

random fibers from each group, and the average result is represented with standard deviation.

4.2.4.2 FTIR Analysis

Fourier transform infrared spectroscopy (FTIR) was used to determine how chemical treatment

affects bamboo fiber functional groups. The sample for FTIR has been prepared by mixing the

ground fiber with potassium bromide (KBr) at a weight ratio of 1:150 [257]. The investigation has

been carried out with a PerkinElmer FTIR machine in ATR mode between the range of 400 cm-1

to 4000 cm-1 with a scanning speed of 2 cm-1.

4.2.4.3 XRD Analysis

The crystallinity index and crystalline size of bamboo fiber were investigated by performing an

X-ray diffraction analysis. The analysis has been performed with the help of BRUKER (model: D8

advance; USA) under Cu-Kα radiation operated at 15mA/30kv (λ = 1.542Å). The XRD intensity

has been recorded between 2θ values of 10◦ to 60◦ with a step size of 0.02◦ and a scanning speed

of 2◦/min. To find out the crystallinity index the Ruland-Vonk method was used Eq.4.3 and the

crystalline size has been calculated by using Scherrer’s formula Eq.4.4 [226].

Cr% =
(AT −AAm)

AT
× 100% (4.3)

where AT is the total area under the XRD graph, and AAm is the area of the amorphous zone.

CS =
K × λ

β × Cosθ
(4.4)

where K,β, λ and θ are denoted as Scherrer’s constant, full-width half maximum of the peak, the

wavelength of radiation and Bragg angle, respectively.

4.2.4.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) (ULVAC-PHI, INC; MODEL:04-900) has been used to

study the influence of NaOH treatment on compound and chemical bonding. The test equipment
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has an X-ray source of Al-Kα. Surveys and high-resolution scans were conducted at 100 eV pass

energy with 1 eV step and 50 eV pass energy with 0.05 eV step, respectively.

4.2.4.5 Tensile Testing

A Shimadzu tensile testing machine (model: AGX-V, Japan) with a 1 kN load cell was used to test

the tensile strength of fiber. The samples have been prepared according to the ASTM D-3822-07

[259] standard, with 40 mm gauge lengths and 0.5 mm/min crosshead speeds. Ten samples from

each group were tested at room temperature 25ºC with 65% RH value.

4.2.4.6 Atomic Force Microscopy (AFM)

The surface roughness and topology of the treated and untreated fiber have been observed with

the help of Infinity Bio (Model: MFP-3D, Maker: OXFORD Instruments) microscopy machine

in non-contact mode. A range of 10Ö10 µm2 area was scanned and the image has been analysed

with the help of Gwyddion software. Gwyddion is an open-source software package used for the

analysis of data obtained from scanning probe microscopy (SPM) techniques, such as atomic force

microscopy (AFM) and scanning tunnelling microscopy (STM). One of its features includes the

estimation of surface area.The flowchart of the process is presented in Fig. 4.3. The steps of the

process is described below:

(i) Data Acquisition: Gwyddion begins with acquiring the topographic data from the SPM

techniques. The data is typically in the form of a height matrix, where each element corre-

sponds to the height of a specific point on the surface.

(ii) Surface Reconstruction: The software reconstructs the surface based on the height matrix.

This involves creating a mesh grid of the surface, with each point corresponding to a height

value from the matrix.

(iii) Triangulation: Gwyddion uses a triangulation method to divide the surface into small

triangles. Each point on the height matrix is considered a vertex, and neighboring points

are connected to form a series of triangles.
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Fig. 4.3: Flowchart for AFM technique.

(iv) Surface Area Calculation: The surface area is calculated by summing the areas of these

small triangles. The area of each triangle is computed using the coordinates of its vertices.

The total surface area is the sum of the areas of all the triangles.
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(v) Convergent of Surface Area Estimation: The software performed triangulation repeat-

edly, with each iteration producing progressively smaller triangles. After several iterations,

the area estimation value stabilized, even as the triangles continued to decrease in size. This

stable value, corresponding to a specific triangle size, is identified as the convergent triangle

size, and all further estimations are conducted using this size.

(vi) Statistical Analysis: Gwyddion provides statistical tools to analyze the distribution of

heights and the calculated surface areas. This helps in understanding the roughness and

texture of the surface.

Gwyddion employs a well-established triangulation method to estimate surface area from SPM

data, providing reliable and reproducible results. The level of accuracy is highly dependent on

the quality and resolution of the input data, as well as the precision of the SPM instrument used.

Comparatively, Gwyddion’s methodologies are robust, though users should always consider the

potential sources of error inherent in their specific datasets and measurement techniques.

4.2.4.7 Interfacial Shear Strength (IFSS)

Single fiber pull-out testing is a crucial technique used in composite material research to evaluate

the interfacial properties between a fiber and the matrix material. This test provides insights

into the fiber-matrix adhesion, which is essential for understanding the mechanical behavior and

performance of composite materials. The effect of chemical treatment on interfacial shear strength

has been investigated by performing fiber pull-out tests. The primary objective of single fiber pull-

out testing is to measure the interfacial shear strength (IFSS) between the fiber and the matrix

[260]. This helps in assessing the quality of the bond and predicting the overall performance of

the composite under mechanical stress. The following steps are followed for making the sample for

single fiber pullout testing [261].

(i) Preparation: A single fiber is embedded in a matrix material (typically a resin) with a

controlled embedment length (3.5mm, total length of the single fiber is 50mm). The matrix

is then cured to form a solid composite.

96TH-3447_196103002



MATERIALS AND EXPERIMENTAL METHODS

(ii) Mounting: The composite specimen is mounted in a testing apparatus where the matrix is

fixed, and the fiber is clamped.

(iii) Testing: The fiber is pulled out of the matrix at a controlled rate using a tensile testing

machine. The pulling speed was fixed as 0.3mm/min. The force required to pull the fiber out

is recorded [262] .

(iv) Data Collection: The force-displacement data is collected throughout the test. The peak

force observed just before the fiber is completely pulled out is used to calculate the interfacial

shear strength.

A Zwick Roell (Z005TN) tensile testing machine was used to pull the embedded fiber. The

interfacial shear strength has been calculated as the Greszczuk equation; Eq.4.5 [167].

τ =
F

π × d× L
(4.5)

Where τ is the interfacial shear strength, F is the maximum pull-out force; d is the diameter of

fiber and L is the length of fiber embedded into epoxy. Fig. 4.4 represents the schematic of test

sample for single fiber testing of bamboo fiber.

Fig. 4.4: Schematic of Single fiber pullout sample for bamboo fiber.

4.2.4.8 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) has been conducted on different fiber samples by using a Perkin

Elmer Instrument (model: STA-800; USA) that maintained a constant heating rate of 10°C/ minute
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in the range of 25°C to 600°C in an N2 gas environment. The thermal activation of the treated and

untreated fiber has been analysed by using the Broido equation, Eq.4.6.

ln

[
ln

(
1

y

)]
= −

(
Ea

R

) [(
1

T
+K

)]
(4.6)

4.2.4.9 Field Emission Scanning Electron Microscopic Analysis

The effect of chemical treatment on surface morphology has been analysed with the help of a Zeiss

(model: Sigma) was used. The gold coating has been done on fiber samples with the help of a

sputter coater (model: BALTEC-SCD-005, USA).

4.3 RESULTS AND DISCSSION

4.3.1 Physical Characterization of Fiber

A directly proportional mass loss of bamboo fiber has been observed with NaOH solution concen-

tration. As a result of the 2% NaOH solution concentration, mass loss was observed to be 6.424%,

whereas, at 6 and 10% NaOH solution concentration, mass loss was reported to be 21.452% and

33.64%. Fig. 4.5 represents the mass loss value of fiber with different NaOH concentrations. A

continuous decrement trend has been recorded with the diameter of technical fiber diameter of the

bamboo when NaOH concentration increased. The average diameter of untreated fiber has been

observed as 690.04 ± 12.45 µm whereas for 6% and 10% treatment concentrations this diameter

has been reported as 575.45 ± 11.23 µm and 507.62 ± 10.41 µm. Increasing NaOH concentra-

tion led to a continuous increment in bamboo fiber density up to 6% but the further increment

in NaOH concentration led to a decrement in density value. A study by Cai et al. [263] reveals

that fibers contain non-cellulose substance polysaccharides that are low-molecular-weight and form

amorphous, random, and breached structures; removing these nanocellulose components could re-

sult in a higher fiber density. If the concentration of NaOH is greater than 6%, this analogy does

not apply because when the treatment with non-cellulose components is done with a high alkaline

concentration, the cellulose component of the fiber may also be damaged and removed, causing a

sudden drop in density [216]. Fig. 4.5 represents the density with different NaOH concentrations.
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Fig. 4.5: Variation of physical properties of bamboo fiber with NaOH treatment concentration.

4.3.2 Chemical and Structural Characterization of Fiber

The effect of chemical treatment with different NaOH concentrations on functional groups of

bamboo fiber has been characterized by performing FTIR analysis and presented in Fig. 4.6. An

absorption band has been observed near about 3344 cm-1 for all types of treated and untreated

bamboo fiber due to O-H groups’ stretching vibration presented in lignin, hemicellulose and cel-

lulose components. The stretching vibrations of C-H groups in lignin and cellulose have produced

another band at 2914 cm-1 wave numbers for all samples. A spike has been observed at 1731 cm-1

wave numbers due to vibration of stretching types of C=O group presented in hemicellulose [257].

However, this spike did not appear after chemical treatment the fiber. This may be evidence that

hemicellulose is being removed from fiber after treatment. The peak at 1598 m-1 and 1503 cm-1 of

untreated fiber are due to the bending vibration of the C=C and C-O bond from lignin [159]. In

treated fiber, these two peaks are absent, indicating that the lignin has been removed after chem-

ical treatment. In addition to these two peaks but also peaks at 1369 cm-1 (presenting bending
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Fig. 4.6: FTIR spectra for treated and untreated bamboo fiber.

vibration of -CH2 groups of hemicellulose) and 1243 cm-1 (presenting stretching vibration of C=O

groups of hemicellulose) are also absent after chemical treatments; indicating successful removal

of hemicellulose, extractive and lignin. In untreated fiber, a spike at 1162 cm-1 exists due to the

presence of carbonyl groups in hemicellulose; this spike is absent in treated fiber as well, indicating

that lignin has been removed. The absence of some of the peaks at 895 cm-1 (bending vibration

of C-H bond of cellulose) and 1320 cm-1(due to C-H bond’s bending vibration of cellulose) [264]

in 8% and 10% NaOH-treated fiber indicates that some percentage of cellulose has been removed

along with some non-cellulose components from fiber. For the entire spectrums, multiple absorp-

tion peaks were observed, indicating bamboo fiber has undergone multiple changes and has been

removed of non-cellulosic components (like- lignin; hemicellulose; extractive) at different NaOH

concentrations.

The powder XRD has been performed on treated and untreated ground bamboo fiber and the

diffraction curve has been shown in Fig. 4.7 (a). For all treated and untreated fibers crystalline

peaks are observed at around 2θ= 15.53◦, 22.2◦ and 34.8◦; corresponding to the crystalline plane

(1 1 0); (0 0 2) and (0 4 0) [226]. The reason behind these peaks is the presence of β-cellulose
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(a) (b)

Fig. 4.7: (a) XRD pattern, (d) variation of crystallinity and crystalline size with NaOH concen-
tration.

inside the bamboo fiber. An amorphous peak is also observed at 2θ= 18-19◦ from the crystallo-

graphic pattern of treated and untreated fiber; which is due to the presence of amorphous material

inside the fiber [215]. The crystallinity index of different fiber has been found by following the

Ruland-Vonk method [89] and presented in Fig. 4.7 (b). Crystallinity refers to the proportion of

the bamboo fiber material that is in a crystalline form as opposed to an amorphous form [265].

Higher crystallinity generally enhances the thermal stability and mechanical strength of bamboo

fibers. This is because the ordered structure of crystalline regions provides resistance to thermal de-

formation and improves load-bearing capacity. Therefore, a high degree of crystallinity in bamboo

fibers contributes to their ability to maintain structural integrity under thermal and mechanical

stress, making them suitable for applications requiring durable and heat-resistant materials [266].

Crystalline size, or crystallite size, indicates the dimensions of the individual crystalline regions

within the bamboo fibers [267]. Smaller crystallite sizes can lead to an increase in the material’s

toughness and impact resistance. This is due to the grain boundary strengthening effect, where

smaller grains provide more barriers to dislocation movement, enhancing the material’s mechanical

properties. In the context of thermomechanical performance, smaller crystallite sizes can improve

the fiber’s ability to withstand mechanical deformation and thermal cycling, thereby enhancing the

overall durability and performance of the bamboo fibers in demanding conditions. Not only that

higher crystalline size is also referred to lesser moisture absorption and less chemically reactive
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[268]. Whereas the crystallinity index (CI) is a quantitative measure of the relative amount of

crystalline material within the bamboo fibers. It is crucial for predicting the thermomechanical

behavior of the fibers [269]. A higher crystallinity index implies a greater proportion of crystalline

regions, which generally correlates with improved thermal stability and mechanical strength. This

index helps in assessing the quality and performance potential of the bamboo fibers, enabling bet-

ter optimization of their properties for specific applications. For instance, fibers with a higher CI

would be preferable for use in environments where high mechanical strength and thermal stability

are essential [270].The crystallinity index and crystalline size of fiber increased with the increment

of NaOH concentration up to 6%, but when the concentration of NaOH was increased to more

than 6%, the crystallinity index and crystalline size started to decrease. The untreated fiber has

been reported with a crystalline index of 60.142% and crystalline size of 2.516 ± 0.379 nm; whereas

the maximum crystalline index and crystalline size have been reported for 6% NaOH treated fiber

as 76.62% and 2.841 ± 0.224 nm, respectively. As a result of chemical treatment, molecular rear-

rangements may occur, resulting in modification of cellulose, which shows a better crystalline size

and crystallinity index [228]. However, when NaOH concentrations exceed 6%, crystalline cellulose

is removed along with amorphous components resulting in decrement of crystalline index.

4.3.3 Effect of Chemical Treatment on the Surface Element of Fiber

Treated and untreated bamboo fiber’s surface elements have been analysed with X-ray photo-

electron spectroscopy (XPS). The wide scan spectrum of XPS for untreated and treated fiber is

presented in Fig. 4.8.

In Fig. 4.8 three major peaks are observed for all treated and untreated bamboo fiber. The peak

near 286 eV and 534 eV is an indication of the presence of a large amount of C and O elements on

the fiber’s surface [264]. A weak peak at 401 eV is associated with the presence of nitrogen (N) in a

very small amount on the fiber surface. The elemental composition percentage present in different

fiber is presented in Table 4.1.

According to the elemental composition table, the O/C ratio has continuously decreased (up to

6% of concentration) after chemical treatment. The elimination of hemicellulose from the ligno-
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Fig. 4.8: XPS spectra of different treated and untreated bamboo fiber.

cellulose fiber is what causes this deterioration. Moreover, the hydrophilicity of natural fibers is

directly related to the O/C ratio. After chemical treatment, a reduced O/C ratio indicates that

the fiber has turned hydrophobic. However, when NaOH concentration exceeds 6% (for 8% and

10% concentrations), the cellulose part of the fiber also degrades along with the hemicellulose part,

resulting in hydrophilic fibers. In order to understand the functional groups, present in treated

and untreated bamboo fiber, the C1s signals were further analysed. The C1s peak was fitted and

deconvolved into four primary peaks using Origin software. These four peaks reflect the four dif-

ferent types of carbons that can be found in both untreated and treated bamboo fiber. The C1

peak is observed at 284.15 eV corresponding to -C-C and -C-H bonds, which are present in hy-

drocarbon compounds of lignin and fatty acid [271].The C2 peak at 285.83 eV is corresponding to

-C-O of cellulose and hemicellulose. The peak at 287.49 eV is corresponding to the -C=O bond

of acetals, aldehydes or ketones of bamboo fiber (C3) and the fourth one (C4) has been observed
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Table 4.1: Element contents of different bamboo fiber.

Samples C1s O1s Na1s Si2P N1s O/C

BF 0 67.44 0.26 0.09 0.97 1.24 0.449

BF 2 67.87 29.99 0.23 0.94 0.97 0.442

BF 4 68.01 29.33 0.55 0.91 1.20 0.431

BF 6 68.42 28.75 0.66 0.84 1.33 0.420

BF 8 68.07 28.94 0.54 0.98 1.47 0.425

BF 10 67.25 29.66 0.44 1.11 1.54 0.441

at 288.79 eV corresponds to the bonding of carbon atoms with carbonyl or non-carbonyl oxygen

atoms [272]. In general, C1 and C4 components are mainly derived from lignin and extractives

present in bamboo fiber, whereas C2 and C4 components are derived from carbohydrates. Fig. 4.9

displays the deconvoluted graphs of the C1s signals and Table 4.2 displays the locations of each

peak and their corresponding percentages. Fig. 4.9 and Table 4.2 indicate that following NaOH

treatment up to 6% concentration, the C1 percentage decreases constantly. The relative content

of C1 refers to the relative percentage of lignin in lignocellulose fiber [136]. The NaOH treatment

up to 6% concentration successfully removes the lignin, resulting in a continuous decrease in the

C1 values. In addition, the treatment with NaOH concentrations greater than 6% (both with 8%

and 10% NaOH) removed cellulose from the fiber and resulted in an increase in C1 values. There

is a decrease in the area under C2 peak, indicating a decrement in hemicellulose over cellulose as

a result of treatment. C3 peak area indicates overall carbonyl functional group presence. Up to

6% concentration, an incremental trend was observed for areas of these C3 peaks. Nonetheless, the

content of the carbonyl polymer might be eliminated by a significant NaOH concentration. In light

of this, a diminishing tendency has been noticed for the concentrations of NaOH at 8 and 10%.

The C4 peak is the indication of the presence of extractive and hemicellulose in the bio-fiber [136].

The percentage of C4 content shows a decremental trend with NaOH concentration. Essentially,

this involves continuously applying NaOH to bamboo fiber to remove hemicellulose and extractive

components.
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.9: XPS spectra of deconvoluted peak of C1s for (a)B N 0, (b)B N 2,(c)B N 4,(d)B N 6,(e)
B N 8, (f)B N 10.

4.3.4 Mechanical Characterization of Fiber

The tensile properties of different fibers have been tested using a static tensile test machine, and

their stress-strain curves are shown in Fig. 4.10 (a). Like other lignocellulose fiber (like- munja,

coir, hemp, sisal, hemp, kenaf, aloe vera, palm leaf etc) [67, 89, 245, 250, 255, 273] both treated and
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Table 4.2: Percentage of Carbon and peak position of deconvoluted graphs of different types of
bamboo fiber.

Samples Rel. content. Peak position
(%) (eV)

C1 C2 C3 C4 C1 C2 C3 C4

BF 0 49.58 38.56 11.86 0.82 284.10 285.81 287.46 288.84
BF 2 47.89 36.45 14.88 0.78 284.21 285.83 287.30 288.98
BF 4 47.26 34.25 17.79 0.7 284.24 285.84 287.13 289.01
BF 6 45.41 35.16 18.8 0.63 284.11 285.81 287.35 289.22
BF 8 46.82 43.04 9.56 0.58 284.10 285.77 287.59 289.36
BF 10 51.58 37.44 10.29 0.69 284.17 285.86 287.74 289.21

untreated fiber exhibit a quasilinear increment of stress as strain increases until the stress reaches

its maximum value and then sudden rupture is observed when stress reaches to its maximum value.

Fig. 4.10 (b) illustrates the effects of NaOH concentration on tensile strength, tensile modulus,

and elongation at the break value of the fiber. As NaOH solution concentrations are increased up

to 6%, the fiber’s tensile strength and tensile modulus values increased continuously. When NaOH

concentration exceeds 6%, tensile strength and modulus value begin to decline. The maximum

tensile strength and tensile modulus were reported with 6% NaOH-treated bamboo fiber with the

numeric value of 526.452 ± 17.509 MPa and 24.055 GPa, respectively. It has been confirmed from

XRD result that due to chemical treatment, the crystallinity index of the fiber has been increased.

Crystallinity is the measurement of the degree of structural order of the molecules in a material.

An increase in crystallinity indicates that the atoms or molecules inside materials are arranged in

a more regular and periodic pattern; which can help to transmit stress and load from one atom

to another atom more easily, resulting in greater tensile strength and Young’s modulus of fiber.

Moreover, treatment shows continuous decrement in elongation at break value. As the microfibrils

are pulled apart, the fiber can elongate by squeezing the impurities. But after chemical treatment,

these impurities have been removed and shown lower elongation at break value. A similar type of

decrement trend has been also reported by Chin et al. [174] for Gigantochlea scotechini bamboo.

The effect of chemical treatment on interfacial shear strength has been investigated by performing

a single fiber pull-out test. As NaOH concentrations increased up to 6%, the interfacial shear
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strength (IFSS) value of the fiber increased; however, as NaOH concentrations increased beyond

6%, the IFSS value slowly decreased. Fig. 4.10 (c) represents the IFSS value for different NaOH-

concentrated fiber. By chemical treatment of fiber, the surface roughness and effective area have

been increased, which makes reinforcement-matrix stress transmission more efficient; therefore, the

IFSS value has increased. When the concentration of the treatment exceeds 6%, however, this

theory will not be applicable. More than 6% treatment resulted in decrease in crystallinity and

the removal of cellulose from the fiber; resulting in weaker reinforcement and low IFSS value.

Furthermore, very high roughness values also may increase the fiber’s stress concentration factor,

which may also be responsible for the decline in IFSS as well as tensile strength value.

(a) (b)

(c) (d)

Fig. 4.10: (a) Tensile stress-strain curve for fibers, (b) variation of tensile properties, (c) IFSS
value of fibers, (d) Thermogram of differently treated fiber.
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4.3.5 Thermal Characterization of Fiber

In order to interpret the thermal stability of the fiber, thermogravimetric analysis has been

performed on both the treated and untreated fibers. The thermograms of the fibers are presented

in Fig. 4.10 (d). Generally, all types of fiber showed four-stage thermal degradation as described

by by Chin et al. [174]. Up to 6% concentrated NaOH treatment show an increment in the thermal

stability of the fibers. This result can be correlated with the XRD results. The crystallinity index

and crystalline size of the fiber increase as a result of chemical treatment; a higher crystallinity index

corresponds to higher thermal stability and a higher crystalline size corresponds to lower moisture

absorption. Due to lower moisture absorption, the thermal mass degradation is also decreased in

the range of 25◦C to 150◦C. But chemical treatment beyond 6% NaOH concentration resulted in a

lower crystallinity index as well as lower thermal stability. The maximum residual mass has been

observed for 6% NaOH-treated fiber with a numeric value of 28.38%, while the minimum value has

been reported for 10% NaOH-treated fiber with a numeric value of 21.41%. The thermal activation

energy of the treated and untreated fiber has been identified and presented in Fig. 4.11.

(a) (b)

Fig. 4.11: (a) Thermal activation energy graph with straight line fitting; (b) variation of thermal
activation energy with NaOH concentration for different treated and untreated fiber.

With the chemical treatment, the activation energy of the fiber has been increased. For untreated

fiber the thermal activation energy has been recorded as 36.422 kJ/mol. The maximum activation

energy has been recorded for BF 6 types of bamboo fiber with a numeric value of 44.204 kJ/mol.
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Table 4.3: Thermal degradation properties of treated and untreated fiber.

Fiber Stage-I Stage-II Stage-III Stage-IV Residual Activation

type mass loss mass loss mass loss mass loss mass energy

(%) (%) (%) (%) (%) (kJ/mol)

BF 0 2.565 5.529 63.433 31.855 24.050 36.422

BF 2 4.826 5.933 61.176 27.372 25.243 23.162

BF 4 0.419 1.876 36.761 56.870 26.653 41.941

BF 6 0.448 0.895 23.887 62.384 28.254 44.204

BF 8 5.187 9.572 62.762 33.022 21.392 24.710

BF 10 6.357 4.505 62.042 29.783 23.831 20.300

The details of mass loss and activation energy of all treated and untreated fiber have been tabulated

in Table 4.3.

4.3.6 Effect of Different Chemical Treatment on Surface Roughness of Fiber

Due to chemical treatment, the surface of the fiber has been modified and roughness has been

increased. The RMS surface roughness for different treated fiber has been presented in Fig. 4.12

(a). Due to increment in roughness, effective area of fiber has been also increased. To calculate the

(a) (b)

Fig. 4.12: (a) RMS roughness value, (b) effect area of fiber for different treatment concentration.

surface area of fibers from AFM morphology images, Gwyddion software has been used. Fig. 4.12
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(b) represents the variation of the effective area of fiber with NaOH concentration. It has been

observed that when the roughness increases, the effective area of the fiber rises as well. For the

base area of 100 µm2; the effective area has been calculated as the lower value of 120 µm2 for

untreated fiber and a higher value of 202.1 µm2 for 10% NaOH treated fiber. Due to chemical

treatment impurities and other nanocellulose compounds are removed. This removal increases the

surface roughness as well as effective area of the fiber. Fig. 4.13 represented the 2D and 3D images

of AFM morphology for different fibers.

4.3.7 Morphological Analysis of Bamboo Fiber

Fig. 4.14 represents the surface morphology of treated and untreated fiber. Polysaccharides

(such as pectin, lignin, and hemicellulose) as well as parenchyma cells and waxes were observed

on the untreated fiber surface in Fig. 4.14 (a) [6, 192, 274]. In most cases, the polysaccharides

are weakly attached to the fiber surface. Whereas for treated fiber; these impurities are absent.

Furthermore, by removing these impurities, the surface roughness of the fiber has also increased.

Additionally, the chemical treatment caused fibrillation on the surface of the fibers, which can be

seen clearly in Fig. 4.14 (b) and (c). When polysaccharide elements were removed, fibrillation was

created, resulting in interfibrillar spaces. As a result of these interfibrillar spaces, when biopolymer

is added to this fiber, the resin anchors to the fibers, which helps the bio epoxy to transmit charges

from the biopolymer to the bamboo fiber when the load is applied; this may increase the strength of

the final biocomposites. Fig. 4.14 (d) is the fiber treated with 6% NaOH solution. From Fig. 4.14

(e) and (f), it can be seen that the over-concentration of NaOH (more than 6%) destroyed the

fiber surface, which may result in a very weak interfacial bond between fibers and matrix and

a lower mechanical strength for the developed composite. The single fiber pulled-out samples

have been investigated by scanning electron microscopy to understand the interfacial interaction

between bamboo fiber and bio-epoxy. From previous reports, diffusion bonding, chemical bonding,

and mechanical bonding have been identified as the most common interfacial bonding mechanisms

between bio-fiber and polymer matrix [275]. These three types of bonding are also observed in

present samples. Fig. 4.15 (a) (c) and (e) are SEM images of different bonding. Whereas Fig. 4.15
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Fig. 4.13: Topological map (a), (c), (e), (g), (i), (K) and 3D AFM image (b), (d), (f), (h), (j) and
(l) of different fiber.
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Fig. 4.14: SEM Image of different treated and untreated bamboo fiber.

(b), (d) and (f) are the schematic understanding of the bonding. Diffusion bonding has been

observed to be the most common bonding for untreated bamboo fiber.Due to van-der-Waals force

or hydrogen bonding, intimate intermolecular interactions occur, resulting in diffusion bonding.

From the SEM image of untreated fiber; it has been observed that the fiber’s surface is covered

with many waxy,pectin and parenchyma cells. As a result, hydroxyl groups may not be able to
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react with the polymer matrix properly [26]. This results in fiber debonding from the matrix at

low load. With treated bamboo fiber most of the observed bonding is either chemical bonding or

mechanical bonding. Chemisorption reactions have happened between treated bamboo fiber and

matrix; this leads to the formation of strong atomic or ionic bonds. The IFSS of the fiber may

also increase as a result of strong ionic interfacial bonding. Mechanical interlocking occurs when

the polymer penetrates irregularities of bamboo fibers. Due to chemical treatment. The surface

roughness of bamboo fiber was increased, which may lead to a greater area of contact resulting in

better mechanical interlocking with bio epoxy [245].

4.4 SUMMARY

Bamboo fiber has been effectively extracted from Bambusa tulda, and successfully chemically

treated. The chemical treatment of the bamboo fiber involved utilizing five distinct NaOH con-

centrations (2%, 4%, 6%, 8%, and 10%).In the investigation of the impact of chemical treatment

on various properties of bamboo fiber, several analysis has been conducted. These included the

determination of mass loss percentage resulting from chemical treatment, assessment of fiber den-

sity, Fourier transform infrared spectroscopy (FTIR) examination, analysis of crystallinity index

and crystalline size, single fiber tensile testing, measurement of surface roughness using Atomic

Force Microscopy (AFM), evaluation of interfacial shear strength (IFSS), thermogravimetric anal-

ysis (TGA), and morphological analysis utilizing Field Emission Scanning Electron Microscopy

(FESEM). The outcomes of the characterizations leads to following conclusion:

(i) As a consequence of the chemical treatment, the elimination of lignin and hemicellulose from

bamboo fiber occurred, leading to a decrease in the fiber’s mass.

(ii) The FTIR analysis of the treated fiber revealed that the chemical treatment resulted in removal

of lignin, hemicellulose, extractives, and moisture from the fiber.

(iii) A consistent increase in both crystallinity index and crystalline size have been observed with

the gradual increment in NaOH treatment concentration.
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.15: (a), (c), (e) SEM image of different bonding, (b), (d),(f) Schamatic diagram of different
bonding.

(iv) As a result of chemical treatment, there was an increase in crystallinity index, leading to

higher tensile strength and tensile modulus.

(v) The chemical treatment additionally had a positive impact on the thermal stability of the

fiber. An increase in both initial degradation temperature and residual mass of fiber was

observed following the chemical treatment.
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(vi) The removal of lignin, hemicellulose, and extractives from the fiber surface resulted in an

increment in surface roughness for the fiber after chemical treatment.

(vii) The chemical treatment with a 6% NaOH concentration led to the degradation of the cellulose

in the fiber. Consequently, all thermo-mechanical and physical properties of the fiber exhibited

a decline after treatment with 8% and 10% NaOH concentrations.
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Development and characterization of
bamboo based bio-composite

5.1 INTRODUCTION

Alternative environment friendly materials have gained popularity due to global concerns over

fossil fuel depletion, plastic waste, and the increasing carbon footprints of products. Petrochemi-

cals derived from fossil fuels are used in manufacturing most plastics [276]. In 2021, global plastic

consumption was valued at USD 568.9 billion and is expected to grow annually by 3.2% for the

next seven years [277]. Despite being inexpensive and possessing desirable long-lasting properties,

plastic products are not biodegradable and accumulate as waste in landfills and oceans after reach-

ing the end of their useful lives [278]. Environmental scientists predict that by 2050, there will be

approximately 12,000 million tons of plastic waste in landfills worldwide. It is estimated that 400

million tons of plastic waste are generated annually, almost half of which comes from packaging [3].

Approximately 150 million tons out of the 400 million tons end up in oceans around the world [279].

In this chapter, the initial focus was on the development of biocomposite plates featuring varying

weight fractions (10%, 20%, 30%, and 40%) of untreated bamboo fiber. A comprehensive me-

chanical characterization, encompassing tensile, flexural, impact, hardness, and natural frequency

analysis, has been conducted for these biocomposites. The findings indicated a decline in mechan-

ical properties beyond a 30% fiber weight fraction (specifically, at 40% fiber loading). Subsequent

efforts involved refining the biocomposites using a 30% fiber load and bamboo fiber treated with

different concentrations of NaOH. To elucidate the impact of NaOH treatment on diverse biocom-

posite properties, an array of static, dynamic mechanical, thermogravimetric, physical, dielectric,
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and morphological characterizations was performed. Sec. 5.2.1 provides an in-depth overview of

the materials utilized in this experimental investigation. The fiber extraction and chemical treat-

ment processes are detailed in Sec. 5.2.2, while Sec. 5.2.3 outlines the meticulous procedure for

biocomposite development. Sec. 5.2.4 delves into the various characterization processes and the

corresponding machinery employed, and Sec. 5.3 comprehensively presents the results obtained

from these characterizations. The results disclosed that the introduction of fiber into the polymer

matrix led to a notable enhancement in mechanical strength. The highest tensile strength has

been recorded as 88.57 ± 5.56 MPa for untreated bamboo biocomposites with a 30% fiber load.

Furthermore, chemical treatment with up to 6% NaOH concentration resulted in increased static

and dynamic mechanical properties. Specifically, 30% fiber weight fraction biocomposite treated

with 6% NaOH exhibited superior mechanical performance, boasting the highest tensile strength

(132.916 MPa), tensile modulus (6.983 GPa), flexural strength (154.8 MPa), modulus (8.243 GPa),

and impact strength (44.06 kJ/m2), coupled with reduced moisture absorption. Additionally, the

crystallinity index and glass transition temperature of the biocomposite showed an upward trend

with higher NaOH treatment concentrations. Moreover, chemical treatment up to 6% NaOH con-

centration resulted in a reduction in the dielectric constant, dielectric loss, and ac conductivity of

the biocomposites. Conversely, treatment with 8% and 10% NaOH concentrations led to a rapid

increase in dielectric and conductivity values. The developed biocomposites exhibit promising po-

tential for advanced engineering applications, surpassing the performance of previously reported

biocomposites.

5.2 MATERIALS and METHODOLOGY

This section describes the materials used in the present study, as well as the methodology and

experimental processes employed for various material characterizations.

5.2.1 Materials

The bamboo (Bambusa tulda) is a native species in the northeast India region. It was pur-

chased from a neighbourhood nursery in Guwahati between the age group of three to four years.
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The acetone and sodium hydroxide pellet (NaOH) has been purchased from Merck Life Science

Pvt. Ltd. The bio-epoxy resin (matrix), the FormuLITE series, is provided by Cardolite In-

dia Pvt. Ltd. (Mangaluru, Karnataka, India). The FormuLITE is composed of a thermoset

polymer resin (2501A) derived from Cashew nutshell liquids (CNSL) without harming the food

chain and an amine-based curing agent (2002B). The chemical composition of the epoxy resin

is Poly (Bisphenol A-co-epichlorohydrin) and Cashew nutshell liquid polymer with epichlorohy-

drin. The chemical composition of the curing agent is m-Phenylenebis(methylamine) and 3,6,9-

Triazaundecamethylenediamine. The bio content of the epoxy-curing agent mixture is about 45.4%

by weight [280].

5.2.2 Fiber Extraction and Chemical Treatment

The fiber from Bambusa tulda culm has been extended by retting process. A bamboo culm has

been split into four pieces and placed into water for three days. The microbial degradation of the

bamboo culm makes it easier to extract fiber from the culm using a comb and a sharp knife. As

per the investigation of Muhammad et al. [102] this process is one of the best processes to extract

continuous or long bamboo fiber. After extracting fiber, it was placed in an oven at 80°C for 4 to

6 hours. These fibers are named as untreated bamboo fiber. Thereafter extracted fiber has been

treated with NaOH solution of different concentrations of 2, 4, 6, 8 and 10%. The fiber has been

merged into NaOH solutions and the beakers have been stirred on a magnetic stirrer for 8 hours at

48°C with 430 revolutions per minute [111]. The fibers were taken out of the solution after 8 hours

and washed with acetone and distilled water. Thereafter the treated fibers were placed into a hot

air oven at 80°C for 6hrs.

5.2.3 Development of Biocomposites

The bio-composite plate has been developed using a modified hand lay-up technique. First, bio-

epoxy (2501A) and curing agent (2002B) were mixed in a weight ratio of 100:52. For homogeneous

mixing of solution the mixture was stirred with a glass rod for 10 to 15 mins and thereafter put into

a desiccator for 15 to 20 minutes to degas. The composite development setup consists of three parts:

parts A and B are the upper and lower part of the mould (size- 250Ö250 mm2), and part C is for
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guiding the distribution of bamboo fiber. Firstly, on both the top and bottom layers of the mould,

a laminated sheet was applied. After that, the homogeneous mixture of liquid polymer and curing

agent was poured on the laminated sheet (the material of the laminated sheet is polypropylene,

thickness-200 microns), and a roller was used for homogeneous distribution of liquid epoxy. The

bamboo fibers were then placed on this liquid polymer layer by hand on the lower mould. As

soon as the fibers were distributed homogeneously, a more liquid polymer mixture was poured

over them. After that, the upper mould was placed on the epoxy-embedded fiber. Using four M8

nuts and bolts arranged at four corners, moulds were clamped together (the approximate amount

of load used in compressing the mould is 0.5 to 0.8 kN) and left for 24 hours to cure the liquid

polymer. As soon as the composite plates were solidify, they were demoulded and cut according

to ASTM standards for different tests. A schematic diagram of the process has been represented

in Fig. 5.1. The bio-composite plates were made with different weight fractions of fiber and with

different treatment conditions. The details of developed biocomposites with different fiber weight

fractions and treatment conditions have been tabulated in Table 5.1.

Table 5.1: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sample F(w%) M(w%) F(v%) M(v%) NaOH(%) B(%)*

BFBC 10 10 90 11.45 88.55 — 50.86

BFBC 20 20 80 22.54 77.46 — 56.32

BFBC 30 30 70 33.28 66.72 — 61.78

BFBC 40 40 60 43.69 56.31 — 67.24

BFBC 30 0 30 70 33.28 66.72 — 61.78

BFBC 30 2 30 70 32.80 67.20 2 61.78

BFBC 30 4 30 70 32.01 67.99 4 61.78

BFBC 30 6 30 70 30.87 69.13 6 61.78

BFBC 30 8 30 70 34.00 66.00 8 61.78

BFBC 30 10 30 70 34.63 65.37 10 61.78

F(w%)= fiber weight fraction, M(w%)= matrix weight fraction, F(v%)= fiber volume fraction, M(v%)= matrix
volume fraction, NaOH(%)= treatment concentration, B(%)=bio content (Bio content of the epoxy is calculated as
per the data sheet.
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Fig. 5.1: Composite development process.

5.2.4 Characterization of Developed Biocomposites

Bio-composite plates are characterized physically, mechanically, thermally, dielectrically and

biodegradabily. The details of the investigation process are presented in this section.

5.2.4.1 Density and Void Content

The theoretical density of the developed biocomposites has been investigated using the rule of

mixture. The experimental density of the biocomposites is measured using Archimedes’ principle.

For experimental density, the samples are prepared according to ASTM-D-792-13 (20Ö20Ö3mm3)

[281]. The difference between theoretical and experimental density is referred to as the void content

of the biocomposites.
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5.2.4.2 Mechanical Characterization

The different mechanical tests, such as tensile testing, 3-point bending testing, Charpy impact

testing, surface roughness, and natural frequency of the developed biocomposites, have been char-

acterized for mechanical properties. The detailed mechanical characterization process is presented

below:

Tensile Testing- Tensile testing was conducted on five samples from each group with a gauge

length of 50 mm and a crosshead speed of 1 mm/min. The samples were prepared according to

ASTM-D-638-3 (160Ö14Ö3mm3) [282]. Tensile strength, modulus, and elongation at break values

of the biocomposites has been measured using a Shimadzu UTM Load Cell-100 KN (model: AGX-

V) machine.

3-Point Bending Test-The flexural testing was conducted on five samples from each composite

group, with a span length of 70 mm and a crosshead speed of 1 mm/min. The samples were prepared

according to ASTM-D-790-3 (130Ö14Ö3mm3) [141]. Flexural strength and flexural modulus of the

biocomposites were measured using a Shimadzu UTM Load Cell-100 KN (model: AGX-V).

Charpy Impact Test- The impact strength of the developed biocomposites has been mea-

sured by conducting Charpy impact testing with five samples from each batch, and mean values

are reported with standard deviation. The samples were prepared according to ASTM-D-6110

(64Ö12.7Ö3.2mm3) [283], and an IT-30 impact testing machine (maker: FIE) was used.

Surface Hardness-The surface hardness of the developed composite was measured using a 1/4”

aluminum ball with an L scale by applying a 60 Kgf load of a Digital Rockwell hardness tester

(maker: FIE). Samples were prepared according to ASTM-D-785 (20Ö20Ö3mm3) [221], and hard-

ness readings are presented as average values of five with standard deviation.

Natural Frequency- The natural frequency of the test sample has been determined using RFDA-

MF-based non-distortion testing equipment (maker: IMCE), and the average value has been re-

ported. The samples are made according to ASTM-E-1876-15 (60Ö20Ö3mm3) [284].
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5.2.4.3 Dynamic Mechanical Analysis

The dynamic mechanical properties of the developed biocomposites have been investigated with the

help of the dynamic mechanical analyser of Anton Paar (Maker: Physica MCR, Model; 702). The

samples have been prepared as per dimensions of 50 X 13 X 3 mm3 [167] and a double cantilever

fixture has been used for holding the samples inside the machine. The test condition was at a

sinusoidal frequency of 1Hz and the temperature was swapped from room temperature (25◦C) to

150◦C with a temperature ramp of 5◦C/min [285].

5.2.4.4 Structural Characterization of Biocomposites

Various structural analyses, including XRD and FTIR, have been conducted to assess the impact

of chemical treatment on the developed biocomposite. The detailed process of structural charac-

terization is outlined below:

X-ray Diffraction (XRD) Analysis- An X-ray diffraction machine (BRUKER; model: D8

advance; USA) has been used to study the influence of chemical treatment on the crystallinity

index and the crystalline structure of the developed biocomposites. The machine uses Cu as the

target material operated at 15 mA/ 30 kV (λ=1.542Å). A scan speed of 2◦/min and a step size of

0.02◦ were used to record the X-ray intensity from 10◦ to 60◦. The Ruland-Vonk method was used

to calculate the crystallinity index of the composite, Eq.5.1 [286, 287].

Cr% =
(AT −AAm)

AT
× 100% (5.1)

where AT is the total area under the XRD graph, and AAm is the area of the amorphous zone.

Fourier Transmission Infrared (FTIR) Analysis- Developed biocomposites have been sub-

jected to an FTIR analysis on a PerkinElmer device to see how chemical processing affected their

functional groups. The testing has been done in ATR mode with the composite film in a range of

400 to 4000 cm-1 spectrum at a scanning speed of 2 cm-1.

5.2.4.5 Dielectric Characterization of Biocomposites

An HIOKI LCR meter, model number IM3536, was employed to assess the dielectrical character-

istics of the prepared composites, including dielectric constant, dielectric loss, AC conductivity,
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impedance, and modulus. For testing with LCR meter, following steps were followed. Firstly,

ensure the LCR meter is properly calibrated according to the manufacturer’s instructions. Then,

select the appropriate test fixtures for the sample to ensure good electrical contact. Thereafter,

prepare the sample, making sure it is clean and free of contaminants that could affect the measure-

ment. The samples were cut to the required size of the fixture (9 mm in length and 3 mm in width).

Both ends of the samples were polished with a polishing machine, and silver paste was applied to

the polished ends to make contact electrodes. Connect the sample to the LCR meter using the

test fixtures, ensuring the connections are secure and that there is good contact with the sample.

The meter will apply an AC signal to the sample and measure the resulting impedance. The LCR

meter will calculate the capacitance (C), inductance (L), or resistance (R) based on the impedance

measurements. For dielectric constant measurements, the focus is usually on the capacitance. The

dielectric constant of the samples was determined using Eq.5.2.

ε′ =
C

C0
(5.2)

Where C 0 = ε 0A
d . here ε0 is the dielectric permittivity of air = 8.85 × 10-12 F/m, A stands for

cross-sectional area of the sample and d is the length of the sample (distance between electrodes)

[286]. The loss factor has been calculated by using Eq.5.3.

Loss factor(tanδ) =
ε”

ε′
(5.3)

ε” and ε′ are imaginary and real dielectric constants. The alternative current conductivity (σac)

has been calculated by using Eq.5.4 [288].

σac = ωεε0tanδ (5.4)

where ω is frequency. The complex Impedance can be written as Eq.5.5.

Z∗ = Z ′ − i Z” (5.5)

where Z” = Z sin(ϕ) and Z ′ = Z cos(ϕ). The complex Modulus is represented as Eq.5.6.

M∗ = M ′ + i M” (5.6)
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where M” = ω × C0 × Z ′ and M ′ = ω × C0 × Z”. Z is the complex impedance, Z ′ and Z” are the

real and imaginary impedance as well M ′ and M” are the real and imaginary modulus. ϕ is the

phase angle [289].

5.2.4.6 Moisture Absorption Characterization

To comprehend the moisture absorption characteristics of the test samples, the specimens have

been immersed in distilled water, and their weights have been monitored at regular intervals of

48 hours up to 720 hours [237, 290, 291, 292]. The average of five samples was analyzed, and the

reported results include the average weight gain and thickness swelling. The samples were prepared

as per ASTM-D-570 (20Ö20Ö3mm3) [293].

5.2.4.7 Biodegradability Behavior Characterization

The test samples underwent soil burial on agricultural land for 180 days at a depth of 10 cm

from the surface, and weight loss was measured at regular intervals of 15 days. The samples were

prepared according to ASTM-G-160-12 (50Ö50Ö3mm3) [294].

5.2.4.8 Thermogravimetric Analysis (TGA)

The thermal degradation of the composite samples were measured by using Perkin Elmer Instrument

machine. The grounded samples were used for the testing. Thermal degradation of the sample has

been measured from room temperature to 800°C at the N2 environment with a constant heating

rate of 10°C/min.

5.2.4.9 Morphological Analysis

The fracture surface of different test specimen has been investigated through a field emission scan-

ning electron microscope. The interfacial interaction of fiber and matrix at the fracture surface has

been investigated using Zeiss (model: Sigma) FESEM machine.

5.3 RESULTS AND DISCUSSIONS

This section of the thesis illustrates various outcomes pertaining to the characterization of the

developed biocomposites.
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5.3.1 Static Mechanical Characterization

Tensile Testing- The biocomposites developed with different fiber weight fractions have been

tested with UTM, and typical stress-strain curves have been shown in Fig. 5.2 (a). The typical

tensile stress-strain curve for all samples has been presented in Fig. 5.3.

(a) (b)

(c) (d)

Fig. 5.2: Tensile stress-strain graph for (a) different fiber loaded composites, (c) different treated
fiber loaded composites, variation of tensile properties with (b) fiber weight fraction (d) NaOH
concentration.

With an increment in fiber weight fraction up to 30%, the strength and Young’s modulus of the

developed bio-composite also increase. But when fiber weight fraction exceeded 30%, aggrumolation

occurred, which may increase the sudden stress concentration faction of the bio-composite, resulting

in a reduction in strength and Young’s modulus. Fig. 5.2 (b) depicts different strengths, Young’s

modulus, and elongation before break values for bio-composite with different weight fractions of

fiber. To understand the effect of chemical treatment on biocomposites, further analysis was carried
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(a) (b)

(c) (d)

Fig. 5.3: Tensile stress-strain curve of all five samples for (a) 10%, (b) 20%, (c) 30% and (d) 40%
fiber weight fraction untreated bamboo biocomposites.

out with 30% fiber loading samples treated with different concentrations of NaOH. Treatments

with up to 6% NaOH concentrations affect the tensile properties positively. The maximum tensile

strength and Young’s modulus have been observed for the BFBC 30 6 type of bio-composite. These

values are 50.06% and 36.62% higher than BFBC 30 0 type of composite. Increasing the interfacial

interaction of reinforcing fiber and bio-epoxy resulted in high strength values for biocomposites,

while chemical treatment also increased the crystallinity of the fiber, which resulted in an increase in

the tensile modulus of biocomposites. Tensile stress-strain curves for biocomposites with different

NaOH concentrations and variation in tensile properties with different NaOH concentrations are

shown in Fig. 5.2 (c) and (d), respectively. The typical stress-strain curve for all samples of

differntly treated and untreated fiber reinforced biocomposite has been presented in Fig. 5.4.
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Fig. 5.4: Tensile stress-strain curve of all five samples for 30% fiber loaded treated with (a) 2%,
(b) 4%, (c) 6%, (d) 8% and (e) 10% NaOH treated bamboo biocomposites.

This parameter measures the deformation the composite can withstand before breaking. A

higher strain to fracture suggests that the composite can absorb more energy and undergo greater

deformation, making it more resilient to dynamic loads and impacts. Thermosetting polymers

are inherently brittle due to the presence of cross-links. However, the addition of bamboo fiber
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increases the ductility of the polymer composite. Elongation at break values were recorded as 1.428

± 0.047%, 1.778 ± 0.048%, 1.982 ± 0.059%, and 1.68 ± 0.055% for BFBC 10, BFBC 20, BFBC 30,

and BFBC 40 types of bio-composites, respectively. Chemical treatment enhances the interfacial

interaction between bamboo fiber and bio-epoxy, resulting in further increases in elongation at break

values for the bio-composites, up to 6% NaOH-treated fiber-reinforced composite. The maximum

elongation at break value was reported as 2.462 ± 0.069% for BFBC 30 6 types of composites.

However, further increases in treatment concentration led to degradation in fiber-matrix interfacial

bonding, resulting in lower elongation at break values.

In Ashby charts, interdependent material properties are plotted along each axis on a two-

dimensional plane. Each material family is illustrated as a separate domain, which represents

its range of properties in the charts. The Ashby chart also provides guidelines with different slopes

depending on the loading condition, which is useful for selecting a material [295]. Materials lying

on the same guideline perform equally well, while materials appearing above the guideline perform

better than those below. In the Ashby chart, all types of bio-composites have been plotted between

maximum tensile strength and density, as well as between elastic modulus and density. Fig. 5.5 (a)

represents the Ashby chart between maximum tensile strength with density and Fig. 5.5 represents

the elastic modulus with density. The slope has been calculated for each type of biocomposite from

the Ashby charts. The dotted line in Fig. 5.5 (a) and Fig. 5.5 (b) is representing the slope for

BFBC 30 6 types of composites. From the guideline [296], for any uniaxial loading condition, yield

the maximum tensile strength for the minimum weight design is represented by
σy

ρ and maximum

elastic modulus for minimum designed weight is represented by E
ρ . Maximum tensile strength and

specific elastic modulus qualities constantly rise as NaOH concentration increases up to 6%, while

specific properties quickly decrease as concentration grows beyond 6%. For the BFBC 30 6 kinds

of composites, the maximum specific tensile strength and specific elastic modulus have been noted.

The specific properties of developed composites with respect to NaOH concentration have been

presented in Fig. 5.5 (c).

3-point Bending Testing- Like tensile properties increment in fiber weight fraction resulted in an

increment in flexural strength and modulus value. For untreated fiber reinforcement, the maximum
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(a) (b)

(c)

Fig. 5.5: (a) Ashby chart for ultimate tensile strength [256], (b) Ashby chart for elastic modulus
[257] and (c) representation of specific mechanical properties for different developed biocomposites.

flexural strength and flexural modulus have been observed for 30% fiber weight fractions. Further

increment in fiber weight fraction may be caused by the agglomeration of fiber inside bio-composite

and resulted in a sudden decrement in strength and modulus value. Fig. 5.6 (a) and (b) represent

the typical flexural stress-strain curves and variation of flexural properties with different fiber weight

fractions. The typical flexural stress-strain curve for all samples has been presented in Fig. 5.7.

The NaOH treatment increased the flexural strength and flexural modulus of bio-composite.

The maximum flexural strength and flexural modulus have been observed for BFBC 30 6 type of

bio-composite which are 58.28% and 36.65% higher than the flexural strength and modulus value

of BFBC 30 0 type composite. Beyond 6% chemical treatment concentration, the fiber surface be-

comes burned, resulting in ineffective bonding between reinforcement fiber and bio-epoxy, resulting

in lower tensile and flexural strength values. Fig. 5.6 (c) and (d) illustrate the flexural stress-strain
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(a) (b)

(c) (d)

Fig. 5.6: Flexural stress-strain graph for (a) different fiber loaded composites, (c) different treated
fiber loaded composites, variation of flexural properties with (b) fiber weight fraction (d) NaOH
concentration.

curve and the effect of NaOH concentration on the flexural properties of biocomposites respec-

tively. The typical flexural stress-strain curve for differntly treated and untreated fiber reinforced

biocomposite has been presented in Fig. 5.8.

Charpy Impact Test- Impact strength/energy is the measure of a material’s ability to absorb

energy or shock before break. The maximum impact strength among untreated fiber reinforced

composite has been observed with the BFBC 30 type of composite. Further increment in fiber

weight fraction resulted in a decrement in impact strength. Impact strength may correlate with

elongation before the break in tensile testing. The thermosetting bio-epoxy is brittle in nature due

to the presence of a high crosslink inside it. The addition of bamboo fiber increases the ductility and
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(a) (b)

(c) (d)

Fig. 5.7: Flexural stress-strain curve of all five samples for (a) 10%, (b) 20%, (c) 30% and (d)
40% fiber weight fraction untreated bamboo biocomposites .

toughness of composites, and as a result, the impact strength may also be enhanced. In the case of

fiber weight fractions exceeding 30%, agglomeration occurs, which may make the composite brittle,

and thus the impact strength also decline. Due to the same reason, the elongation before break

value of the tensile testing is also decreased with 40% fiber-reinforced bio-composite. The chemical

modification of fiber resulted in a further increment in impact strength value. The maximum

impact strength with treated fiber has been reported as 44.064 ± 1.41 kJ/m2 for BFBC 30 6 type

of bio-composite. This value is 32.56% higher than the BFBC 30 0 type of composite. Fig. 5.9 (a)

and (b) represented the impact strength of different composites.

Surface Hardness- The addition of fiber into bio-epoxy resulted in an increment in hardness
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(a) (b)

(c) (d)

(e)

Fig. 5.8: Flexural stress-strain curve of all five samples for 30% fiber loaded treated with (a) 2%,
(b) 4%, (c) 6%, (d) 8% and (e) 10% NaOH treated bamboo biocomposites.
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value of the biocomposites. The maximum hardness value has been recorded as 62.791 ± 3.561

HRC with BFBC 30 0 types of biocomposite. Chemical treatment of fiber further increases this

hardness value to a maximum of 82.31 ± 4.169 HRC for BFBC 30 6 type of bio-composite. This

value is 31.08% higher than the BFBC 30 0 type of composite. The chemical treatment of fiber has

modified the interfacial interaction between the matrix and fiber, which facilitates easy transmission

of localized load from matrix body to reinforcement fiber, resulting in higher resistance to localized

plastic deformation. Fig. 5.9 (a) and (b) represent the different hardness values with respect to

different fiber weight percentages and different NaOH concentrations of fiber treatment.

(a) (b)

(d)(c)

Fig. 5.9: Variation of impact and hardness with (a) fiber weight fraction, (b) NaOH concentration,
variation of natural frequency with (c) fiber weight fraction, (d) NaOH concentration.

Natural Frequency- In order to utilize composites for dynamic applications, it is crucial to under-
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stand their vibration behaviours. From the frequency response function curve, the first three modes

and their corresponding frequencies have been determined in this study. Due to the similar charac-

teristics of all the modes, the Mode I frequency has been considered for further discussion. Based

on the results, the natural frequency of the biocomposites increased with an increase in fiber weight

fraction. Adding fiber to bio-epoxy increases the stiffness of the composite, which may increase

its natural frequency. Fiber weight fractions greater than 30% show agglomeration, and therefore

stiffness, as well as natural frequency, are decreased. As a result of further chemical treatment

of bamboo fiber, the interfacial interaction increased, resulting in an increment in stiffness of the

composite, and, consequently, an increment in natural frequency has been observed. The maximum

natural frequency has been obtained as 51.454 ± 3.930 Hz with BFBC 30 6 types of biocomposites.

This value is 39.37% higher than untreated fiber reinforced composites. Fig. 5.9 (c) and (d) rep-

resent the mode-I frequencies with respect to different fiber weight fractions and different NaOH

weight concentrations. To comprehend the potential of recently developed composites for diverse

structural applications, a comparative analysis is conducted to assess their mechanical properties

in relation to those documented in existing literature. Table 5.2 presents the comparative study

of the composites.

5.3.2 Dynamic Mechanical Analysis (DMA)

To understand the effect of NaOH treatment on the dynamic mechanical properties of biocom-

posites, including storage modulus (E′), loss modulus (E”), and damping factor (tanδ), dynamic

mechanical testing have been performed in tensile mode as a function of temperature at 1 Hz con-

stant frequency. Fig. 5.10 represents different dynamic mechanical properties and glass transition
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temperatures for treated and untreated bamboo fiber reinforced biocomposites.

Influence of Temperature on Viscoelastic Properties- A material’s viscoelastic characteris-

tics are strongly influenced by temperature, frequency, and time. Fig. 5.10 (a), (b), and (c) show

the impact of temperature on the storage modulus, loss modulus, and damping factor, respectively.

For each type of bio composite, three different regions of storage modulus and loss modulus have

been observed. The first region is the glassy region. This region exhibits the maximum value

of storage modulus and the minimum value of loss modulus as well as damping factor at room

temperature. As temperature increases from room temperature to high temperature, loss modu-

lus and damping factor increase significantly. Whereas storage modulus gradually decreased with

temperature, and finally decreased completely after the glassy region ended.

The second zone is called transition zone. In this zone, the viscoelastic materials change their

state from glassy to rubbery. The storage modulus of the biocomposite was significantly reduced at

this stage, and a maximum loss modulus and damping factor were also noted. The glass transition

temperature of a viscoelastic material is the temperature at which the highest loss modulus or

damping factor has been reported.

The third and last zone is the rubbery region, also known as the entropy elastics region. All

viscoelastic properties of the materials reach their lowest value in this region and vary gradually

with temperature increase [300].

Storage Modulus (E′)- An indication of the stiffness of composite materials is the storage

modulus, which is the energy-absorbing capacity of the material per cycle of oscillation. Fig. 5.10

(a) represents the storage modulus of all types of developed biocomposites. Initially, all composites

showed a higher storage modulus value in the glassy region than in the other two. The molecules of

bio epoxy and bamboo fiber are tightly packed at low temperatures, which provides high resistance

to the movement of molecules in the glassy region [301]. As the temperature rises from 75 to 110◦C,

tightly packed molecule chains lose their tight arrangement and begin to move freely. The sudden

drop in storage modulus has therefore been observed in transition regions. In rubbery regions,

the molecules attached to each other are free to move, therefore, the storage modulus trend is

parallel to the x-axis. At room temperature, chemical treatment up to 6 weight percentages of

136TH-3447_196103002



RESULTS AND DISCUSSIONS

NaOH shows an incremental trend in storage modulus value. The maximum storage modulus

has been observed as 8378 MPa with BFBC 30 6 type of biocomposites at room temperature.

There is a 28.49% increment in storage modulus value for BFBC 30 6 compare to BFBC 30 0.

The chemical treatment might improve the interfacial interlocking of bio-epoxy with bamboo fiber.

Better interfacial contact allows for more effective stress transfer from matrix to fiber reinforcement,

perhaps resulting in a larger storage modulus value. In contrast, chemical treatment of bio fibers

with more than 6% concentration destroyed their surface, possibly resulting in inefficient bonding

between fiber and epoxy, which ultimately led to a lower storage modulus [302].

Loss Modulus (E”)- The term ”viscous modulus,” also known as ”loss modulus,” refers to a

measurement of the amount of energy released as heat per cycle during deformation that results in

a viscous response in the material and is influenced by the molecular mobility of composites [303].

Fig. 5.10 (b) shows the viscous modulus of different biocomposites. For glassy region, the loss

modulus value remains constant with the increment of temperature. In transition region, the value

of loss modulus began to rise. All types of biocomposites reached their maximum loss modulus

value at the glass transition temperature, and thereafter the value dropped dramatically at rubbery

region. The order of maximum loss modulus value is- BFBC 30 6 >BFBC 30 8 >BFBC 30 4

>BFBC 30 2 >BFBC 30 10 >BFBC 30 0. The bio-epoxy is viscoelastic in nature and chemical

treatment increased the crystallinity index as well as the elastic nature of the fiber. Fibers with

higher elastic properties can absorb more energy at higher temperatures while dissipating heat

more efficiently. The maximum loss modulus at peak temperature is marked as glass transition

temperature (Tg). The glass transition temperature of BFBC 30 0 types of composites has been

observed as 85.93◦C. Treatment of fiber increased the energy dissipation value and reached the glass

transition temperature of the composite to a maximum value of 105.16◦C with BFBC 30 6 type of

sample. Fig. 5.10 (d) shows the glass transition temperature for different type of composite with

respect to the NaOH treatment concentration.

Damping Factor (tan δ)- The damping factor is the ratio between the loss modulus and the

storage modulus [304, 305]. The damping factor or loss factor in polymer composites depends

on the adherence of the reinforcing fiber to the polymer matrix, at a constant frequency it is
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temperature dependent [285]. It has been observed that BFBC 30 10 type of composite show the

highest (2.775) and BFBC 30 0 type of composite show the second highest damping factor value

(2.464). Whereas the minimum damping factor value was observed for BFBC 30 6 with a numeric

value of 1.416. When fiber is treated with NaOH concentrations up to 6%, the damping factor

value continuously decreases, whereas when NaOH concentrations of 8 and 10% are used, the value

increases. The chemical treatment of fiber makes it more elastic. When the load is applied to the

treated fiber reinforced composite, elastic deformation occurs, resulting in low viscous flow, which

shows a lower tan δ value. Treatment with high concentrations, reduces the elastic properties of

fiber and increases the viscous flow as well as the damping factor. Fig. 5.10 (c) shows the tan delta

values of different biocomposites.

(a) (b)

(c) (d)

Fig. 5.10: (a) Storage modulus; (b) loss modulus, (c) Tan δ and (d) glass transition temperature
of different treated and untreated bamboo fiber reinforced biocomposites.
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5.3.3 Result for Structural Characterization of Biocomposites

XRD analysis of developed biocomposites- Crystallinity plays a major role in the properties

of biocomposites. Biocomposites have been analysed using XRD to determine their crystallinity

after NaOH treatment. Fig. 5.11 (a) shows the XRD spectra of different biocomposites. In the

XRD spectrum of neat epoxy, no significant peak has been observed, indicating that thermoset bio-

epoxy is non-crystalline. Bamboo fiber reinforced biocomposites show two major and one minor

peaks at around 15.53◦, 22.2◦ and 34.8◦ corresponding to the crystalline plane (1 1 0), (0 0 2)

and (0 0 4), respectively [306]. Because of the presence of crystalline cellulose in the bio-composite

samples, these peaks were observed. Untreated biocomposite sample show a crystallinity of 37.46%,

while biocomposites treated with NaOH show continuous increments in crystallinity. The maximum

crystallinity has been observed for 6% NaOH treatment biocomposites samples (BFBC 30 6). The

(a) (b)

Fig. 5.11: (a) XRD spectra of different bio composites, (b) crystallinity index of different biocom-
posites.

crystallinity value for these type of biocomposite is 51.73%, which is 14.27% higher than untreated

fiber-reinforced biocomposite. Based on the analysis presented in Chapter-4 (Sec.4.3.2), it has

been reported that NaOH treatments increase the crystallinity index of fiber, which in turn increases

the crystallinity index of bio-composites. Chemical treatment with concentration greater than

6% NaOH (8% and 10%) destroys the crystalline cellulose form the fiber, resulting in a drop in

crystalline index value. BFBC 30 8 and BFBC 30 10 type of sample show crystallinity index of
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48.62% and 39.66%, respectively. In comparison to BFBC 30 6, these values are 9.11% and 12.07%

lower. Fig. 5.11 (b) shows the bar diagram for the crystallinity of different types of developed

biocomposites.

FTIR analysis- FTIR analysis has been performed on the biocomposites to investigate the

interfacial interactions and presence of functional groups. Fig. 5.12 represents the FTIR spectra

of different developed biocomposites. The stretching vibration of O-H group has caused a peak

at 3388 cm-1. The peaks at 2925 cm-1 and 2856 cm-1 are corresponding to stretching vibration of
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Fig. 5.12: FTIR spectra of different developed bio composites.

C-H bond and the symmetric-asymmetric stretching vibration of C-H3, C-H2 and C-H groups. Due

to the stretching of C=O group of carboxylic acid a peak has been observed at 1742 cm-1 [307].

The two peaks have been seen at 1605 and 1508 cm-1, which are due to the stretching vibration of

C=C groups of aromatic rings. The vibration of -CH2 and -CH3 functional groups, two prominent

peaks have been observed at 1457 and 1365 cm-1 wavelength [308]. The stretching vibration of C-O
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inside epoxide groups caused intensity peaks at 1295, 1240 and 1181 cm-1. The stretching of C-O-C

group of ether caused a peak at 1035 cm-1. A peak at 827 cm-1 wavelengths has been observed due

to the Stretching vibration of C-O-C inside oxide groups. Finally, due to the vibration of -CH2

groups a peak has been observed at 718 cm-1 [174]. According to the FTIR spectra of bio-epoxy

and various bio-epoxy composites, the only difference is the intensity of the peaks, which implies

that even when untreated or differently treated bamboo fibers are incorporated into biocomposites,

the functional groups present in biocomposites remain the same as in bio-epoxy. A similar type of

observation has been reported by Lekrine et al. [308] with Wahingtonia filifera fiber incorporated

in HDPE and Komal et al. [309] incorporated banana fiber into poly-lactic acid.

5.3.4 Dielectric Analysis of Biocomposites

The dielectric properties of treated and untreated fiber reinforced biocomposites are investigated

in terms of dielectric constant, loss factor, impedance, complex modulus and ac conductivity.

Dielectric Constant and Loss Factor- The dynamic response of the polymer chain towards

the dielectric constant (ε′) and loss factor (tanδ) in biocomposites specimens have been recorded

at room temperature at a frequency range of 103 to 106 Hz. Fig. 5.13 (a) shows the dielectric

constant values for treated and untreated bamboo fiber reinforced biocomposite, while Fig. 5.13

(b) shows their loss factor values.

It is interesting to note that both dielectric constant and loss factor show similar types of trends,

in which prominence is revealed in a dispersive fashion and coalesces toward higher frequencies.

As a result of interfacial and dipolar polarization, charge mobility is easier at low and medium

frequencies. This resulted in a higher dielectric constant as well as a higher loss factor value.

Whereas the dipole switching is difficult due to inefficient time at higher frequencies resulting in a

decrement in dielectric constant and loss value [286, 310]. Fig. 5.13 (c) and (d) present variations

of dielectric constant and dielectric loss for all types of composites with respect to frequency.

According to the figure, all types of composites have continuous decrement trends with respect to

increments in frequency for ε′ and tanδ. Alkaline treatment of bamboo fiber with NaOH solution

grafts the Na+ ion onto the cellulose structure. This makes the lignocellulose fiber hydrophobic. In
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(a) (b)

(c) (d)

Fig. 5.13: (a) Dielectric constant, (b) Dielectric loss, (c) Variation of dielectric constant with
different frequency, (d) Variation of loss factor with different frequency for different developed
biocomposites.

addition, the alkaline treatment removes short-branched amorphous polymers and impurities from

the fiber surface. These two analogies are also supported by the XPS results of previous chapter.

The number of hydroxyl groups decreased as amorphous and impurities are removed [311]. The

hydrophilicity of the fiber was decreased by removing hydroxyl groups, resulting in better interfacial

bonding between bamboo fiber and bio-epoxy matrix, and decreasing in dielectric constant as well

as loss factor values [289]. Due to the above mention reason, ε′ and tanδ shows a decreasing trend

with an increment in NaOH treatment concentrations (up to 6%). The cellulose along with non-

cellulose compounds began to degrade at higher than optimal concentrations (8 or 10%) of NaOH

treatment. Consequently, as a result of the treatment with a NaOH concentration of 8 or 10%, the
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crystallinity index of the composites was also decreased. This can also be verified from the XRD

result. Degradation of cellulose help to produce more polarized -OH (hydroxyl) groups leading to a

higher dielectric constant and loss factor value [286, 312]. The sequence of dielectric constant values

for the different developed biocomposites is- BFBC 30 10 >BFBC 30 8 >BFBC 30 0 >BFBC 30 2

>BFBC 30 4 >BFBC 30 6. For the loss factor, the biocomposites follow a similar trend.

Impedance- Impedance is the measure of a circuit’s ability to withstand and store dielectric energy

when current is flowing [313]. Fig. 5.14 (a) and (b) represent the real (Z ′ = Zcosϕ) and imaginary

(Z ′′ = Z sinϕ) impedance of the developed biocomposites materials for a frequency range from 103

to 106. Both treated and untreated fiber reinforced biocomposites show similar trends with real

as well as imaginary impedance. Due to the liberation of space charge, both composites follow an

equivalent trend of slowing and coalescing with rising frequency. The amorphous chain segments

dominate the ionic movement of lignocellulose fiber reinforced composites. Fiber segments with non-

crystalline amorphous segments act as conductive regions, while segments with crystalline cellulose

chains act as resistive regions. An induced potential wall is formed by the free-charge carriers at

the crystalline cellulose-amorphous interface [314]. At higher frequencies, the ac conductivity of

the composite increases which reduces the interfacial barrier potential and results in a decrement

of both impedance (real and imaginary) values. According to previously reported XRD data,

chemical treatment eliminated the amorphous component of the lignocellulose fiber. After the

chemical treatment of bamboo fiber (up to 6%), the amorphous part of the fiber was removed, in

an increment in resistivity and thus both impedance (real and imaginary) values. The cellulose

percentage of fibers is degraded after chemical treatment with more than 6% concentration, resulting

in decreased crystallinity for fibers and composites. The reduction of cellulose reduces the resistivity

of the biocomposites and results in a decrement in impedance values. At 103 Hz frequency, the

maximum real and imaginary impedance values have been observed as 3.89×107Ω and 2.46×107Ω

for BFBC 30 6 types of composites. Whereas minimum impedance at 103 Hz frequency is reported

as 1.865×107Ω (real) and 1.295×107Ω (imaginary) for BFBC 30 10 types of biocomposites.

Analysis of Cole-Cole plots can provide information about relaxation mechanism behaviour,

electrode effect and other microscopic effects within the material. Fig. 5.14 (c) represents the cole-
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(a) (b)

(c)

Fig. 5.14: (a) Real impedance, (b) imaginary impedance and (c) impedance cole-cole graph of
developed biocomposites.

cole graph between real impedance and imaginary impedance. From linear to semicircle patterns,

the plot takes on the shape of an arch, whose radii are comparatively larger and bend toward

the abscissa. The linear part of the cole-cole graph is corresponding to the resistive nature of the

composites due to polarization. However, the semi-circular arc indicates the conductive nature of

the biocomposites due to charge transfer. The deviation of all cole-cole plots from the straight line

to the complete semicircle is likely caused by the relaxation of amorphous phase and defects in

nano-order inside composites.

Complex Modulus- The complex modulus (M∗ = M ′ + iM”) of developed biocomposites has

been measured and presented in terms of real modulus (M ′ = Z”C0ω) and imaginary modulus

(M” = Z ′C0ω) [70] in Fig. 5.15 (a) and (b), respectively. Real and imaginary values of the

composites are very low (near zero) at lower frequencies and asymptotically increase at higher
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frequencies. At lower frequency regimes,M ′ represents an insignificant contribution due to electrode

effects and polarization. Whereas the spreading M ′ values at higher frequency regimes correspond

to the conduction process, due to that the charge carriers move short distances and show higher

M ′ values. The maximum real and imaginary complex modulus has been observed for BFBC 30 6

types of composites and minimum values have been recorded for BFBC 30 10 types of composites.

Fig. 5.14 (c) represents the modulus cole-cole graph of treated and untreated fiber reinforced

biocomposites. All types of graphs showed a semi-circular pattern, indicating an ionic conduction

process inside the biocomposites. The semicircle’s centre is on the real modulus axis. The centre of

all semicircles is on the real axis of modulus, and the intercept on the M ′ axis reveals the amount

of total capacitance contained in the material. A dielectric relaxation process of the non-Debye

type is indicated by the peak of the cole-cole graph [313].

AC-Conductivity - The AC-conductivity of the developed biocomposites has been measured and

presented in Fig. 5.15 (d). It can be seen in the figure that at low frequencies, the AC conductivity

of the materials tends to zero and as the frequency increases, the AC conductivity of the materials

increases. This indicates that at low frequencies, or DC, the material behaves as a non-conductor

while at high frequencies, it behaves as a conductive material. In general, bio-fiber-reinforced

polymers show conductivity due to their -OH bonds and amorphous structures, whereas cellulose

acts as a barrier. The free charge carrier forms an internal potential wall at the interface between

the crystalline and amorphous phases. At low frequencies, the conductivity is low as a result of

this effect, but at higher frequencies, these potential barriers have broken and the material acts

as a conductor. At 106 Hz, the maximum ac conductivity has been observed for BFBC 30 10

and the minimum has been reported for BFBC 30 6. As a result of the chemical treatment, the

amorphous polymer chain is removed from the fiber, and the Na+ ion is inserted into fiber. In

this way, hydrophilic fibers become hydrophobic [315, 316]. A continuous decline in conductivity

is mainly caused by the increase in hydrophobicity of biofiber. The treatment of bamboo fibers

with NaOH at higher concentrations (more than 6%) degraded fiber cellulose, thus increasing polar

hydroxyl groups and increasing the ac conductivity of biocomposites.

This section compares the currently developed biocomposites with previously reported biocom-
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(a) (b)

(c) (d)

Fig. 5.15: (a) real modulus, (b) imaginary modulus, (c) modulus cole-cole graphs, (d) Ac-
conductivity for all types of developed biocomposites.

posites in order to determine their potential in the electronics industry. Table 5.3 presents the

comparative studies of various properties. Materials with low density are preferable for electronics

applications. So that the electronic equipment must hold a lower weight. The proposed material

shows a lower density than most of the materials presented in the literature and also from the virgin

polymer matrix. A material with a high dielectric constant will have a high electric breakdown

voltage. It can sustain a greater voltage before failing and letting the current flow. It is desirable

for insulating electronic materials, such as the casing of a laptop or a desktop, to have a higher

dielectric constant. BFBC 30 10 shows a higher dielectric value compared to most of the materials

presented in the comparative table. Furthermore, the ac conductivity shows extremely small values,

indicating the insulation behaviour of the material. It can be concluded that developed material is
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Table 5.3: Comparative study for dielectric properties of the biocomposites.

Composite Dielectric Loss Real Imped- Ac-conduc- References

Materials constant factor ance (Ö107) tivity(Ö10-4)

(ε′) (tan δ) (Ω) (s/m)

BFBC 30 6 18.05 0.40 3.90 0.27 Present

BFBC 30 10 67.66 3.96 1.87 3.18 study

Coir+PP 2.54 – – – [312]

Sisal+PP 4.6 0.025 – 2.65Ö10-6 [317]

Sisal+epoxy 68.52 0.58 – – [318]

Alfa+ 8.7 – – 1.32Ö10-6 [319]

Polyester

Banana+ 49.65 2.14 7.3Ö10-6 – [311]

Gluten

Sunn Hemp+ 35.24 2.33 6.2 2.5Ö10-1 [289, 313]

epoxy

Kapok husk+ 12.42 0.116 – – [320]

epoxy

one of the best-fit materials for the electronics industry.

In structural engineering, the dielectric constant and AC conductivity of materials are important

for various applications, particularly those involving smart structures, monitoring systems, and

electromagnetic shielding. Here are some specific examples where these properties are crucial [321].

Dielectric constant: High dielectric constant materials can enhance the sensitivity of sensors

used in monitoring the integrity of structures, which is useful for structural health monitoring

application. Materials with appropriate dielectric properties are used to insulate sensors and other

electronic components embedded in structures. Ensuring that signals transmitted by embedded

sensors or communication systems travel effectively through the material. High dielectric constant

materials are used in capacitive sensors embedded in concrete or composite structures to monitor

strain, stress, and other parameters. Applied to structures to protect embedded sensors from
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environmental factors while maintaining their sensitivity and accuracy. Used to detect internal

defects, voids, or reinforcements in structures. The dielectric constant of the material influences

the penetration depth and resolution of GPR [322].

AC Conductivity: Low AC conductivity reduces energy dissipation in monitoring and com-

munication systems, enhancing their efficiency. Proper AC conductivity ensures effective signal

transmission and reduces reflection and attenuation in embedded sensors. Materials with controlled

AC conductivity can be used to shield structures from electromagnetic interference. Incorporates

materials with specific AC conductivity to enable the concrete itself to act as a sensor, detecting

strain or cracks through changes in electrical properties. Materials with low AC conductivity are

used to insulate and protect power lines and components integrated into structural elements. Ma-

terials with appropriate AC conductivity are used in walls, floors, and ceilings to shield sensitive

electronic equipment from electromagnetic interference [323].

In structural engineering, many applications require careful consideration of both dielectric con-

stant and AC conductivity to ensure optimal performance and reliability. The major applications

are as follows:

(i) Smart Structures: Incorporate materials with tailored dielectric and AC conductivity proper-

ties to enable real-time monitoring and self-diagnosis of structural health. Examples include

bridges, high-rise buildings, and tunnels [324].

(ii) Embedded Sensor Networks: Use materials with specific dielectric and AC conductivity prop-

erties to maintain the integrity and efficiency of sensor networks embedded in concrete, steel,

and composite structures for long-term monitoring.

(iii) Wireless Communication Systems: Structures incorporating wireless communication systems

for monitoring and control use materials with optimized dielectric and AC conductivity prop-

erties to ensure efficient signal transmission and minimal interference.

The dielectric constant and AC conductivity are essential properties for materials used in struc-

tural engineering applications. They play a crucial role in ensuring the efficiency and reliability
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of monitoring systems, smart structures, electronics packaging, and EMI shielding solutions. Un-

derstanding and optimizing these properties can lead to improved structural integrity, enhanced

safety, and better performance of modern engineering projects [325].

5.3.5 Water Absorption Behavior of Biocomposites

It is necessary to understand how developed biocomposites behave in a hydrated environment.

Based on mechanical testing, biocomposites with 30% fiber loading exhibit the best mechanical

properties, so further investigation has been conducted only on differently treated 30% fiber loaded

bio-composite. The developed biocomposites were put into distilled water and the weight percent-

ages and thickness changes were calculated using Eq.5.7 and Eq.5.8 with a regular interval of 48

hrs.

WWater absorption(%) =
Wt −W0

W0
× 100 (5.7)

Where Wt and W0 are the weight of bio-composite samples at time = t and 0.

TThickness swelling(%)
Tt − T0

T0
× 100 (5.8)

Where Tt and T0 are the thickness of the bio-composite samples at time = t and 0 [293]. It has been

observed from the testing results of all types of biocomposites that the moisture absorption and

swelling percentage increase with time, and after 480 hours of submersion in water that the swelling

and moisture absorption start saturation. BFBC 30 0 type of bio-composite shows moister absorp-

tion of 7.866 ± 0.364% and thickness swelling of 12.532 ± 0.364% respectively. There are many

micro-level gaps presented between bamboo fiber and bio-epoxy matrix, due to the hydrophilic na-

ture of fiber; these gaps act as capillary action and water as well as moisture are absorbed inside the

composites. For biocomposites, chemical treatment with up to 6% NaOH concentration increased

interfacial bonding between fiber and epoxy and the crystalline size of bio fiber, which resulted

in a reduction in moisture absorption. The minimum moister absorption and thickness swelling

has been recorded for BFBC 30 6 types of composites. Further increasing NaOH concentration for

the chemical treatment of fiber resulted in a higher moisture absorption value for bio-composite.
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Fig. 5.16 (a) and (b) represented the moisture absorption and thickness swelling percentage of

different types of the developed composite.

(a) (b)

(c) (d)

Fig. 5.16: (a) Water absorption graph; (b) thickness graph for different developed biocomposites,
(c) variation of water absorption with thickness swelling, (d) diffusion mechanics fitting curve.

The graph presented in Fig. 5.16 (c) to understand the relationship between water absorption

and thickness swelling. The data points are linearly fitted and observed that the coefficient of

determinations (R2) is more than 90% for all the fits. This indicates that thickness swelling increases

linearly with water absorption. The slope value and other details of the fitting have been presented

in Table 5.4.

The water transmission kinetic equation, Eq.5.9 has been used to analyse the behaviour of water

molecules in composites.

Mt

Mm
= k.tn (5.9)

Where Mt is the water uptake at any time t, Mm is the maximum water uptake of the sample
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at saturation; whereas k and n are the kinetic parameters of diffusion. For n, three types of

values are expected. n= 0.5 (Fickian diffusion); <0.5 (non-Fickian random diffusion) and 0.5<n<1

(anomalous diffusion, something between Fickian diffusion and random diffusion) [326, 327]. In

order to identify the value of n, the straight line has been fitted with the experimental investigated

data for the Eq.5.10.

log

(
Mt

Mm

)
= log (k) + n log(t) (5.10)

The fitted graphs have been presented in Fig. 5.16 (d) and data-related slope (n value) has been

presented in Table 5.5. It can be seen from the table that the n-value ranges between 0.647 and

0.971, thus the biocomposites exhibit anomalous diffusion.

Table 5.4: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sample name Slope of the fitted straight line R2 value

BFBC 30 0 1.416 0.976

BFBC 30 2 1.353 0.931

BFBC 30 4 1.347 0.906

BFBC 30 6 1.277 0.903

BFBC 30 8 1.392 0.970

BFBC 30 10 1.372 0.953

Table 5.5: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sample name Slope of the fitted straight line R2 value

BFBC 30 0 0.797 0.966

BFBC 30 2 0.876 0.987

BFBC 30 4 0.935 0.976

BFBC 30 6 0.971 0.951

BFBC 30 8 0.779 0.954

BFBC 30 10 0.647 0.952
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5.3.6 Biodegradability Behaviour of Biocomposites

The biodegradability of different NaOH-treated 30% fiber content biocomposite has been inves-

tigated in terms of mass loss. Eq.5.11 has been used to calculated for mass loss of the composites.

W loss(%) =
M0 −Mt

M0
× 100 (5.11)

Where Mt is the mass of the composite samples after t days of soil buried and M0 is the initial

mass of the composite sample [67, 293].

It is possible to lose weight of developed materials during soil burial due to the moister and

enzymatic action of microorganisms. Fig. 5.17 represented the weight loss of the sample due to
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Fig. 5.17: Mass loss due to bio-degradation in composite samples.

biodegradation with respect to soil burial time. Increasing soil burial time resulted in a greater

weight loss of the composites. After 180 days, maximum weight degradation was observed for

BFBC 30 10, whereas minimum weight degradation was observed for BFBC 30 6 type of compos-

ites. Mechanics for biodegradation process has been presented in Fig. 5.18 as flow diagram.
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Fig. 5.18: Mechanics of biodegradation.

5.3.7 Thermal Degradation Behaviour of Biocomposites

Thermogravimetric analysis has been conducted from room temperature to 800◦C in order to

understand the effect of NaOH concentration on the thermal degradation behaviour of developed

biocomposites. The thermogram has been presented in Fig. 5.19. The chemical treatment up

to a concentration of 6% affects positively on the thermal stability of developed biocomposites.

For initial degradation (room temperature to 150◦C) minimum mass loss has been reported with

BFBC 30 6 type of composite (1.85% approx.). In this temperature range generally, water is

evaporated. Bamboo fiber absorbed less moisture after chemical treatment, which resulted in a

lower mass loss at these temperatures. In addition to the initial loss, residual mass is also higher for

BFBC 30 6 biocomposite at 800◦C. The reported residual mass for the composite is 19.27%, which

is much higher than the untreated fiber-reinforced composite (5.76%). The chemical treatment

with more than 6% concentration resulted in a decrease in residual mass as well as an increment

in initial mass loss. This may be due to inefficient bonding and greater water absorption by the

bamboo fiber [174]. The activation energy for all types of developed composites has been calculated

and tabulated in Table 5.6.
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Fig. 5.19: TGA curve for different biocomposites.

5.3.8 Morphological Analysis of Biocomposites

The morphology analysis of the fracture surface has been carried out focusing on the fracture

behaviour and defect analysis of the developed materials. Fig. 5.20 (a) represents the SEM image

of BFBC 30 4 type of composite. The figure indicates the shear yielding and cracks propagation

in the matrix surface. A void is also observed. Fig. 5.20 (b) is an SEM image of BFBC 40 type of

composite. This composite has shown comparatively less strength with compare to BFBC 30 due

to agglomerations of fiber. The SEM image is the presentation of such agglomeration of fiber inside

samples. Fiber pull-out failure is a common tensile failure of untreated fiber reinforced composites.
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Table 5.6: Activation energy of different types of developed bio-composites.

Sample name Activation energy (kJ/mol)

BFBC 30 0 30.206

BFBC 30 2 28.862

BFBC 30 4 29.136

BFBC 30 6 31.116

BFBC 30 8 26.041

BFBC 30 10 29.120

Fig. 5.20 (c) represented an SEM image of pulling out of untreated bamboo fibers. Fig. 5.20 (d)

is the representation of tensile failure in the sample BFBC 30 6 type of composite. When fibers are

subjected to tensile load, they rupture, leading to further debonding and eventually fail. Fig. 5.20

(e) is the bending failure for BFBC 30 6 type of composite. As a result of the three-point bending

test, fiber bent and delaminated. Fig. 5.20 (f) represented the failure area of the impact test

specimen. Fiber delamination and shear failure have been observed near the notch area of the

sample. Fig. 5.20 (g) is the representation of crack propagation inside a sample. In the path of

the crack growth, a fiber has been observed. Initially, this fiber acts as an obstacle to crack growth.

Further, when the applied load is increased, fiber debonding occurs, leading to the propagation of

the crack and final failure. Fig. 5.20 (h) shows a sample after 60 days of biodegradation. Microbial

degradation and destruction of fiber surfaces and matrix parts have been observed.

5.4 SUMMARY

With the motivation to promote eco-friendly and sustainable product development practices in

the field of development of composite material, the present study focuses have been done on design

and development of bamboo-based biocomposites that are less detrimental to the ecosystem. The

present study is an experimental investigation of the physical, mechanical, structural, and thermal

properties of Bambusa tulda fiber-reinforced green composites. Composite sample plates have been

developed with different weight fractions of fibers (i.e., 10%, 20%, 30%, and 40%). Furthermore, the
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Fig. 5.20: SEM image of the different fracture surfaces of developed biocomposites.
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composite plates have been developed with differently treated bamboo fiber, and their mechanical,

thermal, physical, and morphological analyses has been performed. The investigation summarizes

in following points:

(i) The addition of bamboo fiber reinforcement resulted in an increment of static mechanical

properties. More than 30% fiber reinforcement resulted in decrement in mechanical properties

due to agglomeration.

(ii) Up to a 6% NaOH concentration for fiber treatment also had a positive effect on the static

mechanical properties of the composites.

(iii) The chemical treatment affected positively on dynamic mechanical properties of the compos-

ites. Maximum storage modulus and glass transition temperature has been observed with 6%

NaOH treated 30% fiber loaded biocomposite samples.

(iv) The X-ray diffractogram shows increment in crystallinity for the developed composite with

treated fiber compare to untreated one.

(v) The FTIR spectra exhibit similar patterns across all developed composites, justifying the

presence of a consistent chemical bonding and functional groups within these composite ma-

terials.

(vi) Due to chemical treatment the dielectric properties of the composites are reduced. The

composite made up with treated fiber of 8 and 10% concentration shows greater dielectric

and Ac-conductivity values.

(vii) The chemical treatment reduced moisture absorption, thickness swelling and biodegradability

behavior of the biocomposites.

(viii) The greater thermal stability has been observed with treated fiber reinforced biocomposite.

Not only that biocomposites made up of treated fiber shows higher residual mass at 800°C

temperature.
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Effect of Different Epoxy Matrix on
Properties of Bio-Composites

6.1 INTRODUCTION

Plastics are used in many industries, including construction, packaging, automotive manufactur-

ing, electronics, and agricultural production, due to their strength, flexibility, and affordability. The

widespread usage of traditional polymers such as polyethene (PE), polyethene terephthalate (PET)

and thermoset resins (like-commercial epoxy) pollute our environment. More significantly, because

of their resistance to microbes, humidity, and temperature, non-degradable plastic has a severe

negative effect on the survival of both plants and wildlife. Additionally, the scientific community is

becoming increasingly concerned about hazardous compounds used in the manufacturing of plastics,

such as bisphenol A, polychlorinated biphenyls, and phthalates, which are harmful to human health.

Therefore, the decomposition of plastic waste poses an environmental issue. Growing quantities

of hazardous waste and non-biodegradable plastics represent a dual threat to the environment of

the twenty-first century and future generations. In 2015, more than 6,000 million tonnes of plastic

trash were disposed of in landfills or the environment. Petrochemicals obtained from fossil fuels are

primarily organic solids used to develop plastics. Global plastics consumption was anticipated to be

worth USD 568.9 billion in 2019 and is expected to rise by 3.2% annually over the following seven

years. The increasing carbon footprint of products due to plastic waste, as well as concern about

depleting fossil fuels, have increased interest in alternative environmentally friendly materials. The

development of polymeric materials or polymer composites using petroleum-based polymers and

synthetic materials is said to be environmentally detrimental. Therefore, it is constitutive to use
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bio-based polymers as well as bio-based reinforcement materials for developing sustainable mate-

rials. The initiative led to the development of biocomposites made from natural fibers. Typically,

natural fiber reinforced biopolymer composites are subsets of fiber reinforced polymer (FRP), where

the reinforcement (fibers) and matrix material (biopolymer) both derive from biological or plant-

based resources. Compared to other natural fibers, bamboo fiber has a lower density. This property

enables bamboo-based biocomposites to have greater specific characteristics. According to studies,

any type of commercial vehicle will have a 6-8% increase in fuel economy with a 10% weight de-

crease. Therefore, the interior components of a commercial vehicle may be designed and developed

using a green composite made from bamboo fiber. The integration of natural fiber composites in

automotive applications brings forth new opportunities. The present study focuses on developing

bamboo-based biocomposites that are environmentally friendly and less harmful to the ecosystem

to promote eco-friendly and sustainable practices in composite material development. As such, in

the present study, the biocomposites have been developed using four different types of polymers

and Bambusa tulda fiber. Out of these four polymers, three are bio-based epoxy (easily available

at Indian markets) and one is commercially available epoxy LY-556. Furthermore, the developed

composites have been characterized physically, static, dynamic mechanically, and thermally. Fol-

lowing that, a multi-attributes decision-making approach (MADM), VIKOR has been utilised to

select the most suitable material among these four, for automobile applications. Sec. 6.2.1 de-

scribe about the materials used in the present study. Sec. 6.2.2 presents fiber extraction and

chemical treatment of bamboo fiber. The development process of biocomposite plate is presented

in Sec. 6.2.3. The different characterization technique use on the developed composite is presented

in Sec. 6.2.4. The material selection technique using multi attribute decision making approach

for automobile interior is described in Sec. 6.2.5. Sec. 6.3 presents detailed result of different

characterization process of bio and green composites. Lastly, in Sec. 6.4, the optimal material

selection for automobile interior applications is presented, accompanied by a comparative study of

materials previously reported in the literature.
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6.2 MATERIALS AND METHODOLOGY

This section describes the materials used in the present study, as well as the methodology and

experimental processes employed for various material characterizations.

6.2.1 Materials

A local nursery in Guwahati provided 3 to 4-year-old native bamboo (Bambusa tulda). Acetone

and sodium hydroxide were purchased from Merck Life Science Private Limited in India. Cardolite

India Pvt. Ltd. (Mangaluru, Karnataka, India) provided the bio-epoxy resin (matrix) FormuLITE

series. One bio epoxy polymer combination was developed using thermoset polymer 2501A obtained

from Cashew nutshell liquids (CNSL) without hurting the food chain and an amine-based curing

agent (2002B), while another combination was made with 2501A polymer and 2401B hardener.

The BioPoxy36 liquid polymer is procured from M/s Kamal Trading and Co., Goa, India (maker:

ecopoxy, Canada). The commercial epoxy (LY-556 with hardener HY-951) was purchased from

Herenba Instruments and Engineers, Chennai, India. The biobased Content of 2501A+2002B is

45.4%, and for 2501A+2401B the bio-content is 34% [328]. BioPoxy36 has a 32% biobased content

and commercial epoxy is a non-biobased polymer. The reason behind choosing these four types of

epoxies is they are easily available in the Indian market at a comparatively cheaper rate and have

better thermo-mechanical properties.

6.2.2 Fiber Extraction and Its Chemical Treatment

The bamboo fiber has been extracted using the retting process. The detailed process of ex-

traction has been reported in Chapter 3. After the fiber extraction, fibers are treated with a

6% NaOH solution. That treatment increases the interfacial properties while removing lignin and

other extractive components. Therefore, in this study, 6% NaOH-treated bamboo fiber has been

considered for developing composite samples and other characterization of biocomposite samples.

6.2.3 Development of Biocomposite Plates

In order to develop the bio-composite plate, a modified hand lay-up approach was used. Accord-

ing to the study of Chapter 5, a 30% weight ratio of the bamboo fiber to polymer composites is
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ideal for the construction of sustainable composites. Over 30% of the fiber reinforcement in com-

posites exhibited fiber agglomeration, which reduced the material’s overall stiffness and strength.

Therefore, the constant weight fraction of fiber (30% by weight) has been considered for the cur-

rent investigation. The mixing ratio for liquid epoxy with curing agent by weight is 100:52 for

2501A and 2002B, 100:31 for 2501A and 2401B, 100:40 for Biopoxy36, and 100:10 for LY556 and

HY-951. After the mixing, the mixture was agitated with a glass rod for 10 to 15 minutes to

ensure homogenous mixing, and it was then placed in a desiccator for 15 to 20 minutes to degass.

The composite development setup consists of three parts: parts A and B are the top and bottom

halves of the mould (size 250Ö250 mm2). A laminated sheet (made of polypropylene; thickness

200µm) was then placed on the mould’s top and bottom layers. After that, a roller was used to

evenly distribute the liquid epoxy over the laminated sheet, which was then filled with a homoge-

nous combination of liquid polymer-curing agent mixture. On the lower mould, the liquid polymer

layer was then manually covered with bamboo fibers. An additional liquid polymer mixture was

poured over the fibers. Once they were evenly dispersed, the top mould was then positioned over

the epoxy-embedded fiber. Moulds were held together with four M8 nuts and bolts placed at each

corner (the load used to compress the mould is approximately 0.5 to 0.8 kN) and left for 24 hours to

cure the composite. The composite plates were demoulded and cut following ASTM guidelines for

various testing. Fig. 6.1 represents the schematic diagram of the process and Table 6.1 represents

the details of the prepared samples.

6.2.4 Characterization of Developed Composites

6.2.4.1 Physical Characterization

Density and Void Content- The theoretical density of the composite was calculated by using

the rule of mixture and experimental density was measured by following Archimedes’ principle with

ASTM-D-792-13 (20Ö20Ö3mm3) standard. The density of the treated bamboo fiber was previously

measured as 1.025 gm/cm3 in Chapter 4. As per the data sheet provided by the manufacturing

company, the densities of FormuLite (2501A+2002B), FormuLite (2501A+2401B), Biopoxy36 and

commercial epoxy (LY-556+HY-951) are 1.068, 1.081, 1.11, and 1.13 gm/cm3, respectively. Eq.6.1
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Fig. 6.1: Composite development process.
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Table 6.1: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sample Polymer matrix Matrix weight Fiber weight Bio-content in

code fraction (%) fraction (%) composites (%)

S1 FormuLite 70 30 61.78

(2501A+2002B)*

S2 FormuLite 70 30 53.80

(2501A+2401B)*

S3 Biopoxy36 (A+B)* 70 30 52.40

S4 Epoxy-LY-556(A) 70 30 30.00

+ HY951 (B)*

*A is liquid epoxy and B is curing agent/ hardener

has been used to compute the theoretical density of the composites.

1

ρc(theo)
=

wf

ρf
+

wm

ρm
(6.1)

Where ρc(theo) is the theoretical density of composite, wf and wm are the weight fraction of fiber

and matrix materials, ρf and ρm are the density of fiber and matrix materials respectively.

The void content of composite materials is an important factor. Void content will greatly affect

the composite’s mechanical and physical characteristics. Cracks begin in composites where the voids

form. There is a possibility that this could further propagate into another zone of the material,

leading to catastrophic failure. For this reason, it is crucial to determine the void content in the

composite in order to ensure its quality. The void content of the composite has been measured by

using Eq.6.2.

Vc =
ρc(theo) − ρc(exp)

ρc(theo)
× 100 (6.2)

where Vc is void content of composites and ρc(exp) is the experimental density of composites.

Water Absorption Test- Natural fibers are hydrophilic, so the water absorption test of the

developed composites was performed at room temperature as per ASTM-D-570-98 (20Ö20Ö3 mm3)

[329]. In distilled water, test samples were submerged for 48 hours to 720 hours, and their weight

and thickness were measured periodically. The weight gain and thickness swelling due to water
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uptake are calculated by using Eq.6.3 and Eq.6.4.

WWater absorption(%) =
Wt −W0

W0
× 100 (6.3)

Where Wt and W0 are the weight of bio-composite samples at time = t and 0.

TThickness swelling(%)
Tt − T0

T0
× 100 (6.4)

Where Tt and T0 are the thickness of the bio-composite samples at time = t and 0.

6.2.4.2 Mechanical Characterization

Tensile Testing- The tensile properties of the developed biocomposites have been analysed using

a Shimadzu Universal Testing Machine (UTM). The load cell used for the testing was 100KN. The

specimens were cut into a rectangular cross-section as per ASTM-D-638-3 [330] with a dimension

of 160Ö14Ö3 mm3. A gauge length of 50 mm and a crosshead speed of 1 mm/min were used for

the testing of the samples. Five samples of each type of biocomposites were tested and average

results are presented with standard deviations.

Flexural Testing- The three-point bending testing has been done to comprehend the flexural

properties of created materials with the Shimadzu UTM machine. The samples for the testing were

prepared as per ASTM-D-790-3 [331] with a dimension of 130Ö14Ö3 mm3. The span length and

cross-head speed for the testing were fixed as 50 mm and 1mm/min, respectively. Eq.6.5, Eq.6.6

and, Eq.6.7 were used to compute the flexural strength, flexural modulus, and flexural strain based

on the load-displacement graphs that were produced from the tests.

σfl =
3PfL

2bt3
(6.5)

Efl =
P
δ L

3

4bt3
(6.6)

εfl =
6δt

L2
(6.7)

Here σfl, Efl and εfl are flexural strength, flexural modulus and flexural strain. Pf is flexural load,

L is span length, t is the thickness of the sample, b= the width of the sample, δ is deflection and

P
δ is the slope of the load-deflection curve.
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Impact Testing- The Charpy impact testing of the developed composites has been done with an

IT-30 impact testing machine (maker: FIE, India). The notched test samples have been prepared

as per ASTM-D-6110 [332] with a dimension of 64Ö12.7Ö3.2 mm3. Each type of biocomposite has

been evaluated on five samples, and the average findings are shown with standard deviations.

Surface Hardness- The surface hardness of the developed composites has been measured at ten

different places of each sample with a digital Rockwell hardness tester (maker: FIE, India). Surface

penetration was performed using a 1/4” aluminium ball with an L scale that provided a 60Kgf force.

The test samples were prepared as per ASTM-D-785 with a dimension of 20Ö20Ö3 mm3 [333] and

the average test result has been presented with standard deviation.

6.2.4.3 Dynamical Mechanical Characterization

The dynamic mechanical analyser of Anton Paar (Maker: Physica MCR, Model; 702) was used to

evaluate the dynamic mechanical characteristics of the developed composites. The samples were

developed with dimensions of 50Ö13Ö3 mm3 [285] and were held within the machine using a double

cantilever fixture. The test condition was at a sinusoidal frequency of 1Hz, and the temperature

was swapped from 25◦C to 150◦C using a temperature ramp of 5◦C/min.

6.2.4.4 Thermogravimetric Analysis -

The thermal stability of the developed composites has been analysed with Perkin Elmer Instru-

ments. The mass loss of the samples has been determined in an N2 environment as a function

of temperature from room temperature to 800◦C with a constant heating rate of 10◦C/min. The

activation energy for the composite has been calculated using Eq.6.8.

ln

[
ln

(
1

y

)]
= −

(
Ea

R

) [(
1

T
+K

)]
(6.8)

Here y is denoted as normalized weight (wt/wi), where wt is the weight of the sample at time t

and wi is the initial weight. T is the representation of temperature in Kelvin. Ea is the activation

energy. The graph has been plotted between ln
[
ln
(
1
y

)]
and

(
1
T

)
and the Slope of the graph has

been found by a fitting straight line between the data points of the plot. The activation energy

has been calculated by multiplying the slope value with the universal gas constant value (R=8.32
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J/mol-K) as of Eq.6.9.

d ln
[
ln
(
1
y

)]
d
(
1
T

) = −
(
Ea

R

)
(6.9)

6.2.4.5 Microscopic Analysis

The fracture surface of the developed composite has been examined under a field-emitted screening

electron microscope (Zeiss, model: Sigma). The samples are first gold coated with a sputter coater

and then examined under the FESEM machine.

6.2.5 Material Selection Using Multi-Attribute Decision-Making Approach (MADM)

When there are at least two materials available for a particular application, selecting the best

one necessitates careful consideration. Approaches for multi-attribute decision-making (MADM)

can help with this process [334, 335]. MADM tools are used in a variety of fields such as retail,

logistics networks, engineering, and so on to offer real results [336]. Among the present four types

of developed composites, the multi-attributes decision-making approach, VIKOR was employed to

identify the best material for automobile interiors. The weightage of different criteria has been

done with the Shannon entropy method.

6.2.5.1 Shannon Entropy Method

Entropy weights are determined based on steps that have been developed and tested by a variety

of scientists in order to determine the weight of certain criteria. The weighting findings show that

the top value is preferable to the lower value [337]. The weight-calculating process used in this

essay is as follows [338]:

Step-1: Creating the decision matrix, A, [aic]n×m as of Eq.6.10.

A = [aij ]m×n =


a11 a12 .... a1n
a21 a22 .... a2n
.... .... .... ....
am1 am2 .... amn

 (6.10)

Where i = 1, 2, . . . . . . ...m; j = 1, 2, . . . . . . . . . .n

Step-2: Normalizing the decision matrix’s order for data outcome, Pij as per Eq.6.11.

Pij =
aij∑m
i=1 aij

(6.11)
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Step-3: Computation of entropy using the following equation from the collected data by using

Eq.6.12.

Ej = −k

m∑
i=1

Pij lnPij , (6.12)

where k = 1
ln (m) here m is number of alternatives

Step-4: Finally find the weightage (Wj) of different criteria has been found by using Eq.6.13.

Wj =
1− Ej∑n

j=1 (1− Ej)
(6.13)

6.2.5.2 VIKOR Method

The VIKOR approach has been used by several researchers to resolve complex problems with

numerous conflicting criteria [339, 340]. This technique analyses the closeness measure from the

ideal option to the alternatives in order to rank the alternatives and find a compromise solution

for a problem with competing needs. The steps for the VIKOR method are given below [341]:

Step-1: The normalization of the decision matrix has been done with the help of Eq.6.14.

nij =
aij√∑m
i=1 aij

2
(6.14)

Here i = 1, 2, 3 . . . . . . . . . .., m and j = 1, 2, 3 . . . . . . . . . .., n

Step-2: After that the standardized value of weightage has been calculated by using Eq.6.15.

vij = wjnij (6.15)

Here i = 1, 2, 3 . . . . . . . . . .., m and j = 1, 2, 3 . . . . . . . . . .., n

Step-3: Thereafter, to find out the positive and negative ideal solution, Eq.6.16, Eq.6.17,

Eq.6.18, and Eq.6.19 are used.

A+ = {max vij} = v+1 , v
+
2 , .............v+n (for problems which are maximization in nature) (6.16)

A+ = {min vij} = v+1 , v
+
2 , .............v+n (for problems which are minimised in nature) (6.17)

A− = {min vij} = v−1 , v
−
2 , .............v−n (for problems which are maximization in nature) (6.18)

A− = {max vij} = v−1 , v
−
2 , .............v−n (for problems which are minimised in nature) (6.19)
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Step-4: After that, the Eq.6.20 and Eq.6.21 were used to calculate regret measurement and

utility calculation for each solution which is non dominated

Ri = max

wj

(
v+j − vij

)
(
v+j − v−j

)
 (6.20)

Si =

n∑
j=1

wj

(
v+j − vij

)
(
v+j − v−j

) (6.21)

Here Si and Ri are ∈ [0,1].

Step-5: Eq.6.22 was further used to calculate the VIKOR index. The lower the VIKOR index,

prefer the alternative.

Qi = α

[
Si − S−

S+ − S−

]
+ (1− α)

[
Ri −R−

R+ −R−

]
(6.22)

Here α is the weighting factor varied between [0 and 1].

Step-6: The sensitivity analysis has been done by putting difference α value starting from 0 to 1

with an interval of 0.1 in to Eq.6.22.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Density and Void Content

Amajor advantage of biomass-reinforced plastics is that they are lightweight and environmentally

friendly. Biocomposites with a low density have better specific properties and are more sustainable

[159]. The experimental and theoretical density of the composites has been measured. The experi-

mental and theoretical densities are shown in Fig. 6.2 (a). The maximum experimental density has

been observed for S4 and minimum was observed for S1 types of biocomposites with numeric values

of 1.051 ± 0.124 gm/cm3 and 1.024 ± 0.111 gm/cm3, respectively. The variation in the density of

developed composites may be attributed to the different densities of different epoxy matrices. To

ensure the quality of the composites, the void content inside them has been assessed. The differ-

ence between the theoretical and experimental density is spotted as void content. The maximum

void content has been observed with S4 (4.102 ± 0.202%) types of composites and minimum void
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content has been sported for S3 (1.201 ± 0.104%) types of composites. The void content of all

developed composites is shown in Fig. 6.2 (b). The reason behind void content is the presence of

hydrophilic fiber and the trapping of an air bubble inside the epoxy at the time of mixing of epoxy

polymer with hardener. Air bubbles can also become trapped during the composite preparation or

development process, creating a void inside the composite [215].

(a) (b)

Fig. 6.2: (a) Density (b) void content of developed composites.

6.3.2 Moisture Absorption and Thickness Swelling

The polymer matrices are hydrophobic in nature, but the bio-fibers are hydrophilic. The presence

of natural fibre and the formation of micro and macro cavities between the epoxy matrix and

reinforcing fibre are the main causes of moisture absorption for currently developed composites.

The moisture absorption for all developed composites is presented in Fig. 6.3 (a). The moisture

absorption behaviour of the composites can be divided into three phases [342]. The first or initial

phase of moisture abortion is an initial 240 hrs. As a result of the micro and macro pores present in

composites, the water is absorbed in the first phase. The S4 (9.66 ± 0.29%) composites absorbed the

most moisture over this period, whereas the S1(5.50 ± 0.31%) composites absorbed the least. The

sequence for moisture absorption in this period is S4>S3>S2>S1. Bamboo fibre and commercial

epoxy may not interact well at the interface, which might lead to the formation of micro holes

between the reinforcement fiber and matrix, that function as capillaries and absorb moisture.
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Fig. 6.3: (a) Water absorption and (b) thickness swelling for all types of composites.

Whereas the lesser moisture absorption for S1 types of composites is attributed to better fiber-

matrix interaction. For the second phase of moisture absorption, the moisture has been absorbed

due to the hydrophilic nature of fiber. The range of this phase is from 240 hrs to 528 hrs. The

sequence of moisture absorption in this period is S4>S3>S2>S1. As a result of fibers absorbing

water, certain fibers swell, which leads to cracks forming in the matrix during the third phase.

Therefore, due to the micro-cracks in the matrix, in the third phase, water is absorbed. This

phase is generally the saturation phase of absorption. The range of this phase is 528 hrs to 720

hrs. The sequence of moisture intake in this phase is S4>S3>S1>S2. Upon saturation, maximum

moisture was absorbed by S4 types of composites (12.58 ± 0.33%), while minimum moisture was

absorbed by S2 types of composites (7.37 ± 0.33%). Due to the poor adhesion between fibers

and matrix, there are more crevices at the interface, which enables greater water absorption for

S4 composites. Whereas better interfacial bonding between bio-epoxy and fiber for S2 types of

composites has resulted in less moist absorption [343]. The thickness swelling of various developed

composites caused by water absorption is depicted in Fig. 6.3 (b). The thickness swelling of the

developed composites increased as the water absorption percentage increased and after 528 hrs

it started to saturate. The maximum thickness swelling is observed for S4 types of composites

with the numeric value of 12.58 ± 0.33%. the reason behind the thickness swelling is the moisture

absorption of the composites. Water is absorbed by hydrophilic fibers, causing them to swell. As a
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result of swelling, fibers are debonding from matrix materials, resulting in the thickness swelling of

composites [343]. The thickness swelling reduced the tensile strength as well as other mechanical

properties of developed biocomposites. Due to better interfacial bonding between the bio-epoxy

and bamboo fiber, S2 types of composites show lesser thickness swelling. The sequence of thickness

swelling for all developed composites is S4>S3>S1>S2.

6.3.3 Tensile Testing

An engineering tensile test was widely used to determine the basic strength of materials for design

and material selection purposes. The tensile testing has been performed with all four different

types of developed composites and their load-displacement as well as stress-strain curve has been

recorded. Fig. 6.4 (a) represents the typical load-displacement curve of the composites and Fig. 6.4

(b) represents the typical stress-strain curves of the materials. The load-displacement and stress-

strain graph for all samples have been presented in Fig. 6.5. The samples’ load-displacement curves

exhibit linear behaviour initially, followed by non-linear behaviour till failure. The maximum tensile

load-bearing capacity has been recorded for S2 types of composites. FormuLite (2501A+2401B)

epoxy contains ether groups and hydroxyl polar groups, which result in better molecular adhesion

between bamboo fiber and matrix. As fiber and epoxy are better bonded, the surface contact

between fiber and epoxy is proper, which results in better and homogeneous stress transmission from

the matrix to reinforcing fiber, resulting in better load-bearing capacity and tensile strength. The

sequence of maximum load-bearing capacity for different developed composites is S2>S1>S3>S4.

For the displacement curve, the maximum displacement has been also noted for S2 types of samples.

The tensile strength and maximum load-bearing capacity of the developed composites follow the

same sequence. The maximum tensile strength has been reported as 144.759 ± 4.402 MPa for S2

types of composites. The viscosity of matrix materials plays a very vital role here. The viscosity of

the Biopoxy36 (1030 cPs), FormuLite (2501A+2002B) (1100 cPs) and Epoxy-LY-556(A)+ HY951

(B) (1350 cPs) matrix is greater than that of the FormuLite (2501A+2401B) (905 cPs), suggesting

that the flow rate of resin to infiltrate the spaces between the fibers may be lowered throughout

the processing and curing phase [174]. As a result, the slippage between the fibre and matrix
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(a) (b)

(c)

Fig. 6.4: (a) Tensile Load-displacement, (b) tensile Stress-strain graph, and (c) variation of dif-
ferent tensile properties of developed composites.

occurred, making it impossible for the stress to be adequately transmitted. Due to lesser viscosity,

the FormuLite (2501A+2401B) matrix may be able to penetrate the surface defects of bamboo fiber

and make better interfacial bonding which improves load transmission. Similarly, the elongation

before the break value of the S2 types is also higher. The maximum elongation before break value

is 4.71%. The sequence for elongation before the break is S2>S3>S1>S4. As the elastic modulus

is defined as the ratio of stress over strain, the higher tensile modulus is attributed to a lower

strain value. The maximum tensile modulus value is reported for S1 types of composites with a

numeric value of 6.983 ± 0.189 GPa. Young’s modulus and maximum tensile strength for all types

of composites are presented in Fig. 6.4 (c).
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Fig. 6.5: Tensile load-displacement and stress-strain curve for all types of developed composites.
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6.3.4 Flexural Testing

A three-point bending test has been performed to determine the flexural properties of the de-

veloped composites. The load-displacement curve was recorded, and the stress-strain curve was

computed based on it. The typical load-displacement curve for the composites has been presented

in Fig. 6.6 (a). The flexural load-displacement and stress-strain graph for all samples have been

presented in Fig. 6.7. The behaviour of composite laminates is initially linear, with a slow load

rise followed by a stage in which the load stabilises with an increase in deflection before failure.

The maximum flexural load-bearing capacity has been observed for S1 types of composites. The

sequence of maximum load-bearing capacity for the developed composite is S1>S2>S3>S4. The

flexural deformation is higher for S2 types of composites. The typical flexural stress-strain diagram

is presented in Fig. 6.6 (b). The flexural load displacement and stress-strain graph for all devel-

oped samples has been presented in supplementary document. The maximum flexural strength and

flexural modulus have been observed for S1 types of composites with the values of 154.8 ± 5.97

MPa and 8.24 ± 0.15 GPa, respectively. The flexural strength value for S1 types of composites

is 28.35%, 49.70% and 86.05% higher than S2, S3 and S4 types of composites respectively. The

sequence for flexural strength and flexural modulus value for the composites is S1>S2>S3>S4. The

maximum flexural strength is reported as 8.24 ± 0.158 GPa. This value is 31.42%, 32.68% and

71.66% higher than S2, S3 and S4 types of composites. The flexural strength and flexural modulus

for different composites are presented in Fig. 6.6 (c).

6.3.5 Impact Testing

The impact strength of a material refers to its capacity to absorb shock and energy. Various

developed composites have been tested to determine their energy absorbent capacity using the Izod

impact method. The maximum impact strength has been observed for S2 types of composites with

a numeric value of 57.57 ± 5.93 kJ/m2. This value is 30.65%, 90.73% and 134.01% higher than S1,

S3 and S4.The sequence for Impact strength of developed composites is as follows S2>S1>S3>S4.

The impact strength may be attributed to elongation before the break value of the tensile testing.

The higher value of elongation before the break value is corresponding to the higher toughness.
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(a) (b)

(c)

Fig. 6.6: (a) Load-displacement, (b) Flexural stress-strain diagram and (c) variation of different
tensile properties of developed composites.

High-impact strength is a result of greater toughness. The matrix, FormuLite (2501A+2401B)

has better wettability with bamboo fiber, which improves better stress transmission and results in

higher impact strength [307]. The minimum impact strength is observed for S4 types of composites.

The bar diagram for all types of composites is represented in Fig. 6.8.

6.3.6 Surface Hardness

The material’s hardness determines how easily it can be deformed by localized plastic deformation

[215]. The maximum hardness has been observed with S3 types of composites with a value of 97.59

± 6.98 HRC. The HRC number for the S3 composite is 18.56%, 13.41% and 55.89% higher than

S1, S2 and S4 types of composites respectively. The lowest value of hardness has been recorded for
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6.7: Flexural load-displacement and stress-strain curve for all types of developed composites.
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Fig. 6.8: Impact and hardness of different developed composites.

S4 types of composites with the value of 62.60 ± 6.29 HRC. The sequence for the surface hardness

of different composites is observed as S3>S2>S1>S4. The hardness value of all types of samples

has been presented in Fig. 6.8.

6.3.7 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical study has been carried out to examine the impact of various viscoelastic

matrix materials on storage (E′) and loss modulus (E”), damping factor (tanδ), and glass transition

temperature (Tg) of developed different bio-composites. In composite materials under the influence

of frequency, time, and temperature, such investigations are very effective in determining molecular

mobility and its arrangements.

Effect of Temperature on DMA- The temperature has a significant impact on the developed

composites’ viscoelastic properties. For viscoelastic composites, three regions are typically seen.

The first section is known as the glassy region. Typically, this area ranges from ambient to 60◦C.

In this region, the highest storage modulus and the smallest loss modulus are seen. The storage

modulus decreases as the temperature rises, while the loss modulus and damping factor begin to
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rise. However, both the increase in damping factor and the decrease in storage modulus are very

small in this region. The second zone is the transition region when viscoelastic materials transform

from their glassy to their rubbery states. Temperature increments have been accompanied by quick

decreases in storage modulus and increases in loss modulus as well as a rapid decrease in damping

factor. The Plateau region is the last or third zone. In this region the composite becomes rubbery.

The modulus of storage and loss, as well as the damping factor, reach their lowest values in this

region and are inflated in a straight line parallel to the x-axis with the increase in temperature.

Storage Modulus- The amount of energy that a material can hold during one oscillation cycle is

indicated by the storage modulus [285]. It demonstrates the load-bearing capacity and temperature-

dependent stiffness behaviour of developed composites. Fig. 6.9 (a) shows the storage modulus

curve of the developed composites. The maximum storage modulus has been observed for S2 types

of composites with a numeric value of 8816 MPa. The sequence for the storage modulus value is S2

(8816 MPa)>S1 (8328 MPa)>S3 (6780 MPa)>S4 (5514 MPa). The reason behind higher storage

modulus may be better interfacial interaction between fiber and matrix.

Due to the low viscosity of polymer matrix used in S2 type of composites, the matrix is penetrated

homogeneously into fiber and makes better fiber matrix bonding. Due to better bonding, the stiffer

fiber easily reduces the mobility of molecules inside the composite. It increases the rigidity of the

materials, allowing them to store more energy before failure and exhibit greater storage modulus

values.

Loss Modulus- Composites dissipate thermal energy under applied energy as their loss modulus.

Fig. 6.9 (b) shows the loss modulus of different composites with respect to temperature. The

maximum loss modulus is observed for S2 types of composites with the numeric value of 1782

MPa. Due to better interfacial interaction between fiber and matrix, the composites of S2 types

may dissipate more energy while increasing temperature. Meanwhile, the lower loss modulus for

S4-type composites indicates that less heat is dissipated due to inefficient bonding, resulting in a

lower loss modulus. The sequence for loss modulus is S2>S1>S3>S4. The loss modulus is rising

along with the temperature. Glass transition temperature (Tg) is defined as the temperature at

which the loss modulus is maximum. Glass transition temperatures of S1, S2, S3 and S4 composites
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(a) (b)

(c)

Fig. 6.9: (a) storage modulus, (b) loss modulus and (c) damping factor for developed composites.

are observed to be 105.79◦C, 111.72◦C, 98.35◦C and 89.89◦C respectively.

Tan (δ)- The molecular mobility of polymers and the frictional behaviour of fiber has been mea-

sured in terms of the damping factor (Tan δ). Fig. 6.9 (c) presented the damping factor of different

developed composites. The maximum and minimum damping factor value has been observed for

S4 and S2 types of composites. The sequence for the damping factor is- S4>S3>S1>S2. Higher

damping in the polymeric chain occurred due to inefficient bonding between epoxy LY-556 and

bamboo fibre, which increased mobility and internal friction between fibre and matrix, resulting in

a higher damping factor value. For S2 types of composites due to better interfacial bonding, this

internal friction is reduced and shows a lower damping factor value.
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6.3.8 Thermogravimetric Analysis (TGA)

The thermal stability of the developed composites has been examined with thermogravimetric

analysis. Fig. 6.10 (a) represents the thermogram for the samples. The pattern of mass loss with

respect to temperature is following a similar trend for all types of composites. Generally, major

three stages of mass loss have been observed for the composites [174]. The first stage is starting from

40◦C to 150◦C. This is corresponding to loss of mass due to the evaporation of moisture and some

extractives. The second stage is from 151◦C to 500◦C. In this stage generally hemicellulose, some

amount of lignin and cellulose has been decomposed. Decomposition of lignin generally occurred

from 160◦C to 650◦C. The third or last stage of decomposition has been observed between 501◦C

to 800◦C. This degradation is due to the decomposition of residual lignin and epoxy polymer.

The stagewise decomposition percentage has been presented in Table 6.2. The initial maximum

and minimum degradation have been observed for S4 and S2 types of composite corresponding to

maximum and minimum moisture absorption phenomena of composites. At 800◦C the maximum

residual has been observed for S2 types of composites which is 21.65% and minimum residual mass

has been reported for 8.82%. From this result, it can be concluded that the S2 type of composite

has higher thermal stability.

(a) (b)

Fig. 6.10: (a) Thermogram for developed composites, (b) activation energy graph for developed
composites.

The sequence for the residual mass of the composite is S2>S1>S3>S4. Another factor which
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justifies the suitability of reinforcement at high temperatures is the kinetic activation energy. Fur-

ther, the activation energy has been calculated for all types of composites. Fig. 6.10 (b) represents

the fitted graph for activation energy. The maximum activation energy has been reported for S2

types, with a value of 33.402 kJ/mol. The sequence for activation energy is S2>S1>S3>S4. The

details of activation energy are also tabulated in Table 6.2.

Table 6.2: Mass loss in thermogravimetric analysis.

Composite Stage-I Stage-II Stage-III Residual Activation

sample weight loss weight loss weight loss mass energy

(%) (%) (%) (%) (kJ/mol)

S1 1.85 77.41 13.08 19.27 31.16

S2 1.30 70.87 24.69 21.65 33.40

S3 2.45 80.36 35.72 12.31 30.53

S4 4.26 82.18 48.21 8.835 26.67

The different behaviors of the epoxy reinforced composites with 30% bamboo fiber loading can be

attributed to variations in the chemical composition, curing processes, and mechanical properties

of the different epoxy systems. The following may be the reasons:

1. Cross-Link Density and Network Structure: The chemical structure of the polymer and

hardener determines the cross-link density and network structure of the cured epoxy. Different

epoxies and hardeners lead to variations in the cross-link density, affecting the rigidity and

toughness of the composites. A higher cross-link density generally increases stiffness but can

reduce toughness.

2. Curing Kinetics: The curing kinetics and the extent of reaction affect the final properties.

A different hardener can change the curing time, temperature, and degree of cure. The rate

and extent of curing reactions vary with different formulations, influencing the thermal and

mechanical properties of the final composite. Faster or more complete curing can enhance

mechanical properties but might affect thermal stability.

3. Fiber-Matrix Interaction: The chemical compatibility between the bamboo fibers and the

181TH-3447_196103002



Chapter 6

epoxy matrix influences the adhesion and load transfer efficiency. Better adhesion leads to

higher strength and stiffness.

4. Thermal Stability: Different epoxies have varying thermal stability, affecting the compos-

ite’s performance at elevated temperatures. This is critical for applications requiring heat

resistance.

5. Mechanical Properties: Variations in tensile strength, modulus, and impact resistance

arise from differences in the chemical structure and curing process of the epoxy systems.

Understanding these factors helps in selecting the appropriate epoxy system for specific applications,

ensuring optimal performance of the bamboo fiber-reinforced composites.

6.3.9 Microstructural Analysis

The failure of different composites has been characterized by observing the microstructural image

of failure samples. Pulling out of fibre, fibre breakage, and matrix cracking have been identified

as the leading causes of composite failure. Fig. 6.11 represents the SEM image of fracture for

different developed composites. These SEM images described the approximate failure pattern of

the materials. The fiber pullout due to inefficient fiber-matrix bonding, debonding of fiber along

with matrix crack, and brittle fracture of the fiber are the crucial observation from the SEM image.

Fig. 6.11 (a) is an SEM image of S1 types of composite. The pulling out of fiber from matrix

material may be due to weaker interfacial bonding between them. As a result, the composites

may not reach their expected strength. Fig. 6.11 (b) represents the failure diagram for S2 type

of composite. The composite fails first due to matrix failure, followed by fiber debonding and

fracture. The reported damage processes are typical of brittle fractures. In the case of the S2 type

of composites, stress-strain curves indicate that they are brittle in nature. Fig. 6.11 (c) is the

representation of very good fiber-matrix interfacial bonding for S2 sample. Good bonding will help

the matrix to transmit load as well as stress from the matrix body to the reinforcement fiber. When

the matrix fails, the fibres act as crack stoppers or arrestors to maintain the material’s ductility.

Fig. 6.11 (d) is the representation of some good fiber-matrix interfacial bonding. The weak primary
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cell wall collapses as the applied stress increases, causing cell cohesion and fiber failure. The failure

of fiber inside the composite is presented in Fig. 6.11 (e) for S3 type of material. Fig. 6.11 (f)

shows the failure of fiber. The gap between the fiber and the matrix can be used to determine the

level of poor adhesion between fibers and the matrix for S3. Crack propagation and fiber-matrix

inefficient bonding for S4 type of composite can be observed in Fig. 6.11 (g) and (h). For S4, the

poor interface may be responsible for the poor mechanical properties.

6.3.10 Cost Analysis

For any material, it is essential to estimate its development cost. The cost analysis has been done

for all developed composites as per the Indian market and is presented in Table 6.3. The different

costs like cost of materials, development cost, equipment cost and labour cost for the development

of composites are considered and the total cost has been estimated. The maximum cost has been

estimated for S3 types of composites with a value of Rs. 5140 per kg and the minimum cost is

estimated for S4 types of composites with a value of Rs. 2340 per kg. The sequence for the materials

from cheaper to expensive is S4<S2<S1<S3.

Table 6.3: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sl. No. Materials S1 S2 S3 S4

1. Material cost (Matrix) 3150 2800 3640 840

2. Material cost (Fiber) 150 150 150 150

3. Machinery and equipment cost 500 500 500 500

4. Labour cost 800 800 800 800

5. Consumable cost 50 50 50 50

Total Cost (per Kg in Rs.*) 4650 4300 5140 2340

*1Rs.= 0.012 USD and 1Rs.= 0.011 EUR

6.4 MATERIAL SELECTION AND OPTIMIZATION FOR AUTOMOBILE
APPLICATION

VIKOR’s multi-attribute decision-making (MADM) method was used to select the best materials

from these four for automobile applications. Table 6.4 represents the performance-defining criteria
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Fig. 6.11: SEM image of different failed composites.
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and their implications.

Table 6.4: Weight and volume fraction of bamboo fiber and bio epoxy matrix.

Sl. No. Performance-defining attributes (PDAs) Implication

1. Density (gm/cm3) ↓ is better

2. Void content (%) ↓ is better

3. Bio-content (%) ↑ is better

4. Water or moisture absorption (%) ↓ is better

5. Thickness Swelling (%) ↓ is better

6. Tensile Strength (MPa) ↑ is better

7. Tensile Modulus (GPa) ↑ is better

8. Flexural Strength (MPa) ↑ is better

9. Flexural Modulus (GPa) ↑ is better

10. Impact Strength (kJ/m2) ↑ is better

11. Hardness (HRC) ↑ is better

12. Storage Modulus (MPa) ↑ is better

13. Glass transition temperature (◦C) ↑ is better

14. Initial degradation temperature of TGA (◦C) ↑ is better

15. Residual mass of TGA (%) ↑ is better

16. Activation energy (kJ/mol) ↑ is better

17. Cost (Rs.) ↓ is better

↑ is stand for higher value is better and ↓ is stand for lower value

6.4.1 Shannon Entropy Method

The decision matrix has been presented in Table 6.5. The Shannon entropy method has been

used for the ranking of different attributes. Table 6.6 and Table 6.7 display the computed weight

using the entropy approach.

6.4.2 VIKOR Material Selection Method

The steps details have been presented in supplementary details. Table 6.8 and Table 6.9

presents the Si and Ri values calculated by the VIKOR method for different materials alternatives.

And thereafter the possibilities are ranked as per the VIKOR index (Qi). More oven the Si and Ri
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values are also calculated for different α values and presented in Table 6.8 and Table6.9. The

choice with the lowest VIKOR index earns the lowest rank, which is 1.

6.4.3 Sensitivity Analysis

Further, the sensitivity of the optimization process has been analysed by using different values

of α. α is often assumed to have a value of 0.5 [341]. But α can have any value between 0 and

1. Consequently, it is essential to perform a sensitivity analysis on the parameter α to verify the

findings that were obtained. Fig. 6.12 depicts the relevant outcomes based on the different values

of α. As can be observed, the α value had no impact on the ranking orders of materials S2 and

S3. This indicates that both materials have similar risk preferences in terms of maximal group

utility and minimal individual regret. This outcome demonstrates the robustness and reliability of

the outcomes produced by the suggested methodology [344]. On the other side, an increase in α

value led to an improvement in S2’s ranking. This result indicates that when one concentrates on

maximal group utility, S2 has a greater level of risk. Additionally, S3 had a high ranking when the

α value was low, indicating that its ranking increased as the significance of the minimum individual

regret increased. In other words, S3 scored high on the risk scale when the minimum level of

individual regret was taken into consideration. When the α value is greater than or equal to 2,

no changes occur for the ranking of any materials, concluding that the process is robust over this

domain.

6.4.4 Sustainable Application in the Automobile Sectors

Heavy materials such as magnesium, copper, and steel are being replaced by plastics in the lo-

comotive industry in order to have lighter cars for higher efficiency. Additionally, automakers are

focusing on choosing the most resource-efficient plastics (i.e., biobased plastics) to reduce environ-

mental impact [345]. The result was a reduction in greenhouse gas emissions and an increase in

energy efficiency. Furthermore, it is estimated that several million automobiles will reach the end

of their useful life this year. Even though some components can be recycled, approximately 25

to 40% of the automotive weight (fiber and plastic) is disposed of as landfill waste. Most of the

components of an automobile were made of non-biodegradable materials, including polypropylene
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Fig. 6.12: Result for Sensitivity analysis.

(PP), polystyrene, glass fibre and polyethene (PE), making them difficult to reuse. Therefore,

applying bio-based materials to automotive structural and semi-structural applications can reduce

the manufacturing’s environmental impact. Using bio-based materials reduces the ecological conse-

quences as well as the emission of greenhouse gases throughout its life cycle. Not only that, natural

fiber-based biocomposites are a suitable example of renewable resources. It is estimated that a

modern car’s body is made up of about 100-150 kg of polymer materials [346]. So, automobile

manufacturers like Audi, Ford, BMW, Nissan, and Mercedes are adopting natural fiber composites

for various internal as well as exterior parts of their automobiles [17]. Table 6.10 [80, 347] presents

various automobile manufacturer and their adopted biocomposites for different automobile parts.

In addition, a comparative study of present optimized materials with previously published ma-

terials has been done and is presented in Table 6.11. Based on the comparative study, the present

material, S2, has a great deal of potential for automobile applications.

Most interior parts of a typical automobile are made of materials like Polypropylene (PP, tensile

strength 20-40 MPa, flexural strength 30-45 MPa), Acrylonitrile Butadiene Styrene (ABS, tensile

187TH-3447_196103002



Chapter 6

T
a
b
le

6
.5
:
D
ec
is
io
n
m
at
ri
x
.

M
at
er
ia
ls

ρ
V

c
B
c

W
c

T
S

σ
T

E
T

σ
F

E
F

IS
H

c
S
M

T
g

ID
T

A
en

er
g
y

R
m
a
ss

co
st

C
1

C
2

C
3

C
4

C
5

C
6

C
7

C
8

C
9

C
10

C
11

C
12

C
1
3

C
1
4

C
1
5

C
1
6

C
1
7

S
1

1.
0
2

2.
8
9

61
.7
8

5
.9
1

7.
5
3

13
3.
0
6

6.
98

15
4.
80

8.
24

44
.0
6

82
.3
1

8.
3
2

1
0
5
.7
9

5
8
.4
2

3
1
.1
5

1
9
.2
7

3
9
5
0

S
2

1.
0
4

2.
0
7

53
.8
0

4
.4
9

7.
3
7

14
4.
7
6

5.
72

12
0.
42

6.
27

57
.5
7

86
.0
5

8.
8
2

1
1
1
.7
2

7
3
.7
5

3
3
.4
0

2
1
.6
6

3
6
0
0

S
3

1.
0
7

1.
2
0

52
.4

6.
8
1

1
0.
9
0

10
7.
9
5

6.
02

10
4.
87

6.
62

48
.1
8

97
.6
0

6.
7
8

9
8
.3
5

4
4
.5
8

3
0
.5
2

1
2
.3
1

4
4
0
0

S
4

1.
0
5

4.
1
0

30
8.
5
1

12
.5
2

8
6.
3
1

5.
27

98
.4
2

5.
17

24
.6
0

62
.6
1

5.
5
1

8
9
.8
9

4
0
.2
0

2
6
.6
9

8
.8
3

1
6
4
0

*
S
ta
n
d
a
rd

d
ev

ia
ti
o
n
is

n
o
t
ta
k
en

in
to

a
cc
o
u
n
t
fo
r
m
a
k
in
g
d
ec
is
io
n
m
a
tr
ix

D
en

si
ty
=
ρ
(g
m
/
cm

3
);

V
o
id

co
n
te
n
t=

V
c
(%

),
B
io

co
n
te
n
t=

B
c
(%

);
W
a
te
r
a
b
so
rp
ti
o
n
=

W
c
(%

);
T
h
ic
k
n
es
s
sw

el
li
n
g
=

T
S
(%

);
T
en

si
le

st
re
n
g
th
=
σ
T
(M

P
a
);

T
en

si
le

M
o
d
u
lu
s=

E
T
(G

P
a
);

F
le
x
u
ra
l
S
tr
en

g
th
=

σ
F
(M

P
a
);

F
le
x
u
ra
l
m
o
d
u
lu
s=

E
F
(G

P
a
);

Im
p
a
ct

S
tr
en

g
th
=

IS
(k
J
/
m
m

2
);

H
a
rd
n
es
s=

H
c
(H

R
C
);

S
to
ra
g
e
m
o
d
u
lu
s=

S
M

(M
P
a
);

G
la
ss

tr
in
si
ti
o
n
te
m
p
er
a
tu
re
=

T
g
(º
C
);

In
it
ia
l
d
eg
ra
d
a
ti
o
n
te
m
p
er
a
tu
re
=

ID
T

(º
C
);

A
ct
iv
a
ti
o
n
en

er
g
y
=
A

e
n
e
rg

y
(k
J
/
m
o
l)
;
R
es
id
u
a
l
m
a
ss
=

R
m
a
ss

(%
);

co
st

(R
s.
)

T
a
b
le

6
.6
:
W
ei
gh

ta
ge

of
d
iff
er
en
t
cr
it
er
ia

(C
1
to

C
8
).

C
ri
te
ri
a

C
1

C
2

C
3

C
4

C
5

C
6

C
7

C
8

W
ei
g
h
ta
g
e

0
.0
0
03

0
.2
00

5
0.
07

01
0.
05

83
0.
05

95
0.
04

24
0.
0
12

1
0
.0
3
6
2

T
a
b
le

6
.7
:
W
ei
gh

ta
ge

of
d
iff
er
en
t
cr
it
er
ia

(C
8
to

C
1
7)
.

C
ri
te
ri
a

C
9

C
10

C
11

C
12

C
13

C
14

C
15

C
1
6

C
1
7

W
ei
g
h
ta
g
e

0
.0
3
12

0
.0
9
29

0.
02

74
0.
03

63
0.
00

74
0.
06

47
0.
0
07

2
0
.1
2
9
6

0
.1
2
3
9

T
a
b
le

6
.8
:
V
IK

O
R

In
d
ex

an
d
R
an

k
in
g
fo
r
α
=
0
to

0
.4
.

S
i

R
i

Q
i

R
an

k
Q

i
R
an

k
Q

i
R
an

k
Q

i
R
a
n
k

Q
i

R
a
n
k

α
=
0

α
=
0.
1

α
=
0.
2

α
=
0.
3

α
=
0
.4

0.
3
52

7
0
.0
9
60

0.
3
11

2
0.
35

7
2

0.
40

4
3

0.
45

0
3

0
.4
9
7

3
-0
.6
47

3
-0
.0
00

3
0.
0
00

1
0.
00

0
1

0.
00

0
1

0.
00

0
1

0
.0
0
0

1
0.
6
42

8
0
.3
0
94

1.
0
00

4
1.
00

0
4

1.
00

0
4

1.
00

0
4

1
.0
0
0

4
-0
.3
57

2
0
.1
1
59

0
.3
7
5

3
0.
36

0
3

0.
34

5
2

0.
33

0
2

0
.3
1
5

2

188TH-3447_196103002



MATERIAL SELECTION AND OPTIMIZATION FOR AUTOMOBILE APPLICATION

T
a
b
le

6
.9
:
V
IK

O
R

In
d
ex

an
d
R
an

k
in
g
fo
r
α
=
0.
5
to

1.

S
i

R
i

Q
i

R
a
n
k

Q
i

R
an

k
Q

i
R
an

k
Q

i
R
a
n
k

Q
i

R
a
n
k

α
=
0

α
=
0.
1

α
=
0.
2

α
=
0.
3

α
=
0
.4

0.
5
43

3
0.
5
89

3
0
.6
36

3
0.
68

2
3

0.
72

9
3

0
.7
7
5

3
0.
0
00

1
0.
0
00

1
0
.0
00

1
0.
00

0
1

0.
00

0
1

0
.0
0
0

1
1.
0
00

4
1.
0
00

4
1
.0
00

4
1.
00

0
4

1.
00

0
4

1
.0
0
0

4
0.
3
00

2
0.
2
85

2
0
.2
70

2
0.
25

5
2

0.
24

0
2

0
.2
2
5

2

T
a
b
le

6
.1
0
:
A
p
p
li
ca
ti
on

o
f
n
a
tu
ra
l
fi
b
er

co
m
p
os
it
es

b
y
d
iff
er
en
t
au

to
m
ob

il
e
in
d
u
st
ri
es

[8
1
],
[3
0
3
].

S
l.
N
o.

C
om

p
an

y
N
a
m
e

C
a
r
M
o
d
el

P
o
ly
m
er

u
se
d

N
at
u
ra
l
fi
b
er

u
se
d

A
p
p
li
ca
ti
o
n

1
.

B
M
W

S
er
ie
s-
7

A
cr
y
li
c

S
is
al
,
F
la
x
,
w
o
o
d
,
co
tt
on

S
ea
t
b
ac
k
s,

D
o
o
r
p
a
n
el
,
P
a
n
el

w
it
h
n
o
is
e
is
o
la
ti
o
n
,

b
o
o
t
li
n
es
,
h
ea
d
li
n
er

2.
G
en

er
al

M
ot
o
rs

–
–

K
en

af
,
H
em

p
,
F
la
x

C
ar
go

fl
o
o
rs
,
b
a
ck

o
f
se
a
t,
In
n
er

p
a
rt

o
f
d
o
o
r
p
a
n
el
s

3.
F
o
rd

F
u
si
on

,
F
ie
st
a,

P
ol
y
u
re
th
an

e
K
en

af
,
h
em

p
,

D
o
o
r
p
a
n
el
,
F
ro
n
t
g
ri
ll
s,

F
lo
o
r
tr
ay
s

B
E
V

ri
ce

h
u
sk
,
so
y,

co
ir

4.
T
oy
o
ta

R
au

n
,
P
ru
is

S
or
o
n
a

S
u
ga

r
ca
n
e,

K
en

af
S
p
ar
e
an

d
ti
re

co
ve
r,

In
st
ru
m
en
t
p
a
n
el
,
d
o
o
r
p
a
n
el

5.
M
er
ce
d
es

B
en

z
C
la
ss
-A

P
ol
y
u
re
th
an

e
F
la
x
,
B
an

an
a,

A
b
ac
a

C
ov
er

o
f
en

g
in
e
a
n
d
tr
a
n
sm

is
si
o
n

a
n
d
C

u
n
it
s,

P
a
n
el

o
f
u
n
d
er
b
o
d
y

6.
N
is
h
a
n

L
ea
f

S
o
ro
n
a

C
or
n

F
lo
o
r
m
a
t

7.
V
ol
vo

–
–

J
u
te
,
w
o
o
d
,
h
em

p
P
ad

d
in
g
o
f
se
a
t,

C
ei
li
n
g
,
D
a
sh
b
o
a
rd

8.
M
it
su
b
is
h
i

–
–

B
am

b
o
o,

co
tt
on

,
h
em

p
D
o
or

p
a
n
el
,
fl
o
o
r
m
a
ts
,
F
lo
o
r
a
re
a
o
f
th
e
ca
rg
o
m
a
t

189TH-3447_196103002



Chapter 6

T
a
b
le

6
.1
1
:
C
om

p
ar
a
ti
ve

st
u
d
y
of

p
re
se
n
t
re
su
lt
w
it
h
p
re
v
io
u
sl
y
re
p
o
rt
ed

re
su
lt
.

F
ib
er

P
o
ly
m
er

R
ef
er
en

ce
D
en

si
ty

T
en

si
le

T
en

si
le

F
le
x
u
ra
l

F
le
x
u
ra
l

H
a
rd
n
es
s

Im
p
a
ct

T
g

S
tr
en

gt
h

M
o
d
u
lu
s

S
tr
en

gt
h

M
o
d
u
lu
s

S
tr
en

g
th

(g
m
/c
m

3
)

(M
P
a)

(G
P
a)

(M
P
a)

(G
P
a
)

(H
R
C
)

(◦
C
)

B
am

b
u
sa

F
or
m
u
L
it
e

P
re
se
n
t

1.
04

14
4.
76

5.
72

12
0.
42

6
.2
7

8
6
.0
5

5
7
.5
7
k
J
/
m

2
1
1
1
.7
2

tu
ld
a

(2
50

1A
+
20

02
B
)

w
or
k
(S
2
)

B
a
m
b
o
o

P
o
ly
p
ro
p
y
le
n
e

[8
0
]

–
10

9.
42

15
.0
7

11
1.
53

7
.1
8

–
–

–
(T

a
iw
a
n
or
ig
in
)

R
at
ta
n
F
ib
er

E
p
ox
y

[3
4
8]

–
46

.9
4

3.
20

11
3.
11

7
.3
5

2
6

3
0
.6
7
J
/
m

8
9
.2
2

B
am

b
o
o

E
p
ox
y
H
M
-5
3
3

[4
4
,
1
07

]
–

20
8

23
31

0
2
1
.1

–
–

–
S
is
a
l
a
n
d

E
p
ox
y

[3
4
9]

–
42

.3
46

–
–

–
8
4
.6

1
.8
8
J

–
K
en

a
f

–
S
u
g
ar
ca
n
e
b
a
ga

ss
e

E
p
ox
y

[3
45

]
–

19
.8
0

0.
95

3
0
.2
8
7
9

3
8
.0
2

2
k
J
/
m

2
–

fi
b
er

a
n
d
p
al
m

B
am

b
o
o

E
p
ox
y

[1
1
0]

1.
16

27
5.
29

–
16

.9
8

–
–

–
–

P
u
n
ic
a

C
S
N
L
b
as
ed

–
29

.9
3

3.
20

54
.8
6

4
.4
6

–
8
.7
3
k
J
/
m

2
–

G
ra
n
at
u
m

ep
ox
y

[1
89

]
K
en

af
a
n
d

E
p
ox
y

[2
99

]
–

68
.4
7

5.
3

–
–

–
–

–
B
am

b
o
o

F
la
x

F
o
rm

u
L
it
e

[2
85

]
–

10
8

5.
63

11
9

1
2
.5

–
–

1
1
0

a
n
d
R
am

ie
(2
50

1A
+
24

01
B
)

K
en

a
f

ru
b
b
er

cr
am

b
[3
4
1]

1.
19

38
.1
3

–
68

.5
2

–
–

2
7
.4
1
k
J
/
m

2
–

G
ig
a
n
to
ch
le
a

E
p
ox
y

[1
7
4]

–
11

9.
39

–
16

1.
58

–
–

–
–

sc
o
te
ch
in
i

190TH-3447_196103002



SUMMARY

strength 30-50 MPa, flexural strength 60-85 MPa), Polycarbonate (PC, tensile strength 55-75 MPa,

flexural strength 90-100 MPa), Nylon (Polyamide, PA, tensile strength 60-80 MPa, flexural strength

80-120 MPa), and Polyethylene Terephthalate (PET, tensile strength 50-100 MPa, flexural strength

80-120 MPa) [80, 347]. To replace all these materials with green composites, the targeted tensile

strength and flexural strength of the green composites should exceed 100 MPa and 120 MPa,

respectively.

6.5 SUMMARY

Four different biocomposites have been successfully developed using bamboo fiber and four dif-

ferent epoxy matrices, including three bio-based polymers and one commercial epoxy. The devel-

oped composites underwent comprehensive physical characterizations, encompassing density, void

content, moisture absorption, and thickness swelling. Mechanical characterization involved tensile,

flexural, impact, and surface hardness testing, while dynamic mechanical analysis included measure-

ments of storage modulus, loss modulus, glass transition temperature, and tan delta. Subsequent to

these analyses, thermogravimetric analysis, cost estimation, and microstructural characterization

of the developed samples were conducted. To discern the optimal material for automobile interior

applications among the four, the VIKOR multicriteria decision-making technique was employed.

The sensitivity of the material selection process was explored by varying sensitivity factors from 0

to 1. In summary, the investigation yielded the following key points:

(i) Choosing lightweight materials hinges on the critical parameter of material density. Among

the developed materials, S1 and S3 composites exhibited the lowest and highest densities,

respectively.

(ii) The void content plays a crucial role in the properties of biocomposites. Minimum and

maximum void content have been observed for S3 (1.2%) and S4 (4.1%) types of composites,

respectively.

(iii) Moisture absorption stands as a drawback in natural fiber-reinforced biocomposites. The

capillary action within the interfacial gap between fiber and matrix contributes to moisture
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absorption. Notably, S4 composites exhibit the maximum moisture absorption, while S2

composites show the minimum moisture absorption and thickness swelling.

(iv) The S2 types of composites exhibit the highest tensile strength, measured at 144.75 ± 4.40

MPa. On the other hand, the maximum Young’s modulus is observed in S1 types of compos-

ites, with a value of 6.98 ± 0.19 GPa.

(v) The S1 types of composites demonstrate the highest flexural strength, following the sequence

S1>S2>S3>S4.

(vi) Additionally, the maximum hardness and impact strength are observed in S3 and S2 compos-

ites, respectively.

(vii) The highest values for storage modulus and loss modulus were reported for S2 types of com-

posites, while these composites exhibited the lowest tan delta value.

(viii) The glass transition temperature for S2 types of composites was reported as 111.72 ºC.

(ix) In the thermal analysis of the developed composites, S2 types exhibited the highest thermal

stability, while S4 types experienced rapid mass degradation with increasing temperature.

(x) In the context of the Indian market, S4 composites have the lowest development cost at Rs.

2340, while S1 composites have the highest development cost at Rs. 4650 among all four types

of composites.

(xi) The VIKOR material selection procedure identified S2 types of composites as the optimal

materials, while S3 types of composites were deemed the least favorable. Furthermore, a

sensitivity analysis of the process highlighted its robustness.

(xii) Hence, S2 composites emerge as the appropriate material for applications in the automobile

industry, particularly for semi-structural and interior uses.

192TH-3447_196103002



Chapter 7

Effect of Reinforcement Hybridization
on Bamboo-Based Green Composites

7.1 INTRODUCTION

Natural fibers exhibit poor interfacial interaction with the polymer matrix. One of the most

common and effective methods to enhance the interfacial interaction between natural fibers and

the polymer matrix is the alkalization of fibers. Another approach involves the hybridization of

reinforcement fibers with micro-particles. This chapter presents the design, development, and char-

acterization of waste bamboo micro particles and bamboo fiber reinforced hybrid bio composites.

The hybrid green composites are fabricated using 6% chemically treated Bambusa tulda fibers,

bamboo micro-particles, and bioepoxy matrix. The bamboo micro-particles, obtained as waste

from nearby bamboo industries, are cleaned with acetone and treated with a NaOH solution be-

fore being utilized as reinforcement materials. For the development of green composites, the weight

fraction of bamboo fibers is kept constant at 30%, while the weight fraction of micro-particles varies

from 0 to 10% at intervals of 2.5. The physical properties, such as moisture absorption, density,

and void content of the developed composites, have been investigated. Mechanical characterization

includes tensile, flexural, impact, and surface hardness testing have been done. Thermogravimetric

analysis has been also performed to study the impact of dual reinforcement on thermal degradation

properties of biocomposite. The investigation revealed that hybridization with up to 5% particle

reinforcement has a positive effect on the thermomechanical properties of green composites. How-

ever, when the reinforcement exceeds 5% by weight, due to agglomeration, properties lead to a

decrease. The maximum tensile modulus is observed as 7.65 ± 1.26 GPa, while the maximum
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tensile strength is observed for BFHC 5 composites as 163.17 ± 6.44 MPa. The maximum flexural

strength and flexural modulus are observed for BFHC 5 composites as 144.26 ± 4.44 MPa and

7.33 ± 1.064 GPa, respectively. Sec. 7.2.1 describing about the materials used in the present

study. Sec. 7.2.2 discusses the development of bamboo micro-particles from bamboo biomass

waste. The fiber extraction and its chemical treatment of fiber has been described in Sec. 7.2.3.

Sec. 7.2.4 presents the development of hybrid composite, while Sec. 7.2.5 describes different char-

acteristic techniques to characterized the BMP. Sec. 7.2.6 is about characterization technique to

characterize the hybrid green composites. Whereas Sec. 7.3 discusses the results obtained from

characterization, Sec. 7.4 provides a comparative study of present study with the study presented

in literature and Sec. 7.5 provieds a summary of the present experimental work.

7.2 MATERIALS AND METHODOLOGY

This section describes the materials used in the present study, as well as the methodology and

experimental processes employed for various material characterizations.

7.2.1 Materials

The FormuLITE series, a bio-epoxy resin utilized as matrix materials, is derived from natural

phenolic sources obtained through the distillation of Cashew nutshell liquids (CNSL). Supplied by

Cardolite India Pvt. Ltd. from Mangalore, India, these resins are recognized for their 34% bio

content. Characterized by low density (1.081 gm/cm3) and viscosity (905 cPs), the FormuLITE

resin exhibits a high glass transition temperature (>95 °C) and flash point (>150°C). As investigated

in the previous Chapter 6, the best-fit bio-based thermosetting matrix for automobile interior

applications is the combination of the liquid polymer, and the matrix is Formulite 2501A+ 2401B.

Therefore, in the further study in this chapter, this combination is used. The FormuLITE polymer

consists of a blend of modified thermoset epoxy (2501A) and amine hardener (2401B), mixed in a

proper ratio of 10:3, serving as the matrix material for the development of bio-composites. Bamboo

biomass is collected from local bamboo industries. This bamboo biomass is the waste product of the

bamboo industry after cutting and shaping of the bamboo. The local nursery of Guwahati, India,
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is the source of native bamboo (Bambusa tulda) aged between 3 to 5 years, specifically acquired for

the extraction of fibers. The sodium hydroxide pallet and ethanol are procured from Sigma-Aldrich

Pvt. Ltd., India.

7.2.2 Bamboo Micro Particle (BMP) Synthesis and Chemical Treatment

Bamboo Micro Particle (BMP) is a byproduct generated during the cutting and shaping of

bamboo. Using a powerful magnet, bamboo particle underwent additional screening to eliminate

small iron particle. The primary challenge involved extracting minute non-ferrous metal pieces, soil

particles, and grease, achieved through a multi-step cleaning process, including multiple washes with

water and acetone, culminating in magnetic stirring. Following washing, the sample was dried in

a hot furnace for 8 hours at 60°C. Subsequently, the ball milling process was conducted after a

30-minute drying period, followed by a sieving process in descending order (from 300 to 25 µm

sieve size) to achieve the desired dimensions. The particle used in this study is less than 25 µm.

The inherent poor interfacial properties between natural particles and a polymer matrix neces-

sitate enhancement. To address this, micro particles are meticulously treated with a 6% NaOH

solution to augment the interfacial interlocking with the epoxy matrix. This treatment serves a dual

purpose: it ameliorates the interfacial properties of bamboo particle and concurrently eliminates

lignin and hemicellulose from them.

The chemical treatment involves immersing the particles in a 6 wt.% aqueous NaOH solution

in a beaker. This solution undergoes magnetic stirring at 48 degrees Celsius for approximately 8

hours, with a stirring speed of 800 rpm. Subsequently, the solution is washed with acetone, followed

by distilled water until reaching a neutral pH value of 7. After treatment, the bamboo particles

undergo drying in a muffle furnace at 60°C for about 6 hours. The transformation of bamboo

biomass into usable bamboo micro particle is elucidated in Fig. 7.1.

7.2.3 Fiber Extraction and Its Chemical Treatment

The retting process was employed to extract bamboo fiber, as detailed in Chapter 3. Following

the fiber extraction, a treatment with a 6% NaOH solution was administered. This treatment not

only increased the crystallinity index and interfacial properties but also effectively removed lignin

195TH-3447_196103002



Chapter 7

Fig. 7.1: Flow diagram of BMP recycling, processing, and its chemical treatment.

and others noncrystalline components. As detailed in Chapter 4, the chemical treatment resulted

in significant improvements, enhancing the crystallinity index, tensile strength, tensile modulus,

and interfacial shear strength of the fiber by 27.41%, 42.22%, 75.80%, and 81.09%, respectively,

compared to untreated fiber. In light of these findings, the current study focuses on the utilization

of 6% NaOH-treated bamboo fiber for the development of hybrid composite samples and other

characterizations of hybrid biocomposite samples.

7.2.4 Development of Hybrid Biocomposite Plate

The production of biocomposite samples utilized the manual compression hand layup method,

and the fabrication process is illustrated in Fig. 7.2. Initially, bioepoxy resin (2501A) was measured

and placed in a glass container at an appropriate weight. Treated bamboo micro particles were then

incorporated at various weight fractions (2.5%, 5.0%, 7.5%, and 10.0%). The mixture underwent

thorough mechanical stirring for 10 minutes, followed by the addition of amine hardener at the

standard ratio with bio-epoxy resin (10:3). Proper mixing ensued through mechanical processes,
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and degassing eliminated air bubbles from the final solution.

Fig. 7.2: Hybrid composite development process.

Next, bamboo fibers were evenly spread over the lower mold at a constant weight of 30%, and

the final solution mixture was poured onto the fibers (According to the study of Chapter 5, a 30%

weight ratio of the bamboo fiber to polymer composites is ideal for the construction of sustainable

composites. Over 30% of the fiber reinforcement in composites exhibited fiber agglomeration,

which reduced the material’s overall stiffness and strength. Therefore, the constant weight fraction

of fiber (30% by weight) has been considered for the current investigation.). A roller and brush

were employed to ensure a uniform coating of the matrix on the fiber layer and to detect voids

during sample preparation. Subsequently, the upper mold was placed over the prepared samples,

and an external load of 50 kg was applied for even distribution of matrix materials within the fiber

reinforcements.

The prepared samples were left to cure at room temperature for 24 hours, after which they were

removed from the mold and subjected to the pre-curing and post-curing processes inside an oven.

Finally, the samples were cut in accordance with ASTM standards for subsequent experimental
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testing. Detailed information on all five types of hybrid composites is provided in Table 7.1.

Table 7.1: Weight fraction of bamboo fiber, BMP and bio epoxy matrix.

Sample Epoxy weight Fiber weight Particle weight Bio-content in

code fraction (%) fraction (%) fraction (%) composites (%)

BFHC 0 70 30 0 53.80

BFHC 2.5 67.5 30 2.5 55.45

BFHC 5 70 30 5 57.10

BFHC 7.5 62.5 30 7.5 58.75

BFHC 10 60 30 10 60.40

7.2.5 Characterization of Bamboo Micro Particle

The scanning electron microscopy (SEM), X-ray diffraction (XRD), and thermogravimetric an-

alyzer (TGA), along with the density assessment of bamboo micro particles, were employed to

scrutinize the physical, thermal, and structural properties of prepared bamboo particles. These

analytical methods facilitated the examination of the impact of chemical treatments on molecular

bonding, thermal stability, phase transformation, surface modification, and interfacial structure

within bamboo biomass.

Density- Using a Pycnometer, the density of bamboo micro particles was determined, employing

solid and toluene as the respective mediums. The micro particles underwent a drying process in a

hot air oven at 70◦C for 4 hours to eliminate moisture content. The density of the fiber bundles

was computed using equation Eq.7.1.

ρmicro particle =
(m3 −m1)

(m2 −m1)− (m4 −m3)
ρliq (7.1)

where, ρmicro particle is the density of bamboo micro particles,ρliq is the density of liquid used

(here it is toluene,0.8623 gm/cm3 at 25◦C). m1 is the mass of pycnometer at empty condition,

m2 is the mass of pycnometer filled with toluene, m3 is the pycnometer’s mass filled with bamboo

micro particles and m4 is the mass of the pycnometer filled with both toluene and bamboo micro
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particles. The electronic precise weighing balance of Sartorius (Model: Cubis®, Germany) with

an accuracy of ±0.1mg was used to measure the weight of the sample. Five bundles from each

sample have been taken for density measurement and the average density is reported with standard

deviation.

XRD- A powder X-ray diffraction analysis was performed using BRUKER (model: D8 advance,

United States) to determine the crystallographic information of bamboo micro particles under Cu-

Kα radiation (λ = 1.542Å) operated at 30 kV/15 mA. The intensity count has been recorded

between 2θ = 10 to 50◦ with a speed of 2◦/min and step size of 0.02◦. The crystallinity index of

the fiber samples was determined with the help of the Ruland-Vonk method as per Eq. 7.2, and

the crystalline size of the micro particle was determined with the help of Scherrer’s formula as per

Eq. 7.3 [215].

Cr% =
(AT −AAm)

AT
× 100% (7.2)

CS =
K × λ

β × Cosθ
(7.3)

where AT is the total area under the XRD graph, and AAm is the area of the amorphous zone.

where K,β, λ and θ are denoted as Scherrer’s constant, full-width half maximum of the peak, the

wavelength of radiation and Bragg angle, respectively.

SEM- The structural morphology of bamboo biomass and bamboo micro particles is examined

using Sigma Field Emission Microscopy (Make: Zeiss, Germany). Since the natural microfibrils are

non-conductive or less conductive [209], a thin film of gold was coated on the samples to enhance

conductivity. The Sputter Coater (model: BALTEC-SCD-005, USA) was employed for the delicate

gold coating on the fiber samples. To investigate the diameter of the original micro particles, the

Field Emission Scanning Electron Microscopy (FESEM) image was analyzed with the assistance

of ImageJ software (open-source software). The particle size distribution of the bamboo micro

particles (BMP) is analyzed using a distribution curve.

TGA- The thermal stability of the micro particles has been investigated using a Perkin Elmer
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Instrument (model: STA 800, USA) thermogravimetric analyser. 5 mg to 8 mg of micro particle

samples were heated from room temperature (25◦C) to 600◦C with a heating rate of 10◦C/min in

a nitrogen atmosphere and weight loss curves have been recorded.The activation energy for BMP

has been calculated using Eq.7.4.

ln

[
ln

(
1

y

)]
= −

(
Ea

R

) [(
1

T
+K

)]
(7.4)

Here y is denoted as normalized weight (wt/wi), where wt is the weight of the sample at time t

and wi is the initial weight. T is the representation of temperature in Kelvin. Ea is the activation

energy. The graph has been plotted between ln
[
ln
(
1
y

)]
and

(
1
T

)
and the Slope of the graph has

been found by a fitting straight line between the data points of the plot. The activation energy

has been calculated by multiplying the slope value with the universal gas constant value (R=8.32

J/mol-K) as of Eq.7.5.

d ln
[
ln
(
1
y

)]
d
(
1
T

) = −
(
Ea

R

)
(7.5)

7.2.6 Characterization of Hybrid Composite

The developed hybrid green composite plates are characterized physically, mechanically and

thermally. The details of investigation process are presented in this section.

7.2.6.1 Physical Characterization

Density and Void Content- The theoretical density of the composite was calculated using

the rule of mixture, while the experimental density was measured following Archimedes’ principle

with ASTM-D-792-13 (20Ö20Ö3 mm3) samples. The density of the treated bamboo fiber was

previously measured as 1.025 gm/cm3 in Chapter 4. According to the data sheet provided by the

manufacturing company, the density of FormuLite (2501A+2401B) is 1.081 gm/cm3. Eq. 7.6 has

been used to compute the theoretical density of the composites.

1

ρc(theo)
=

wf

ρf
+

wp

ρp
+

wm

ρm
(7.6)

Where ρc(theo) is the theoretical density of composite, wf , wp and wm are the weight fraction of

fiber, particulate and matrix materials, ρf , ρp and ρm are the density of fiber, micro particle and
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matrix materials respectively.

The presence of voids in composite materials holds significant importance as it substantially

influences the mechanical and physical properties of the composite. Cracks typically initiate in

regions where voids are present, and there’s a potential for these cracks to extend into other areas

of the material, resulting in catastrophic failure. Therefore, assessing the void content in the

composite is crucial for ensuring its quality. The void content was quantified using Eq.7.7.

Vc =
ρc(theo) − ρc(exp)

ρc(theo)
× 100 (7.7)

where Vc is void content of composites and ρc(exp) is the experimental density of composites.

Water Absorption Test- Natural fibers micro particles exhibit hydrophilic properties. Conse-

quently, the water absorption test for the developed hybrid composites was conducted at room

temperature following ASTM-D-570 standards with samples of dimensions 20Ö20Ö3 mm3 [329].

The test samples were immersed in distilled water for durations ranging from 48 to 720 hours,

with periodic measurements of their weight and thickness. The weight gain and thickness swelling

resulting from water uptake are computed using Eq.7.8 and Eq.7.9.

WWater absorption(%) =
Wt −W0

W0
× 100 (7.8)

Where Wt and W0 are the weight of bio-composite samples at time = t and 0.

TThickness swelling(%)
Tt − T0

T0
× 100 (7.9)

Where Tt and T0 are the thickness of the bio-composite samples at time = t and 0.

7.2.6.2 Mechanical Characterization

Tensile Testing- The tensile properties of the developed hybrid green composites were assessed

using a Shimadzu Universal Testing Machine (UTM) equipped with a 100 kN load cell. Specimens

were prepared with a rectangular cross-section following ASTM-D-638-3 standards [330], with di-

mensions of 160Ö14Ö3 mm3. Testing utilized a gauge length of 50 mm and a crosshead speed of

1 mm/min. Each type of green composite underwent testing with five samples, and the average

results, along with standard deviations, are presented.
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Flexural Testing- To understand the flexural properties of hybrid composites, three-point bending

tests were conducted using the Shimadzu Universal Testing Machine (UTM). Test samples were

prepared in accordance with ASTM-D-790-3 standards [331], featuring dimensions of 130Ö14Ö3

mm3. The testing configuration included a fixed span length of 50 mm and a cross-head speed set

at 1 mm/min.

Impact Testing- The Charpy impact testing for the developed hybrid composites was conducted

using an IT-30 impact testing machine (manufacturer: FIE, India). Notched test samples were

prepared following ASTM-D-6110 standards [332], with dimensions of 64Ö12.7Ö3.2 mm3. Each

type of hybrid green composite underwent evaluation on five samples, and the average results,

along with standard deviations, are presented.

Surface Hardness- Surface hardness measurements for the developed hybrid green composites

were conducted at ten different locations on each sample using a digital Rockwell hardness tester

(manufacturer: FIE, India). Surface penetration was executed with a 1/4” aluminum ball under a

60Kgf force on an L scale. Test samples were prepared in accordance with ASTM-D-785, featuring

dimensions of 20Ö20Ö3 mm3 [333]. The average test results, along with standard deviation, are

provided in the results and discussion section.

Dynamical Mechanical Analysis (DMA)- The dynamic mechanical characteristics of the de-

veloped hybrid green composites were assessed using the Anton Paar Dynamic Mechanical Analyzer

(Maker: Physica MCR, Model: 702). Test samples, with dimensions of 50Ö13Ö3 mm3 [285], were

secured within the machine using a double cantilever fixture. The testing was conducted under a

sinusoidal frequency of 1 Hz, with the temperature ranging from 25◦C to 150◦C and a temperature

ramp of 5◦C/min.

7.2.6.3 Thermogravimetric Analysis -

The thermal stability of the developed green hybrid composites has been analysed with Perkin

Elmer Instruments. The mass loss of the samples has been determined in an N2 environment as a

function of temperature from room temperature to 800◦C with a constant heating rate of 10◦C/min.
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7.2.6.4 Microscopic Analysis

The fracture surface of the developed hybrid composite was scrutinized using a field-emitted scan-

ning electron microscope (Zeiss, model: Sigma). Prior to examination, the samples underwent gold

coating using a sputter coater and were subsequently observed under the FESEM machine.

7.3 RESULTS AND DISCUSSIONS

This section of the thesis illustrates various outcomes pertaining to the characterization of the

developed hybrid green composites.

7.3.1 Bamboo Micro Particle Characterization

Density- The density of bamboo biomass as measured as 0.201 gm/cm3. After the bamboo biomass

was converted into bamboo micro particles, the density was measured as 0.245 gm/cm3. A study by

Cai et al. [263] reveals that natural particles/fiber contain non-cellulose substance polysaccharides

that are low-molecular-weight and form amorphous, random, and breached structures; removing

these nanocellulose components could result in a higher particle density.

Morphological Analysis- The thermo-mechanical properties of the developed composites were

primarily influenced by two key factors: the particle size and morphology of the reinforcing mate-

rial. An examination of the morphology of treated bamboo micro particles was conducted using a

scanning electron microscope (SEM), and Fig. 7.3 (a) illustrates the observed morphology. Natural

biofillers often face challenges in achieving effective interfacial interaction with the matrix. How-

ever, chemical treatment appears to enhance interfacial interaction by creating a rougher surface for

the biofiller. To assess the size distribution of the prepared particles, the SEM image was imported

into ImageJ software, enabling the measurement of particle sizes. Fig. 7.3 (b) depicts the particle

size distribution and normal distribution curve for treated bamboo micro particles. The average

particle size was determined to be 18.50 µm, with a standard deviation of 10.097 and a median

value of 16.67 µm. The range of particle sizes varied, with maximum and minimum values observed

at 43.63 µm and 3.90 µm, respectively.

XRD-The effects of alkaline treatments on the crystalline properties of extracted bamboo micro
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particles were examined using X-ray diffractometry (XRD). The XRD pattern of both bamboo

biomass and treated bamboo micro particles is illustrated in Fig. 7.3 (c). Analysis of the XRD

pattern revealed three prominent peaks for both treated and untreated particles, located at 2θ =

15.8◦, 22.3◦, and 35.8◦, corresponding to the crystalline planes of (1 1 0), (2 0 0), and (0 0 4),

respectively [221, 230] These peaks are attributed to the presence of cellulose within bamboo micro

particles in the β phase. The untreated biomass exhibited a crystalline index of 50.17%, whereas

the treated particles demonstrated a higher crystalline index of 61.53%. Furthermore, alkaline

treatment for surface modification increased the crystalline size of the particles from 3.22 to 3.74

nm.

(a) (b)

(c) (d)

Fig. 7.3: (a) SEM image of treated BMP; (b) particle size distribution for treated BMP; (c) XRD
pattern; (d) TGA thermogram for bamboo biomass and treated BMP.
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TGA- Thermo-gravimetric analysis (TGA) was conducted to assess the impact of alkalization on

the thermal stability and degradation of bamboo particles. Fig. 7.3 (d) displays the thermogram

for both treated and untreated bamboo particles. The thermal stability was evaluated by analyzing

weight loss at four different temperature stages. The degradation temperature details for untreated

and treated particles are presented in Table 7.2.

The initial stage of weight loss occurred between 25◦ and 150◦C, reflecting the loss of moisture

present in the bamboo particles. Subsequently, the second stage of weight loss was observed between

151◦C and 250◦C, attributed to the evaporation of extractives, wax, and other impurities. Follow-

ing this, the temperature range of 251◦C to 380◦C corresponded to the weight loss due to cellulose

degradation, while the fourth stage, occurring between 381◦C and 600◦C, indicated the degradation

of major lignin and high crystalline cellulose. The alkaline treatment of extracted bamboo particles

led to the conversion of cellulose-I into a more thermally stable and higher crystalline structure

known as cellulose-II [230, 309]. Consequently, treated particles exhibited enhanced thermal sta-

bility and reduced weight loss at elevated temperatures. The chemical treatment also affected

positively on activation energy of micro particles. The bamboo biomass shows activation energy

of 21.316 J/mol-K , whereas BMP shows acitivation energy of 22.574 J/mol-K. This increment of

5.56% is due to cellulose modification during chemical treatment.

Table 7.2: Mass loss in thermogravimetric analysis for bamboo micro particle.

Composite Stage-I Stage-II Stage-III Stage-IV Residual

sample weight loss weight loss weight loss weight loss mass

(%) (%) (%) (%) (%)

*BB 9.55 1.746 60.56 32.83 23.54

**BMP 6.56 2.48 59.45 28.13 28.03

*BB- Bamboo biomass,**BMP- Bamboo micro particle

7.3.2 Characteristic Analysis of Hybrid Green Composite

Density and Void Content- The analysis of density and void content in the developed hybrid

composite has been conducted. Both the theoretical and experimental density of the developed

hybrid green composites have been explored and are presented in Table 7.3. The investigation re-
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vealed a consistent reduction in the overall density of the hybrid green composite with an increasing

addition of bamboo micro particles. This phenomenon is likely attributed to the lower density of

bamboo micro particles compared to the bio-epoxy matrix. The BFHC 0 green composite exhibited

the maximum experimental density at 1.064 gm/cm3, while the BFHC 10 green hybrid composite

demonstrated the minimum experimental density at 0.796 gm/cm3. Discrepancies between theoret-

ical and experimental densities in the developed green composite were observed, and this disparity

is manifested as the void content in the developed green composites [221].

Table 7.3: Density and void contents of developed hybrid green composites.

Sample Theoretical density Theoretical density Void content

code gm/cm3 gm/cm3 (%)

BFHC 0 1.064 1.042 2.070

BFHC 2.5 0.981 0.962 1.984

BFHC 5 0.911 0.895 1.754

BFHC 7.5 0.850 0.830 2.265

BFHC 10 0.796 0.772 3.021

The presence of voids within the material poses a critical challenge. Consequently, these voids

serve as points for crack nucleation, leading to a decline in the performance of the developed

biocomposites. A relationship of inverse proportionality has been identified between void content

and the weight fraction of bamboo micro particles in the developed green composites. The BFHC 0

green composite exhibited the maximum void content, while the BFHC 5 biocomposite reported the

minimum void content. The incorporation of bamboo particles improved the interfacial bonding

among fibers, fillers, and the matrix, thereby reducing void content. However, BFHC 7.5 and

BFHC 10 biocomposites displayed a higher void percentage due to particle agglomeration and

cauterization at higher filler loading percentages with the matrix, as detailed in references [220].

Water Absorption Test- In Fig. 7.4, the water absorption behavior of the developed green

composites is depicted. The analysis indicates that with an increase in the number of immersion

days, the percentage of water absorption also increases, eventually reaching saturation after 600
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hrs.

The BFHC 5 green composite demonstrated the least water absorption behavior. The introduc-

tion of bamboo micro particles up to 5% weight fraction decrease the water absorption tendencies

of the biocomposites. Addition of micro particle resulted better interfacial interaction between

bamboo fiber and bio-epoxy results less moister absoption. The BFHC 10 hybrid green composite

exhibited the maximum water absorption, primarily due to the elevated bamboo particle content

(more than 5 wt.%) and suboptimal interfacial bonding between the matrix and reinforcement.

The occurrence of agglomeration and insufficient bonding between reinforcements and the matrix

led to the formation of micro-level gaps, fostering capillary action and resulting in heightened water

absorption.

Fig. 7.4: Result for moisture absorption properties of hybrid green composites.

Tensile Properties- In order to assess the strength and stiffness of the developed hybrid green

composites, a tensile test was conducted. Fig. 7.5 (a) illustrates the tensile stress–strain curve of

the developed green composites, which exhibited linear behavior up to failure without any plastic

deformation. The tensile properties, including strength, and modulus are presented in Fig. 7.5 (b).
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The incorporation of bamboo micro particles up to a 5% weight fraction enhanced tensile strength

and tensile modulus compared to BFHC 0 green composites. This improvement is attributed to

the addition of particles into fiber-reinforced composites, resulting in an increase in the crystalline

index of the polymeric green composite. The crystalline index of green composite showing a directly

proportional relation with the bamboo particle weight fraction. The maximum tensile strength was

observed in the BFHC 5 hybrid green composite (163.17 ± 6.44 MPa), which is 12.72% higher than

BFHC 0 green composite. The highest tensile modulus was examined in BFHC 5 hybrid green

composites (7.65 ± 1.264 GPa), representing a 33.74% increase over BFHC 0 green composite.

However, a further increase in particle reinforcement percentage (for 7.5 and 10 wt.%) led to a

decrease in tensile strength and modulus due to agglomeration and inefficient bonding between

reinforcement and the bioepoxy matrix [217, 221, 293].

(a) (b)

Fig. 7.5: (a) Tensile stress-strain curve, (b) variation of tensile properties with weight fraction of
bamboo micro particles.

Flexural Properties- The flexural properties of the hybrid green composites were determined

through the utilization of the three-point bending test. In Fig. 7.6 (a), the flexural stress–strain

curves of the developed green composites depict a linear behavior leading up to failure, characterized

by level buckling and an absence of plastic deformations. In contrast to the tensile strength and

tensile modulus, the flexural strength and flexural modulus exhibit a direct correlation with the

weight percentage of bamboo particles.
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Fig. 7.6 (b) illustrates the flexural strength and flexural modulus of the developed green com-

posites under the influence of varying bamboo particle concentrations. The BFHC 5 hybrid green

composites exhibit the highest reported flexural strength at 144.26 ± 4.44 MPa, and the maximum

flexural modulus is observed at 7.33 ± 1.06 GPa. These values surpass those of the nonhybrid

BFHC 0 green composites by 19.79% and 16.9%, respectively.

The introduction of bamboo micro-particles, in conjunction with fibers, enhances the interfacial

interaction between the reinforcing materials and the bio-epoxy matrix. This improved interac-

tion results in enhanced stress transfer mechanisms, leading to an overall increase in the strength

and modulus of the green composites. However, when bamboo particles exceed 5 wt.%, excessive

clustering occurs between the particles and the bio-epoxy, leading to agglomeration and an in-

creased stress concentration factor. Consequently, this excessive particle addition contributes to a

decrement in the flexural properties of the developed green composites.

(a) (b)

Fig. 7.6: (a) Flexural stress-strain curve, (b) variation of flexural properties with weight fraction
of bamboo micro particles.

Impact Strength- The impact strength or energy absorption capability of a material is a crucial

attribute [215]. In this study, the impact strength of the developed green composite was assessed

through the Charpy impact test, as illustrated in Fig. 7.7. The BFHC 5 hybrid green composite

exhibited the highest reported impact strength at 64.52 ± 5.97 kJ/m2, representing a 12.07% in-

crease compared to the non-hybrid BFHC 0 green composite. The incorporation of micro-particles

into the green composite improved the wettability between the matrix and reinforcement, facilitat-
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ing efficient stress transmission within the hybrid composite. Consequently, the shock absorption

capacity of the green composite was enhanced.

However, when the weight fraction of bamboo particles exceeded 5 wt.%, the clustering of bam-

boo particles occurred [221],leading to a reduction in the impact strength of the developed green

composites.
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Fig. 7.7: Variation of impact strength and hadrness with weight fraction of bamboo weight fraction.

Hardness- Hardness refers to a material’s resistance to localized plastic deformation. The sur-

face hardness of the developed hybrid green composite was examined and is depicted in Fig. 7.7.

The incorporation of bamboo micro-particles, up to 5% by weight, augmented the resistance to

localized plastic deformation in the developed hybrid green composites. This enhancement can be

attributed to improved interfacial bonding among fibers, particles, and the bio-epoxy matrix. The

maximum hardness value was recorded for BFHC 5 hybrid green composites at 78.05, surpassing

the non-hybrid BFHC 0 green composites by 23.57%. The addition of micro-bamboo particles in

the bamboo fiber–reinforced bio-epoxy green composite contributed to increased indentation re-

sistance, thereby enhancing the Shore-D hardness value. However, in the cases of BFHC 7.5 and
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BFHC 10 hybrid green composites, excessive particle loading led to a reduction in hardness due to

decreased in binding strength between the matrix and reinforcing materials.

DMA- The dynamic characteristics of both developed hybrid and non-hybrid composites were ex-

amined to elucidate their viscoelastic response under oscillatory deformations. Such investigations

prove highly effective in discerning the molecular arrangements and the mobility of molecular dis-

tributions within composite materials, particularly concerning the impact of time, frequency, and

temperatures. As the BFHC 5 type of green composite exhibited superior mechanical properties,

the storage modulus (E′), viscous modulus (G′), and damping factor (tan δ) were analyzed under

the influence of temperature for the BFHC 5 type of green hybrid composite and BFHC 0 type of

green non-hybrid composite.

The storage modulus (E′) measures the elastic deformation and stiffness during each cycle of

oscillation for the developed hybrid composites. In Fig. 7.8 (a), the storage modulus variation

with temperature (25–150°C) is illustrated for both hybrid and non-hybrid composites. The intro-

duction of particulates elevated the modulus values within the epoxy matrix, demonstrating that

incorporating bamboo particles into bamboo fiber-reinforced biocomposites resulted in a higher

storage modulus compared to non-hybrid bamboo fiber polymer composites. This enhancement is

attributed to the larger contact surfaces of bamboo particles, potentially enhancing bonding with

the matrix materials [350]. The storage modulus for BFHC 5 type of hybrid composites was recored

as 9.29 GPa, which is 5.38% higher than non-hybrid BFHC 0 composite (8.81 GPa).

Initially, at lower temperatures (ambient temperature), both composites exhibited higher stor-

age modulus values, attributed to a closely packed structure between the reinforcement and matrix

materials. As the temperature transitions from the glassy region to the transition region, the stor-

age modulus experiences a significant decrease due to temperature-induced effects on molecular

chains, leading to a reduction in the stiffness of the developed composites. Conversely, no sub-

stantial changes were recorded in the rubbery region, where accelerated polymeric chain mobility

occurs at higher temperatures [351]. The observation clearly indicates that the incorporation of

bamboo micro-particles induces significant changes in the storage modulus (E′) within the glassy

and transition regions, while no discernible change is observed in the rubbery region [352].
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(a) (b)

(c)

Fig. 7.8: (a) Storage modulus, (b) loss modulus and (c) damping factor for hybrid and non-hybrid
composites.

The viscous modulus (G′), also known as the loss modulus, quantifies the released heat energy

per cycle, typically associated with the viscous response and internal friction of the materials [353].

Fig. 7.8 (b) shows viscous modulus with the variation of temperature (25–150°C) for both hybrid

and non-hybrid composites.

The increase in temperature is linked to the viscous response of the materials, characterized

by observed molecular motion and structural heterogeneity. With rising temperature, the loss

modulus exhibits a consistent trend in the glassy region. The maximum value is attained in the

glass transition region for both composites, followed by a significant decline to the lowest values in

the rubbery region. The recorded loss moduli for BFHC 5 and BFHC 0 were 1.12 GPa and 1.04

GPa, respectively. The even distribution of bamboo filler augmented the friction among particles
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within the bio-epoxy matrix [300], resulting in an enhanced loss modulus for the hybrid composite

compared to the non-hybrid bamboo fiber-reinforced polymer (BFHC 0).

The damping factor (tan δ) is calculated as the ratio of the viscous modulus to the storage

modulus and depends on the adhesion between reinforcements and matrix [354]. Fig. 7.8 (c)

presents the damping factor and glass transition temperature (Tg) for the developed hybrid and

no-hybrid composites, showcasing variations in temperature (20–150°C).

The dynamic characteristics of composites are contingent on the mobility of polymer chains

and the interaction between fillers and polymer chains. Restrictions on polymer chain movement

enhance the storage modulus at lower temperatures, whereas the viscous movement of polymer

chains at the glass transition temperature leads to an increase in the viscous modulus [355]. The

glass transition temperature (Tg) was determined from the tan δ curve, representing the transition

between the glassy state and the rubbery state [352]. The findings indicate that an increase in Tg

corresponds to a decrease in the peak height of the tan δ curve, indicating a reduction in the mobility

of polymer chains. The hybrid composite BFHC 5 exhibited a lower damping factor (1.00) coupled

with a maximum glass transition temperature (Tg) of 115.34°C. In contrast, BFHC 0 displayed a

higher damping factor (1.29) with a minimum Tg of 111.6°C. This disparity can be attributed to

the interaction between polymer and filler, which restricts polymer chain mobility, leading to an

increase in the glass transition temperature and a reduction in the damping factor of the developed

composites.

TGA- Thermogravimetric analysis (TGA) was conducted to assess the thermal stability of both the

developed hybrid and non-hybrid green composites. BFHC 0 represents the non-hybrid material,

and BFHC 5 given the superior mechanical properties, TGA was specifically performed on BFHC 0

and BFHC 5 types of green composites.

In Fig. 7.9, the mass loss of green composite is depicted at elevated temperatures. Additional

mass loss properties have been analyzed and are presented in Table 7.4. The incorporation of

particulates alongside bamboo fiber had a beneficial impact on the thermal stability of biocomposite.

Notably, the BFHC 5 hybrid green composite exhibited reduce weight loss and higher residuals at

800°C, attributed to the impediment of heat passage, resulted delaying mass loss.
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Fig. 7.9: Thermogram for hybrid and non-hybrid green composites.

Table 7.4: Thermogravimetric analysis of non-hybrid and hybrid green composite.

Sample IDT MRDT T50 Final residue

code (°C) (°C) (°C) (%)

BFHC 0 73.75 432.56 441.25 21.65

BFHC 5 111.92 451.67 467.92 27.88

Analysis of Surface Morphology- Field emission scanning electron microscopy (FESEM) was

employed to examine the distribution of bamboo particles and the fracture morphology of the

newly developed hybrid green composite. The primary objective of the analysis was to ascertain

the surface morphology, distribution, and scattering characteristics of bamboo particles within the

developed hybrid green composites, as illustrated in Fig. 7.10.

Fig. 7.10 (a) depicts the representation of the BFHC 2.5 green composite type, showcasing the

arrangement of bamboo micro particles within the polymer matrix. A uniform distribution of micro

particles is evident in the green composite sample. Moving on to Fig. 7.10 (b), it illustrates the
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BFHC 5 composite type, emphasizing the interfacial interaction between micro particles and the

bio matrix. Fig. 7.10 (c) displays the fracture surface of the BFHC 5 composite resulting from

tensile failure, while Fig. 7.10 (d) presents the fractural morphology of bending failure for BFHC 5.

All analyzed biocomposites exhibit brittle fracture without plastic deformation of fibers, display-

ing a linear stress behavior. Failures primarily stem from breakage, pull-out, crushing, debonding,

and level buckling of bamboo fibers. Fig. 7.10 (e) captures a failure sample from impact testing,

while Fig. 7.10 (f) represents the agglomeration of particles at a higher weight fraction (10 wt.%)

in the BFHC 10 composite.

7.4 COMPARATIVE STUDY

In contemporary times, the widespread utilization of naturally derived biocomposites and green

composites have gained prominence across diverse industrial and engineering applications. This

popularity is attributed to their abundant availability, lighter weight, lower cost, renewability,

compatibility, and eco-friendliness. Such composites offer not only economically viable alternatives

but also versatile and pragmatic solutions for diminishing reliance on petroleum-based products,

substituting them with cost-effective bio-products. Table 7.5 presents a comparative analysis of

naturally derived green composites, outlining their mechanical and physical properties.

7.5 SUMMERY

Hybrid green composites were developed through the reinforcement of bamboo fiber and bamboo

micro particles with a bio-epoxy matrix, employing the compression molding technique. Initially,

the chemico-physical characterization of the extracted bio-filler was conducted. Subsequently, five

distinct types of green composites were developed, with variations in the weight fraction of bamboo

particles. The physical, mechanical, and thermal properties of the resultant green composites were

systematically examined, leading to the following conclusions:
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Fig. 7.10: SEM image of different hybrid green composites.
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1. Successful conversion of bamboo biomass into valuable bamboo micro particles for reinforcing

the polymer matrix has been achieved.

2. The chemical treatment process has led to an increased density of bamboo micro particles

compared to bamboo biomass.

3. Chemical treatment has effectively removed lignin and other impurities from bamboo biomass,

resulting in an elevated crystallinity index.

4. Thermal stability of bamboo micro particles has been improved through chemical treatment.

5. The incorporation of bamboo micro particles into bamboo fiber-reinforced polymer composites

has resulted in a reduction in overall density and moisture absorption.

6. The addition of micro particles has positively influenced the mechanical properties of green

hybrid composites.

7. The BFHC 5 type of green hybrid composites exhibited the maximum mechanical properties.

8. Bio filler additions exceeding 5wt.% caused agglomeration, leading to increased stress con-

centration factors and subsequently lower mechanical properties.

9. Hybridization has raised the glass transition temperature of the composite.

10. The storage modulus, loss modulus, and tan delta values have experienced positive effects

through hybridization with bamboo micro particles.

11. The comparative study of the results highlights the significant potential of the developed

materials for various engineering applications.

218TH-3447_196103002



Chapter 8

Conclusions

8.1 CHAPTERWISE SYNOPTIC CONCLUSIONS FROM THE PRESENT
WORK

This research successfully extracted bamboo fibers from the inner, middle, and outer parts of

the Bambusa tulda bamboo culm and investigated their potential as reinforcing materials in bio-

composites. The external technical fibers (ETF) were found to be more compact, stronger, and

larger in diameter compared to middle (MTF) and internal technical fibers (ITF), making ETF

more suitable for reinforcement. Chemical treatment with NaOH revealed that a 6% concentration

optimized the physical, mechanical, and thermal properties of the fibers. These treated fibers ex-

hibited higher tensile strength, modulus, and thermal stability while reducing water absorption due

to increased crystallinity. Bio-composites developed with these treated fibers showed significant im-

provements in mechanical and thermal properties, particularly at a 30% fiber weight fraction. The

composites exhibited enhanced tensile strength, flexural strength, hardness, impact strength, and

thermal stability compared to untreated composites. Additionally, the developed bio-composites

demonstrated lower moisture absorption and higher crystallinity, indicating better performance for

practical applications. The study also explored the use of hybrid bio-composites with bamboo

fibers and particles, finding that a 5% particle addition positively impacted mechanical perfor-

mance. The research concludes that the developed bio-composites, especially those with treated

fibers, are promising materials for various industrial applications, including automobile interiors,

packaging, and construction, potentially boosting the rural agro-based economy in India. The

major outcomes of this research work are encapsulated below:

1. Bamboo fiber has been successfully extracted from the internal, middle and outer parts of
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the bamboo culm of Bambusa tulda bamboo and their potential as reinforcing materials in

bio-composite has been investigated. The following conclusion has been drawn from the above

experimental investigation.

� As a result of the structural investigation and FESEM micro graphs, it was observed

that the external technical fibers (ETF) were made of finer single fibers compared to

the middle and internal technical fibers. This helped to make ETF more compact and

stronger.

� Due to compact structure, the diameter of ETF is also greater than internal technical

fiber (ITF) and middle technical fiber (MTF). ETF showed a larger technical fiber

diameter compared to the other two types of fibers.

� According to FTIR results, all three types of technical fibers exhibited similar bonding,

but from an analysis of the chemical composition, ETF had higher amount of lignin and

cellulose, whereas the lower amount of moisture, extractive, and hemicellulose content

compare to MTF and ITF.

� Due to higher cellulose content ETF also shows higher crystalline index, about 7.5% and

18.78% higher than MTF and ITF. In comparison of other two kinds of technical fibers,

ETF also has larger crystalline size.

� The mechanical properties of ETF were found more superior to ITF and MTF. The

tensile strength of ETF was found 31.46% and 59.47% higher than ITF and MTF fiber.

Additionally, ETF showed 24.35% and 41.52% higher tensile modulus than ITF and

MTF.

� Due to higher crystalline size ETFs exhibit lower water absorption properties and higher

thermal stability compared to other technical fibers.

The Bambusa tulda is one of the major natural resources and agricultural products available

in northeast India (especially in the Assam region). The extraction and use of bamboo

fiber as a reinforcing material of bio-composite may motivate micro and small industries
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to develop a bio-based economy and boost up Indian rural agro-based economy. Moreover,

it is concluded that due to higher cellulose content, higher crystallinity index, crystalline

size, better mechanical strength and stiffness, lower water absorption properties and higher

thermal stability, the external technical fibers are more suitable reinforcing material compare

to middle and internal technical fibers. However, MTF and ITF are suitable for use in home

decoration and textile industries.

2. The bamboo fiber has been successfully extracted from Bambusa tulda and chemical treatment

of the fiber has been done successfully. The different characterizations have been performed

on treated as well as untreated bamboo fiber. Based on the results of the characterization,

the following conclusions can be drawn:

� The chemical treatment of bamboo fiber has been carried out with five different NaOH

concentrations (2, 4, 6, 8 and 10%) and 6% was found to provide the best physical,

mechanical, and thermal properties.

� FTIR results confirm that non-crystalline materials like hemicellulose and lignin have

been removed by chemical treatment. Due to the removal of non-crystalline materials,

the overall crystallinity index has been increased. (BF 6)

� Chemical treatment affected the mechanical properties of the fiber positively. In com-

parison with the untreated fiber (BF 0), the 6% NaOH treated fiber (BF 6) exhibited

42.09% higher tensile strength and 75.71% modulus. The chemical treatment increases

the surface roughness of the fiber, which further increases the interfacial bonding strength

between bio-epoxy and the fiber.

� However, treatments with more than 6% NaOH concentration removed cellulose from

fiber surfaces, reducing the crystallinity index and mechanical properties of the fiber.

� Chemical treatment up to 6% NaOH concentration successfully removed the lignin and

hemicellulose from bamboo fibers as observed through XPS analyses (X-ray Photoelec-

tron Spectroscopy). Hydrophilic fibers became hydrophobic after amorphous (lignin,

and hemicellulose) has been removed.
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Since the fibers treated with 6% NaOH concentration showed higher thermomechanical prop-

erties, they are further used to develop bio-composites.

3. Bio-composites have been developed with untreated and differently treated bamboo fibers,

and different characterizations have been performed on developed composites. Based on the

results of the characterization, the following conclusions can be drawn:

� The bio-composites have been developed with fiber weight fractions of 10, 20, 30, and

40% and different mechanical tests were conducted on each. The mechanical properties

of bio-composites with fiber fractions exceeding 30% were degraded. So, further studies

have been conducted with fiber weight fractions of 30%.

� Chemical treatments with NaOH concentrations of up to 6% had a positive effect on bio-

composites’ mechanical properties. As compared to BFBC 30 0 composites, BFBC 30 6

composites have a 50% increase in tensile strength, 36.6% increase in tensile modu-

lus, 58.28% increase in flexural strength, 36.63% increase in flexural modulus, 31.08%

increase in hardness value, and 32.56% increase in impact strength.

� As NaOH concentration increased (up to 6%), not only mechanical properties but also

thermal stability of the bio-composites increased. Bio-composites reinforced with chem-

ically treated fibers have a lower moisture absorption capacity and mass loss due to

biodegradability.

� The developed bio-composites with treated fiber showed a higher crystallinity index

compared to untreated fiber reinforced composites. The maximum crystallinity index has

been recorded as 51.73% with BFBC 30 6 types of bio-composites. The treatment with

more than 6%, i.e., 8 and 10% NaOH concentration degraded the crystalline cellulose

from the fiber and resulted in a decrement in the crystallinity index.

� A similar types of bonding peaks are observed for all types of developed bio-composites,

which indicated that the functional groups present in the bio-epoxy and the bio-composites

are similar.
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� The maximum increment in tensile strength and modulus values are observed for BFBC 30 6

types of composites. The fiber with 8 and 10% NaOH treatment shows a decrement

in dynamic mechanical values. The maximum storage modulus and glass transition

temperature have been observed as 8378 MPa and 105.16 ◦C for BFBC 30 6 types of

composites.

� The chemical treatment made the fiber hydrophobic, resulting in lower dielectric con-

stants, loss factor, and AC conductivity values. The treatment with more than 6% NaOH

concentration degraded the cellulose from fiber surface and makes the fiber hydrophilic

again. Therefore, fiber reinforced bio-composites treated with NaOH at 8 and 10%

exhibit increased dielectric properties and AC conductivity. The maximum dielectric

constant and loss factor has been recorded as 67.89 and 3.79, respectively.

Compared to the previously reported bio-composites in the literature, the developed compos-

ites are better in terms of thermal, mechanical, dielectric and physical properties. In future,

a production line will be set up to manufacture bio-composites by using Bambusa tulda and

bio-epoxy for commercial purposes. As a result, micro and small industries based on the

agro-economy will be developed in rural India.

4. Bamboo fiber-based bio-composite with four different epoxy matrices has been successfully

developed and their static, dynamic mechanical, physical and thermal properties have been

analysed. Moreover, a multicritical decision-making technique called VIKOR has been em-

ployed to determine the best material for automobile interior applications within the devel-

oped four kinds of bio-composites. The major findings of the study are summarised below:

� The density of the material is the crucial parameter for choosing lightweight material.

S1 and S3 types of composites showed the lowest and highest densities respectively

among the developed materials, whereas minimum and maximum void content has been

reported for S3 (1.2 %) and S4 (4.1 %) types of composites, respectively.

� Moisture absorption is one of the drawbacks for natural fiber reinforced bio-composites.
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The interfacial gap between fiber and matrix acts as capillary action and absorbs mois-

ture. The maximum and minimum moisture absorption, as well as thickness swelling,

have been observed for S4 and S2 types of composites respectively.

� The maximum tensile strength has been reported for S2 types of composites with a

numeric value of 144.75 ± 4.40 MPa whereas the maximum Young’s modulus is reported

for S1 (6.98 ± 0.19 GPa) types of composites.

� The maximum flexural strength has been observed for S1 types of composites. The

sequence for flexural strength is S1>S2>S3>S4. The maximum hardness and maximum

impact strength has been noted for S3 and S2 kinds of composites.

� For storage modulus and loss modulus value, the maximum was reported for S2 types

of composites whereas S2 types of composites showed the lowest tan δ value. The glass

transition temperature for the S2 types of composites was reported as 111.72 ◦C.

� In the thermal analysis of developed composites, S2 types are showed maximum thermal

stability and S4 types degraded their mass rapidly with temperature. Based on the

Indian market, S4 types of composites have the lowest development cost of Rs. 2340

and S1 composites have the highest development cost of Rs. 4650 among all four types

of composites.

� The best materials in the VIKOR material selection procedure were chosen as S2 types

of composites, and the poorest materials were chosen as S3 types of composites. Addi-

tionally, a sensitivity analysis of the process revealed its robustness.

Therefore, the S2 types of composite is the suitable material for automobile industry appli-

cations, especially for semi-structural and interior application.

5. Bio-composites reinforced with bamboo fibers and bamboo particles has been developed and

their thermo-mechanical and physical characteristics have been examined. The following

conclusion has been drawn from the above experimental investigation.

� The addition of bamboo particles up to 5% impacted positively on the mechanical per-
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formances of the developed bio-composites. BFHC 5 bio-composite observed maximum

tensile strength (163.17 MPa) and flexural strength (144.26 MPa) tensile modulus (7.65

GPa) and flexural modulus (7.33 GPa). The maximum degradation temperature has

been recorded at 350.47 ◦C for BFHC 5 bio-composites with better thermal stability.

� The addition of particles restricted the elongation before the break and improved the

brittleness of the bio-composites. Therefore, BFHC 2.5 bio-composites exhibits higher

impact strength (88.41 J/m). The developed bio-composites showed comparatively less

water absorption behavior as compared to other natural fiber composites due to the

presence of high ligno-cellulose contents.

� The excessive addition of bamboo particles (more than 5% by weight) resulted in the ag-

glomeration and clusterization with the bio-epoxy matrix. This resulted in a decrement

in thermo-mechanical behaviours.

Thus, the utilization of waste from bamboo particles has great potential to develop sustainable

and eco-friendly bio-composites and could lead to the development of a bio-based economy and

boost the agro-based rural Indian economy. Furthermore, the developed bio-composites are

also capable and suitable for industrial applications like automobile interior parts, packaging

industries to develop delivery boxes, construction industry, and development of wind turbine

blades and solar cell back sheets.

8.2 CONTRIBUTIONS OF THE THESIS

The noteworthy contributions of the doctoral thesis in addressing challenges associated with

the use of sustainable green composites for structural applications hold considerable engineering

significance. The experimental investigation of bamboo fiber and its reinforced green composite

plates has encountered obstacles attributable to influential factors like the fiber extraction process,

chemical treatment parameters for the fiber, fiber loading, and others. The significant and novel

contributions of the thesis are as follows:

1. The present work employed Bambusa tulda bamboo for fiber extraction process. This partic-
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ular bamboo species is abundant in North East India, representing an underexplored resource

with notably higher cellulose content.

2. A significant challenge associated with natural fibers is their inherent variability in properties.

Functional gradation of bamboo may be the one of the major reasons for this deviation for

bamboo fiber. In addressing this issue, the current research employed a classified extraction

technique and compellingly identified external technical fibers as the most suitable candidates

for reinforcing biocomposites.

3. Natural fibers exhibit bad interfacial interaction with polymers. Alkalization with different

NaOH concentrated solution increase this interfacial interaction. The present study focused

on optimizing the concentration of NaOH solution to achieve the best thermomechanical

properties for Bambusa tulda fiber as well as its reinforced biocomposites

4. In this research, the loading percentage of Bambusa tulda fiber in the biocomposite was

systematically optimized to attain superior thermo-mechanical and physical properties for

the biocomposite.

5. The green composites has been developed with optimized chemically treated Bambusa tulda

fiber reinforcement loading. This study presents the benchmark thermo-mechanical results

of the developed green composites.

6. In this research, the impact of NaOH treatment concentration on the physical, mechanical,

structural, thermal, and dielectric properties of biocomposites was systematically explored

and presented.

7. This research investigated the influence of various bio based and commercial matrix materials

on diverse properties of biocomposites.

8. The present study a Multiple Attribute Decision Making (MADM) technique, VIKOR, was

utilized to choose the optimal materials among the developed bio and green composites in-

tended for automobile interior applications.

226TH-3447_196103002



FUTURE SCOPE OF WORK

9. The current experimental analysis introduces a green composite with an impressive 61.78%

bio content, marking one of the highest levels of bio content reported in the existing literature

on green composites.

10. This study introduced a hybrid green composite incorporating continuous bamboo fiber and

bamboo micro particles, exhibiting improved thermo-mechanical properties and achieving a

remarkable bio content of 54.67%.

8.3 FUTURE SCOPE OF WORK

The future studies based on this work can be in following aspects:

� The present experimental investigation can be extended to develop bigger samples like: beam

or plate structure for household and real life structural application.

� To obtain analytical solution for the bamboo based bio composites under static load condition

� To obtain low cycle fatigue life of bamboo based green composites.

� The present bamboo fiber and epoxy based material can be developed by employed by different

composites manufacturing technique, like- VARTM etc.

� To develop short bamboo fiber and PLA based composites using 3-D printing for complex

geometry.

� To develop bamboo mat based epoxy composites and investigate their thermo-mechanical and

dynamic mechanical properties.
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Ágoston, Addy Cyrus, Xu Qiang, Jiang Lin, Neisiany Rasoul Esmaeely, Singha Shuvra,

and others . Circular economy in biocomposite development: State-of-the-art, challenges and

emerging trends. Composites Part C: Open Access, 5:100138, 2021.

228TH-3447_196103002



BIBLIOGRAPHY

[7] Mensah Rhoda Afriyie, Shanmugam Vigneshwaran, Narayanan Sreenivasan, Razavi Nima,
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