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ABSTRACT 

Environmental pollution, depletion of raw materials, high consumption of energy 

during the stage of material processing and high cost of raw & semi-finished 

materials are the major problems now a days. To get rid of all these problems, we 

will require utilizing progressively renewable resources based biocomposite 

materials in non-structural and structural applications. In recent years, the 

biocomposites are gaining popularity in automotive, aerospace, building & 

construction, packaging, and medical applications. For successful usage of 

biocomposites in the above-mentioned fields, it becomes necessary to design the 

material in such a way that it exhibits high strength with good resistance to flame 

propagation and moisture sorption. The thermo-mechanical properties of hybrid 

biocomposites are far better than the pure single fiber biocomposites and comparable 

to the synthetic fiber strengthened composites. Therefore, the major objective of this 

study is to fabricate a high performing hybrid biocomposite material.   

The critical factors which significantly influence the characteristics of a hybrid 

composite are such as - inherent features of matrix and reinforcement, filament 

length, content, orientation, fiber-matrix adhesion, and morphology of the system. In 

this context, experimental studies have been carried out and presented in this 

dissertation. To determine the optimum fibers layering pattern, the various hybrid 

boards [Bilayer (Pineapple/Coir (P/C)); Trilayer (Pineapple/Coir/Pineapple (PCP), 

Coir/Pineapple/Coir (CPC)); and Intimately Mixed (IM)] were developed and 

characterized for flammability, viscoelastic properties, and water absorption 

behavior. The experimental observations revealed that the CPC material possesses 

higher resistance to burning and moisture absorption than the other patterns. 

Furthermore, the trilayer CPC composite has lower ‘C’ value, higher E', and the 

greater value of activation energy. As compared with PCP and bilayer (P/C) 

composites, the intimately mixed (IM) has a lower rate of burning, absorbs less 

water, the higher value of Tg, and broad width of tan δ peak.   

In order to select the hybrid biocomposites over traditional materials, it becomes 

necessary to reinforce it with optimum fiber length and content. In this regard, 

sixteen samples of PALF/Epoxy and COIR/Epoxy composites of varying fiber 

volume content (17%, 23%, 34%, and 43%) and length (10, 15, 20, and 25 mm) were 
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made and characterized. Moreover, the impact of filament content (17%, 23%, 34%) 

on the viscoelastic behavior of composites has also been investigated. The 

experimental results proved that the optimum fiber content for PALF/Epoxy and 

COIR/Epoxy composites is 34% and 23% respectively.   

Finally, an experimental study was performed in order to examine the impact of an 

alkaline treatment with relative reinforcement content on the mechanical properties 

and biodegradability of PALF/COIR based hybrid material. To accomplish the 

desired objectives, the biocomposite sheets were fabricated at 11 levels of COIR 

fiber loading (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 vol.%) with fixed total fiber 

content (40 vol.%). The physical and mechanical characteristics of developed 

specimens have been determined according to ASTM standard. The total of four 

samples for each specimen was tested and their average value was reported. The 

results showed that the P50-C50 hybrid composite exhibits the best set of mechanical 

properties and absorbs 62% and 32% less water than the pure PALF/Epoxy and 

COIR/Epoxy respectively. The mechanical strength and biodegradability of an epoxy 

thermoset were increased by the incorporation of cellulosic fibers which results in 

easy and smooth adoption of epoxy-based composite for the fabrication of interior 

components of an automobile.       
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SMC   -Sheet molding compound 
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BF   -Banana fiber 
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CHAPTER 1 - INTRODUCTION 

“Depletion of petroleum resources, persistence of plastics in the environment, 

concerns over global climatic change and shortage of landfill space has spurred 

efforts to find new materials that are more compatible with the environment"  

This thesis is concerned with the development of a biocomposite material that offers 

a path to achieve a constructive equilibrium among economy, ecology, and 

technology. It also depicts the significance of lignocellulosic fibers as strengthening 

agent in polymer based material. 

1.1 Motivation and Background     

The idea of making composite materials comes from their attractive and tailor-made 

properties. Such materials often result in lightweight structures at low cost which 

leads to increase their usage in various parts of our lives and for the manufacturing of 

highly sophisticated machines such as automobiles, aerospace structures, electronic 

components, railway coaches, and mechanical systems like pressure vessels, brakes, 

drive shafts, tanks, and flywheel, etc.   

A composite is a multiphase material, displays the noteworthy mixing of properties 

that can't be achieved by the ordinary amalgams, earthenware production, and 

polymeric materials. The synthetic filaments like glass, carbon, aramid, aluminium 

oxide, boron strands, and so on are broadly utilized in polymer based materials 

because of their high strength & hardness, wear obstruction, and high toughness. 

However, these filaments have significant disadvantages in terms of supportability, 

eco-effectiveness, and green science. Therefore, it gets important to supplant the 

conventional fibers with characteristic ones in polymer composites. 

The exhaustion of oil assets and expanding ecological mindfulness constrained the 

researchers to move their consideration from engineered strands to natural filaments 

[1-2]. The regular fibers possess wide varieties of advantageous features such as low 

price and density; serious explicit mechanical properties; excellent acoustic, thermal, 

and electrical insulating properties; non-abrasive to molding and mixing equipment; 

carbon dioxide sequestration; sustainability, biodegradability and recyclability [3-4]. 

Among a wide range of cellulosic fibers (vegetable strands, creature strands, reused 

strands, and mineral strands), the plant-based are generally used in composite world. 



2 
 

They offer a genuine answer for supplant the normally utilized engineered fibers, as 

a result of their great mechanical properties, rich accessibility and issue free removal. 

[5-6]. The cellulosic fibers (wood or non-wood types) consist of bundles of fibrils 

that are held together by binding agents (predominantly lignin and hemicellulose). 

The properties of fibers are significantly reliant on the number of fiber cells, cell wall 

thickness, microfibrillar angle, cellulose content, molecular structure, and cellulose 

crystallinity index [7-8].  

Among all the plant-based fibers (kenaf, jute, coir, flax, sisal, banana, bagasse, 

pineapple leaf fiber, etc.), the coconut husk (COIR) and pineapple leaf (PALF) have 

significant potential to be employ as strengthening additive in fiber or powder form 

[9-10]. According to the statistical database (2016) of the "Food and Agriculture 

Organization", the total production of coconut and pineapple fruit in the whole world 

is 59 and 25.8 million tonnes respectively [11]. Therefore, the challenging job is to 

reduce their waste disposal in landfill areas and to utilize them efficiently.    

The PALF and COIR are multi-cellular fibers, extracted from the leaves of pineapple 

(Ananas-comosus) and the husk of coconut fruit (Cocos-nucifera) respectively. The 

PALF contains high cellulose (70%-85%) while COIR contains high lignin (40-45%) 

content which results in PALF shows high tensile and flexural properties whereas the 

COIR shows high impact strength [12]. Moreover, the COIR fiber exhibits good 

resistance to salt, water, microbial, and fungus attack. So to combine their properties 

synergistically, it becomes necessary to incorporate both kinds of fiber in the same 

polymer matrix which can lead to the formation of multifunctional biocomposite 

material. Such kind of multi fibers reinforced polymeric materials are commonly 

called “Hybrid composites”. To the best of my knowledge, there has been no report 

on hybrid composite which was reinforced with PALF and COIR fibers.   

The incorporation of more than one kind of reinforcement in a particular resin leads 

to the high strength material with improved fracture toughness, and better creep & 

fatigue properties. Many works in the literature report the positive attributes of fiber 

hybridization. The failure of one kind of fiber can be overcome by the hybridization 

with a suitable type of other fiber. In most of the cases, the hybrid composite 

possesses comparable performance to that of synthetic fiber-reinforced material. A 
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high-performance structural material can be developed at a low cost by employing 

the hybridization concept [13-14].  

Biocomposites offer a way to accomplish eco-accommodating material in the 21st 

century. However, the need to produce 100% bio-based materials alternative for oil 

based isn't prompt. Biocomposites that contain a noteworthy substance of bio-based 

materials can currently accomplish this at a moderate cost-execution proportion to 

rival oil based materials. The selection of thermoset polymer as a matrix resin leads 

to the high performing structural material for outdoor applications [15]. The epoxy is 

an appropriate matrix for use in primary construction and marine industry. This was 

because of its high mechanical and electrical properties; good resistance to 

chemicals, moisture, and environmental degradation; low viscosity with easy 

processing; and good adhesive properties.  

The most profitable property of epoxies is their low shrinkage during cure which 

minimizes internal stresses. As compared with thermoplastic polymers, the 

thermosets have better fire retardancy. Polymers such as epoxy, polyester, and 

phenolics formed char during pyrolysis which acts as a heat barrier between the heat 

source and the lower surface of a polymer. These aspects propel the researchers to 

select thermoset polymer as a matrix resin [16]. Among all the matrix resins 

(thermoset, thermoplastic starch, and polyolefin's), the epoxy system offers the best 

performance of all and shows improved adhesive properties which makes it a 

competitive material as a matrix. 

Despite large number of advantageous properties of lignocellulosic fibers, they are 

far from an easy selection in structural applications. It was due to their hydrophilic 

nature, low thermal stability during processing, high variability in their properties, 

and poor interfacial adhesion with synthetic polymers [17-19]. To overcome these 

problems, it becomes necessary to alter the surface chemistry of natural fibers using 

the chemical treatment process. In order to accomplish this, the chemical processes 

such as alkali treatment, acetylation, methylation, permanganate treatment, 

cyanoethylation, etc. are widely used. Among all the methods, the alkaline treatment 

is a cost-effective modification technique to improve the fiber-matrix compatibility 

[20-21].  
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1.2 Purpose of the Study 

The central purpose was to develop and characterize the PALF/COIR fiber 

reinforced hybrid epoxy composite for automobile applications. 

1.3 Aim of the Study 

The primary aim is to develop a high-performance biobased material for the 

automobile sector which is consistent regarding new enactment executed by the 

Indian government.  

The specific objectives are as follows: 

 To evaluate the thermal and water absorption behavior of PALF and COIR 

fibers. 

 To investigate the effect of mercerization on surface chemistry, surface 

morphology, thermal stability, and hydrophilic behavior of cellulosic fibers. 

 To determine the influence of fiber span and loading vol.% on mechanical 

characteristics of PALF-Epoxy and COIR-Epoxy composites.  

 To examine the influence of fiber volume fraction on thermal stability and 

viscoelastic behavior of developed composites.  

 To evaluate the impact of relative fiber content on physical, mechanical, and 

biodegradation characteristics of PALF/COIR hybrid composites.      

 To examine the effect of fibers layering pattern on flammability, viscoelastic 

characteristics, and water uptake capacity of strengthened composites.     

 To examine the influence of mercerization on biodegradability of hybrid 

material.         

 To study the biodegradability of biocomposites in the natural soil 

environment.      

1.4 Delimitations of the Study 

 Both fibers (PALF and COIR) were collected from Kerala (India) only. 

 The matrix resin is not a “green bio-resin”.  

 Manual hand lay-up technique was used to synthesize the biocomposite 

materials which may lead to the non-uniform wetting of fibers.  
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1.5 Division of the Work 

This work is divided into six main chapters: 

Chap. 1 shows the motivation for doing research in the field of biocomposites. It 

includes the drawbacks of synthetic fiber-reinforced composites (SFRCs) and the 

positive attributes of biocomposites. It also presents the main objectives and 

delimitations of the study.   

Chap. 2 presents a survey of past research outlining fiber reinforced polymer 

composites. It includes the work on hybrid composites, development of 

biocomposites and its applications. A review on natural fibers is mentioned, in 

specific pineapple leaf and coir fibers. The impact of several parameters on the 

properties of composites is also reported in this chapter.  

Chap. 3 consist the research design and methodology. It incorporates the detail 

depiction of raw materials, fabrication and chemical treatment techniques, and 

hypothesis behind the test.   

Chap. 4 discusses the experimental results obtained after the testing of natural fibers 

and their composites. 

Chap. 5 includes the possible uses of developed hybrid biocomposite in automobile 

application.  

Chap. 6 will present conclusions based on the significant findings. It also includes 

the suggestions for future work in this field.  
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CHAPTER 2 - LITERATURE REVIEW 

In the recent chapter, a survey of the past research work is presented. This chapter 

includes the classification, composition, properties, and structure of natural fibers 

and matrix material. It also presents the studies on hybrid biocomposites and 

accounts the impact of different parameters influencing the performance of 

biocomposites examined by various researchers. In the finishing segment, the 

information gap in prior examinations and the targets of the present research work is 

illustrated.     

2.1 Introduction  

Composite materials have been utilized for a considerable length of time going back 

to around 2500 years ago. Throughout the most recent years, there has been an 

expanded utilization of composites in many of our modern technologies and this was 

because of their numerous profitable properties [22]. Mathews and Rawlings 

reported that the composites possess low solidity, high specific strength, and abrasion 

opposition characteristics which make it attractive in aviation, underwater, and 

transportation industries. [23]. 

It is a multiphase material that displays a considerable share of the properties of both 

constituents’ phases. The two main constituents are matrix material (polymer) and 

reinforcement [24]. The mechanical response of composite material is the aggregate 

impact of reinforcing fibers and matrix resin (Fig. 2.1). Generally, it is made 

artificially as opposed to one that occurs naturally. There are also a number of 

composites that occur in nature. For example, Bone is a composite of the strong 

protein collagen and the hard apatite substance.  

The composite materials are using in immense variety of applications ranges from 

day to day common uses to highly sophisticated machines such as automobiles, 

aerospace structure, electronic components, railway coaches, and combustion 

engines. It advertises a multibillion-dollar business market and 31% of this is ruled 

by the automotive sector (Fig. 2.2) [25]. Mapleston [26] reported that the automakers 

were first sawed the potential of biocomposite material over conventional materials 

to use in interior components of an automobile.    
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Fig. 2.1: Aggregate impact of loading fiber to the matrix 

 

Fig. 2.2: Fiber strengthened composites utilized in various applications 

2.2 Biocomposites 

Biocomposite is a material made from natural fiber and oil inferred polymers or 

biopolymers (Fig. 2.3). G. Koronis et al. [27] reported that the biodegradability is a 

major problem to successfully employ green composites (100% biodegradable) in 

automobile body panels. Therefore, to produce 100% bio-originated material as a 

substitute for synthetic materials is not instant. The partially biodegradable materials 

can fight with oil inferred polymers at an affordable cost-performance ratio.   
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Fig. 2.3: Organization of biocomposites 

Wedin et al. [28] stated that the biocomposites based on synthetic polymers can be a 

viable alternative to glass fiber reinforced plastics (GFRPs). Mohanty et al. [29] 

stated that the natural fiber filled thermoset composites shows comparable 

mechanical performance to GFRP. According to Mohanty et al. [30], biocomposites 

are the material of the 21st century and be a fractional answer for some worldwide 

natural issues. A few analysts have added to the information bank of biocomposites. 

Mohanty et al. [31] reviewed the opportunities and challenges associated with the 

application of biocomposite materials in engineering applications. H. M. Akil [32] 

reviewed the kenaf fiber filled composites regarding their market, fabricating 

techniques, and overall properties. Mohanty et al. [33] have reviewed NFRCs and 

reported that the straw fibers obtained from rice, wheat, and corn can be used as very 

inexpensive reinforcement for biocomposites. S. Kalia [34] presented a book on 

lignocellulosic composite materials. G. George et al. [35] have reviewed the 

properties and applications of green composites. A.N Nakagaito et al. [36] 

investigated the thermo-mechanical properties of biocomposites. L.T Drzal et al. [37] 

reviewed the different aspects of biocomposite materials as a substitute to oil-based 

composites for automobile sector. Fowler et al. [38] reviewed the technology, 

limitations, barriers, and drives of biocomposite material.   

Fig. 2.4 illustrates the tri-cornered approach for designing the high performance 

biocomposites. Mohanty et al. [39] reported that a suitable blend of biofibers can 

make a composite of excellent tensile and flexural properties with better impact 
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toughness. R. Malkapuram et al. [40] stated that the performance of a composite is 

notably affected by the interfacial interaction between constituent elements. They 

reviewed a range of surface treatment techniques for the improvement of fiber-matrix 

interaction.  

 

Fig. 2.4: Tri-corner approach in designing the high-performance biocomposites 

2.2.1 Application of Biocomposites 

The biocomposite materials are utilized in a wide assortment of applications (Fig. 

2.5). F. Namvar et al. [41] reported that the biocomposites are used in biomedical 

applications, for example, medicate/quality conveyance, tissue designing, 

orthopedics, and restorative orthodontics. The report of Daimler Chrysler showed 

that the biocomposites are extensively used in making interior components of an 

automobile [42]. Automakers will see potential in biocomposites [43-44]. According 

to Broge [45], the biocomposites can diminish the mass of automobile parts and 

lower the power required for construction by 80% as compared to glass composites.  

Numerous European enterprises are eco-driven; particularly the car ventures are 

attempting to make each segment recyclable. All the significant vehicle makers in 

Germany exploit NFRCs in interior applications such as boot lining, side and back 

door panel, seat backs. In 2000, Audi propelled A2 midrange vehicle in which 

entryway trim boards were made of flax/sisal reinforced PU composite. These boards 

not just an amazingly low mass but also of high-dimensional stability. Daimler 
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Chrysler has utilized flax and hemp rather than glass strands [46]. The Mercedes-

Benz firstly used NFRC in the production of exterior components. However, the uses 

of biocomposites are mainly limited to low strength interior components.  

Biocomposites can also be used as an alternative to building materials, especially as 

wood substitutes. Satyanarayana et al. [47] reported that the coir/polyester composite 

has received considerable attention for the formation of post office boxes, helmets, 

bunker houses, and roofing sheets. The Coir/Phenolic composite can be used for the 

manufacture of flush door shutters.  

 

Fig. 2.5: Real-world applications of biocomposite materials 

2.2.2 Mechanical Behavior of NFRCs 

Misra et al. [48] observed that the tensile strength of plastic was increased by 150% 

after the incorporation of 50 wt% jute fiber. S. Ozturk et al. [49] stated that the 

optimum reinforcement volume in Kenaf/PF and Fibrefrax/PF materials is 43% and 

36% respectively. C.U Maheshwari et al. [50] explored the impact of fiber 

modification and loading % on the mechanical behavior of tamarind strengthened 

UPE material and reported on that the composite of 25 wt% treated fiber has superior 

mechanical performance as compared to the other compositions. N. Venkateshwaran 

et al. [51] stated that the optimal fiber span and content for Banana/Epoxy are 15 mm 

& 16 wt% respectively. X. Zhao et al. [52] stated that the tensile properties of HDPE 

polymer were increased appreciably by the addition of only 10 wt% sisal fibers. 
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Mohanty et al. [53] have made Bamboo fiber-reinforced-HDPE composites by 

injection molding technique and reported the elevation in mechanical strength with 

the increase of reinforcement content up to 30 wt%. V. Alvarez et al. [54] 

determined the optimum fiber volume fraction in sisal fiber based composites in 

terms of the mechanical properties. J.L Leblanc et al. [55] reported that the complex 

modulus of PVC was improved by the incorporation of green coconut strands. Sezgin 

et al. [56] stated that the tensile, bending, and impact strengths of Jute-Polyester 

were enhanced by 25%, 100%, and 340% respectively with the increase of jute fabric 

plies from four to eight. M.C.N Yemele et al. [57] checked the impact of black 

spruce bark filler on the mechanical performance of Bark/HDPE material. G. 

Romhany et al. [58] revealed the critical improvement in the rigidity of starch plastic 

by the incorporation of 40 wt% flax fiber. A. Sbiai et al. [59] considered the impact 

of fiber length on the performance of date palm fiber/epoxy material and revealed 

that the composite of short strands has higher strength than the long filaments. The 

mechanical properties of an epoxy polymer were increased significantly after the 

loading of short date palm fibers. W. Mohamed et al. [60] evaluated the performance 

characteristics of Mengkuang strengthened natural rubber composites. G. 

Rajeshkumar et al. [61] analyzed the impact of filler content (0%, 10%, 20%, 30%, 

40%, and 50%) and size (300 µm particles, 10mm, 20mm, 30mm) on characteristics 

of phoenix sp. strengthened epoxy material and observed that the composites of 40% 

fiber volume possess maximum strength. Among all the samples, the composites of 

300 µm particle possess excellent impact toughness and the lowest water absorption. 

C. Capela et al. [62] revealed that short fiber is an effective reinforcement in 

strengthening and toughening the polymeric materials. K. Kumar et al. [63] 

considered the viscoelastic characteristics of Malvaceae strengthened UPE 

composites. J. Margem et al. [64] checked the potential of Malva strands as 

reinforcement in polymer matrix composites and reported on that the flexural rupture 

strength of an epoxy matrix was improved linearly with an enlarge of reinforcement 

content up to 30 vol%. MK Gupta et al. [65] have reviewed the viscoelastic 

characteristics of NFRCs in their review article. Y.A. El-Shekeil et al. [66] explored 

the impact of fiber loading (20%, 30%, 40%, and 50%) on the thermo-mechanical 

behavior of Kenaf/PU material and reported on that the composite of 30% fiber 

content exhibited an optimum set of mechanical properties. S. Varghese et al. [67] 

researched the impact of reinforcement weight percentage, direction, and interfacial 
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grip on the viscoelastic feature of natural rubber based strengthened composites. M. 

Botev et al. [68] have examined the thermo-mechanical properties of Basalt-PP 

materials. M.S Teja et al. [69] analyzed the impact of SiC filler addition (0%, 5%, 

and 10%) on performance of Sisal/UPE material and observed that the composite 

with 10% SiC exhibits 2.53 and 1.73 times greater tensile and impact strength 

respectively than the composite of without SiC. K.L Pickering et al. [70] stated that 

the properties of composites is significantly influenced by the chemical treatment of 

fiber, relative fiber-matrix volume content, and curing time of matrix resin. C. 

Ganesan et al. [71] compared different types of fibers (sawdust, straw, rice husk, and 

bagasse) and found that the sawdust fiber-based materials have better strength than 

the other strengthened ones. Y. A. El-Shekeil et al. [72] focussed the impact of filler 

wt% on mechanical characteristics of PVC/TPU/KF material and found the reduction 

in tensile strength and strain, while elevation in tensile modulus with the increase of 

kenaf fiber content. Ray et al. [73] evaluated the viscoelastic behavior of Jute/Vinyl 

Ester and observed the increment in E' with the elevation of jute wt.%. Furthermore, 

the glass transition temperature (Tg) of vinyl ester resin was moved to a elevated 

temperature with the augment of fiber volume fraction. M. Yusefi et al. [74] 

confirmed the enhancement in flexural properties of PLA polymer after the 

incorporation of cow dung (CD) particles. Moreover, the incorporation of cow dung 

led to an overall decline in the thermal stability of the biocomposites. KMD 

Mazharuddin et al. [75] have prepared and characterized the composite materials 

(Rose Madder/Epoxy and Silk Orchid/Epoxy) with different fiber weight (5, 10, 15, 

20 gms) and reported the increment in their impact strength with the increase of filler 

weight fraction. M. Assarar et al. [76] considered the role of water aging on 

mechanical features of flax filled material and reported on that the tensile strength 

was reduced, whereas the tensile modulus and failure strain were not affected 

significantly after water aging. J. Giancaspro et al. [77] have developed the 

biocomposite board by using sawdust fibers and investigated for compression and 

flexural strength.            

Even a lot of study has been done in the field of biocomposites but very few works 

are available on PALF and COIR filled thermoset composites. A.L Leao et al. [78] 

have reviewed the various aspects of pineapple leaf fiber and reported that the fiber 

has significant potential to reinforce thermoplastics and thermosetting polymers for 
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developing low cost and lightweight composites. U. Wisittanawat et al. [79] 

observed the increment in tear and tensile strength of NBR to 100kN/mm and 10 

MPa respectively by the loading of 30% pineapple leaf fiber. A. Kalapakdee et al. 

[80] considered the mechanical properties of specially aligned PALF strengthened 

composites and noticed the considerable rise in their tear strength and stiffness with 

the amplification of PALF content. O.O Daramola et al. [81] reported that the tensile 

strength, MOE, and moisture sorption of PALF/UPE were increased with the 

enhance of PALF wt.%. The optimum bending properties were obtained at 20 wt% 

PALF content. M. Bohra et al. [82] examined the impact of strand vol.% (5%, 15%, 

and 25%) on the characteristic of PALF filled HDPE material and observed the 

reduction in tensile strength and hardness with enhance of PALF content. D. Verma 

et al. [83] have checked the capability of COIR as strengthening filler in composite 

materials. P. Naveen et al. [84] reported that the coir fibers can be utilized in non-

structural and structural applications. Rout et al. [85] declared the significant rise in 

strength of UPE matrix by the incorporation of 25 wt% coir fiber. P. Pradeep et al. 

[86] reported that the palm-based composite has superior properties and can be 

utilized for the fabrication of lightweight high strength automobile parts. N.P.G. 

Suardana et al. [87] checked the impact of mercerization on the water sorption 

affinity of coir filled PLA material. They found that the NaOH treated ones absorb 

more water which caused its tensile and flexural strength dropped drastically. G. Das 

et al. [88] checked the role of fiber parameters on the performance of Coir/Epoxy 

material. S. Nallusamy et al. [89] assessed the mechanical properties of bone and 

seashell powder reinforced coir fiber composites. G. Das et al. [90] examined the 

physical and mechanical characteristics of Coir/Epoxy composite filled with Al2O3 

particulates.            

2.2.3 Thermal and Moisture Sorption Properties of NFRCs 

BA Muralidhar [91] observed the reduction in thermal stability of epoxy polymer 

after the inclusion of flax woven and knitted preforms. The woven preform 

reinforced composite has higher storage modulus than the knitted one. Y.Z Wan et 

al. [92] concluded that the presence of bacterial cellulose (BC) nanofibres improves 

the tensile properties and resistance to moisture absorption of starch polymer. A. 

Singh et al. [93] stated that the tensile properties of CF-HDPE material were reduced 

in humid environment. E. Osman et al. [94] checked the role of filler weight fraction 
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and temperature (25 0C and 50 0C) on the moisture uptake capacity of Kenaf-PE 

composites. E. Munoz et al. [95] reported that the flax fiber/bio-epoxy composite 

developed by the RTM process has significant ability to be employed in outdoor 

applications. K. Padal et al. [96] reported that the jute nanofiber improves the 

crystallization temperature and thermal degradation temperature of epoxy matrix. Y. 

Nishitani et al. [97] reported that the hemp fibers are very effective to improve the 

thermal and mechanical characteristics of plant-derived polyamide 1010 polymeric 

resin. A. Nakagaito et al. [98] studied the thermo-mechanical properties of 

biocomposites based on micro-fibrillated cellulose. Y. Song et al. [99] examined the 

thermal and viscoelastic properties of woven hemp strengthened PLA material and 

reported that the twill weaved hemp fabric composite exhibits better thermal, 

mechanical, and viscoelastic behavior than the plain-woven hemp composite. M.J. 

John et al. [100] evaluated the viscoelastic properties of Flax/PP material and 

observed the increment in thermal stability and storage modulus of polypropylene by 

the incorporation of flax fiber. P. Niu et al. [101] stated the positive shift of onset 

temperature and maximum decomposition temperature of polypropylene matrix to a 

higher value by the incorporation of hemp fiber. C. Costa et al. [102] also discussed 

the viscoelastic characteristics of NFRCs. M. Salazar et al. [103] declared the 

increment in tensile strength, bending strength, and Tg of epoxy resin by the 

incorporation of nonwoven industrial fique fiber mats. M. Tajvidi et al. [104] 

considered the influence of fiber weight fraction, fiber type, compatibilizer, and 

heating rate on thermogravimetric characteristics of cellulosic fillers strengthened 

HDPE material. M. Tajvidi et al. [105] compared the thermal stability of various 

natural fibers (wood flour, kenaf, rice hulls, and newspaper) filled PP composites.   

2.2.4 Flammability of Biocomposites 

Flammability is a censorious matter particularly in the area of change where little 

spaces make fires a recognizable danger. The flammability of composite material is 

different from the components and is greatly depends on the structure of composite 

and adhesion between the reinforcement and matrix. Hshieh et al. [106] and Brown 

et al. [107] stated that the certain combinations have lower flammability, whereas 

others may higher than their components. W.D. Schindler et al. [108] stated that the 

flammability of composites is a consequence of the "scaffolding effect" where the 

liquid decomposition products from the polymer are held in contact with the heat 
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source by the fiber support. Helwig et al. [109] investigated the flammability of 

Flax/PP material. Borysiak et al. [110] observed that the composites had a shorter 

TTI, lower PHR, and MLR as compared to unfilled polypropylene. Kandola et al. 

[111] stated that the burning behavior of a composite not just a component of the 

properties of resin and reinforcement but also depends on the synergistic or 

antagonistic effects between them. K.N. Bharath et al. [112] considered the 

flammability of CLS fiber strengthened phenol formaldehyde composites and 

reported on that the 5% NaOH treated composite requires more oxygen to burn than 

the untreated composite material. After an alkaline treatment, the mass loss and rate 

of flame propagation were decreased. Waldman et al. [113] stated that the improved 

compatibilization between constituent elements direct the augment of thermal 

solidity and activation energy for decomposition. Albano et al. [114] found that the 

acetylated composite exhibits higher thermal stability than the untreated Sisal-

Polyolefin one. 

Flammability of a material is highly affected by the fire intensity or incident heat 

flux. Fig. 2.6 illustrated the stages of a typical fire [115-117]. C.R. Rajeesh et al. 

[118] reported that the flammability, flame penetration, and rate of burning of 

medium density coir fiber board were decreased after the chemical treatment with an 

aqueous solution containing borax and boric acid. Suardana et al. [119] stated the 

improvement in thermal stability of biocomposites by the incorporation of flame 

retardants. As compared to thermoplastics, the thermoset matrix resin exhibits better 

fire retardancy and this was because of its highly cross-linked network structure. 

According to Mark et al. [120] and Mouritz et al. [121], the polymers undergo 

thermal-oxidative decomposition on exposure to heat which results in the generation 

of hydrocarbons, non-combustible residues, solid particles (smoke), and toxic 

volatiles. During thermal-oxidative decomposition, the combustible gases combine 

with oxygen which results in the formation of reactive H
. and OH

. radicals. These 

are engaged in further disintegration and the supported burning of the polymer. In 

most of the thermoset polymers, a significant amount of physical transformation 

occurs before melting such as glass transition; thermal decomposition; change in 

viscosity, thermal and electric conductivity, density, and modulus [122]. Polymers 

such as epoxy, polyester, and phenolics can form char during pyrolysis which act as 
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a hindrance between the heat source and polymer. These aspects propel the 

researchers to select thermoset polymer as a matrix resin. 

 

Fig. 2.6: The stages of a typical fire and some fire properties at various stages 

2.2.5 Biodegradation of Biocomposites 

Environmental policies set the boundary conditions for industries and commercial 

market regarding the maximum utilization of biodegradable material. Furthermore, 

people are also looking for those materials which can biodegrade at the end of 

product life-cycle. Therefore, the researchers and technologists are putting their 

efforts to develop a high-performance material based on lignocellulosic fibers. The 

natural fiber-reinforced composites (NFRC's) have an adequate potential to supplant 

synthetic materials in a wide variety of engineering applications because of their 

exceptional features such as biodegradability.  

Biocomposites are equipped for experiencing mostly or completely deterioration 

principally through the enzymatic activity of microorganisms. However, to create 

green polymeric materials as a substitute for oil based materials isn't quick. 

Therefore, the optimum solution is to develop a material that contains a significant 

content of biobased materials which shows an affordable cost-performance ratio. The 

life pattern of compostable biodegradable materials is shown in Fig. 2.7. Several 

analysts have investigated the biodegradability of NFRCs. T. Fakhrul et al. [123] 

reported that the small addition (5%) of wood sawdust and wheat flour in the 



17 
 

polypropylene matrix results in a considerable improvement in biodegradability of a 

polymer. The most pronounced biodegradation was exhibited in brine solution and 

burial in moist soil conditions. H. Takagi [124] studied the biodegradability of hemp 

fiber reinforced starch-based biocomposites and reported on that the biodegradation 

of bio-resin was considerably amplified by the inclusion of Manila hemp fiber. This 

was due to the rapid degradation at the interface between hemp fiber and resin as 

well as preferential water transportation through internal cavities in hemp fiber. R. 

Kumar et al. [125] have studied the biodegradation of woven and nonwoven flax 

fiber reinforced PLA composites with amphiphilic additives and reported on that the 

composites in presence of mandelic acid have accelerated degradation with 20-25% 

weight loss after 50-60 days. K.N. Bharath et al. [126] studied the biodegradability 

and swelling characteristics of areca fiber and maize powder reinforced urea-

formaldehyde (UF) composites and reported on that the composites were 

decomposed at a much slower rate after the loading of areca fiber and maize powder. 

The areca fibers possess better resistance to moisture as compared to the wood-based 

particleboard. S.H. Lee et al. [127] analyzed the impact of lysine diisocyanate (LDI) 

on the biodegradability and thermal stability of PLA/BF and PBS/BF materials and 

concluded that the biocomposites with LDI exhibit higher resistance to enzymatic 

degradation and thermal decomposition than the biocomposites of without LDI. N. 

Pons et al. [128] investigated the biodegradation of Glass/PLA material. Z.N. Azwa 

et al. [129] have considered the degradability of NFRCs in their review article.             

 
Fig. 2.7: The life cycle of biodegradable materials 
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2.3 Hybrid Composites 

The best way of regulating the properties and performance of composite material is 

to reinforce hybrid fibrous fillers within a single matrix. It can allow for their 

expansion in application areas. Hybrid fiber composite is a blend of at least two 

unique strands either common or engineered in matrix resin. N.K. Sinha et al. [130] 

stated that the benefits of one sort of reinforcement could supplement what is 

inadequate in the other. As an outcome, equalization in price and performance could 

be accomplished by appropriate material structure. MJ John et al. [131] reported that 

the performance characteristics of a hybrid composite are primarily reliant upon the 

length of individual strands, relative fiber volume content, orientation, arrangement, 

and the degree of intermingling of fibers. In majority of the cases, the mechanical 

strength of NFRCs was enhanced by the hybridization with glass fibers [132-133]. 

Ghosh et al. [134] discussed the viscoelastic characteristics of Jute/Glass 

strengthened epoxy based hybrid material. Pothan et al. [135] studied the DMA 

characteristics of Banana/Glass filled polyester material.  

Numerous works are available in literature which concerns the characteristics of 

hybrid material. M. Rahman et al. [136] considered the impact of reinforcement 

weight fraction on the performance properties of Banana and PALF strengthened 

polypropylene hybrid material. Arumugaprabu et al. [137] observed that the strength 

of a material based on Palmyra waste was improved after the loading of coir fiber. 

The hybrid composite consists of 40% Palmyra fiber and 60% Coir fiber exhibits the 

maximum affinity of water absorption. M.J. Sharba et al. [138] evaluated the 

influence of strand patterns on the performance characteristics of Glass/Kenaf filled 

hybrid material. They found that the woven type composite has low fatigue 

sensitivity with better static and fatigue strength than the other composites. M.J. 

Sharba et al. [139] studied the impact of relative weight proportion of kenaf and 

glass fibers [30/70 (H1), 45/55 (H2), and 70/30 (H3)] on the mechanical behavior of 

hybridized material and observed that the H1 possess better set of mechanical 

properties than the others. A. Atiqah et al. [140] evaluated the impact of relative 

filler vol.% and NaOH treatment on the properties of Kenaf/Glass filled polyester 

based material and observed that the treated composite of 15/15 (v/v) composition 

exhibits maximum mechanical strengths than the other composites. A.L. Fong et al. 

[141] checked the mechanical performance of sugarcane bagasse fiber and nano-
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silica filled thermoset material. R. Manoj et al. [142] examined the mechanical 

behavior of hybrid E-glass filled polyester material. H.P.S Khalil et al. [143] 

analyzed the role of coconut shell nano-particles on the performance characteristics 

of kenaf/coconut strengthened vinyl ester material. N. Nurazzi et al. [144] analyzed 

the performance properties of sugar palm yarn/glass filled polyester material and 

observed that the specimens of 40 wt% fibers with a ratio of 50:50 exhibits optimum 

set of mechanical properties. R. Shrivastava et al. [145] analyzed the properties of 

Coir/Glass filled thermoset material and observed the expansion in mechanical 

strength by the incorporation of glass strand mat. Furthermore the composite of 10 

mm span possesses better mechanical properties than the 15 mm. V.K. Bhagat et al. 

[146] examined the performance characteristics of Coir/Glass strengthened epoxy 

based material. L. Devi et al. [147] analyzed the effect of temperature (28, 60, and 90 

0C), surface treatments, and hybrid pattern on the moisture sorption of PALF/Glass 

strengthened UPE material. F. Cheng et al. [148] concluded that the strength and 

modulus of coir strengthened material were increased considerably after the 

incorporation of glass fabric. V.S. Uppin et al. [149] found that the addition of 

cellulose results in the enhancement in fracture robustness of Glass-Epoxy material 

and it was due to the fiber bridging action. S.K. Saw et al. [150] analyzed the impact 

of layering pattern on the mechanical behavior of Jute/Coir strengthened epoxy 

novolac material. TP Sathishkumar et al. [151] characterized the snake grass/banana 

& snake grass/coir fiber composites and reported on that the SG/B and SG/C 

composites exhibits maximum strength at 20% and 25% Vf respectively. P.N. 

Khanam et al. [152] examined the role of fibre geometry and alkaline action on the 

mechanical features of Coir/Silk polyester based material. S. Nunna et al. [153] 

reviewed the mechanical characteristics of cellulosic strands based hybrid materials. 

C. Kakou et al. [154] analyzed the mechanical properties of coir and oil palm fiber 

strengthened HDPE material. L. Zhang et al. [155] reported that the mixture of rice 

straw and coir fiber has noteworthy potential to be used in manufacture of 

particleboard composites at low cost. S. Siddika et al. [156] evaluated the influence 

of total fiber vol.%, relative fiber ratio, and alkaline action on the performance 

properties of Jute-Coir strengthened PP based material. R. Siakeng et al. [157] 

examined the impact of relative fiber volume content on the thermal stability of 

COIR/PALF strengthened PLA composites and reported on that the C1P1 hybrid 

composite (1CF:1PALF) possess highest thermal stability than the other 
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compositions. M. Ramesh et al. [158] analyzed the mechanical and moisture sorption 

behavior of banana-carbon fiber strengthened hybrid material. J. Alexander et al. 

[159] reported that the Basalt/Sisal filled epoxy based material better properties than 

the sisal/glass one which results that it can be used in aircraft structural applications. 

M. Idicula et al. [160] considered the impact of layering pattern on viscoelastic 

behavior of Banana/Sisal fiber filled polyester material and reported that the 

intimately mixed and bilayer composite possess higher stiffness and damping 

property than the other composite samples respectively. S.S. Chee et al. [161] have 

developed 3 types of composites [kenaf (K)/epoxy, bamboo (B)/epoxy, and bamboo 

charcoal (BC)/epoxy] by hand lay-up technique and concluded on that the BC/Epoxy 

composite exhibits higher thermal stability than the K/Epoxy and B/Epoxy. 

Moreover, the K/Epoxy composite has better dynamic mechanical properties with the 

highest complex modulus than the others. B. Baghaei et al. [162] reported the 

positive hybridization effect obtained by the combination of hemp and lyocell fibers 

in PLA polymer. IS Aji et al. [163] characterized the kenaf/pineapple reinforced 

material and reported on that the composite of fiber ratio 1:1 (Kenaf and PALF) 

possess maximum tensile strength and modulus, whereas the K3P7 composite 

(Kenaf: PALF = 3:7) absorbs least amount of moisture than the other samples. B. 

Bakri et al. [164] examined the influence of relative fiber volume fraction on the 

mechanical characteristics of coir/agave strengthened epoxy material and reported 

that the composite of 15:15 fiber volume fraction exhibits higher tensile and flexural 

properties than the other composites of fiber volume fraction-10:20, 20:10. R. 

Yahaya et al. [165] stated that the moisture sorption and thickness swelling of 

Kenaf/Kevlar composite was increased by the amplification of kenaf volume 

fraction. Akash et al. [166] assessed the flammability and moisture sorption affinity 

of sisal/coir filled epoxy material. M. Jawaid et al. [167] declared that the 

hybridization of EFB with jute strands leads to the increased E’ and thermal stability 

of epoxy based hybrid composites. Furthermore, Tg of the polymeric resin was 

shifted to a elevated value by the addition of reinforcing fibers. M.R. Mansor et al. 

[168] stated that the kenaf fiber is the paramount candidate to prepare hybrid 

composite for automotive application. M.M. Davoodi et al. [169] declared that the 

kenaf/glass filled epoxy composite has comparable mechanical properties to the glass 

mat thermoplastic (GMT) which confirms its potential to be used in an automotive 

structural application. M.S. Sreekala et al. [170] corresponds the loading impact of 
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EFB fillers on the performance characteristics of EFB/Glass filled hybrid material 

and reported that the impact strength was improved with considerably lower density 

by replacing the glass fiber with EFB. S. Mishra et al. [171] considered the 

mechanical performance of PALF/Glass and Sisal/Glass fiber strengthened hybrid 

polyester composites and concluded the improvement in mechanical strength by the 

incorporation of glass fiber. The optimum loading of glass fiber for PALF/Glass and 

Sisal/Glass hybrid composites is 8.6 and 5.7% respectively. R. Burgueno et al. [172] 

reported that the biocomposite sheet developed by the incorporation of industrial 

hemp, chopped glass, woven jute, and unidirectional carbon fabrics in polyester resin 

exhibits excellent strength, stiffness, and dimensional stability which leads to its 

utilization for structural application. N. Ranganathan et al. [173] examined the 

influence of viscose filler volume fraction on fracture toughness and fatigue life of 

Jute/Viscose fiber reinforced polypropylene based hybrid composites and reported on 

that the fracture toughness (KIC) and fatigue life were improved significantly by the 

addition of 10 wt% viscose fibers. M. Kaiser et al. [174] stated that the impact 

strength of natural fiber reinforced PLA composites was improved by more than 50% 

after the loading of 3 wt% nanoclay. M.M. Davoodi et al. [175] stated that the 

kenaf/glass hybrid epoxy composite can be used for making the automotive structural 

components. V.S. Chevali et al. [176] noticed the diminution in mechanical strength 

of ABS polymer after the incorporation of sunflower hull and dried grain fibers. M. 

Haq et al. [177] conclude that the inclusion of hemp strands in a blend of UPE, EMS 

and nanoclay results in a novel multifunctional biocomposite material having a 

balanced combination of stiffness and toughness and can be used in structural and 

transportation applications. R. Murugan et al. [178] evaluated the mechanical 

characteristics of woven glass/carbon fabric filled epoxy composites. R. Ranjan et al. 

[179] characterized the banana/sisal reinforced PLA material and reported that the 

mercerized composites have higher mechanical strength of than the untreated ones. 

M. Jawaid et al. [180] considered the chemical behavior of OPEFB/Jute filled hybrid 

material and reported the improvement in dimensional and chemical stability with 

the increase of jute fiber volume fraction. M. Jawaid et al. [181] reviewed the 

cellulose/synthetic fiber reinforced hybrid composites in their review article.     
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2.4 Natural Fibers 

History has seen several endeavours to incorporate cellulosic fibers in various parts 

of the world. The combination of natural fibers with polymer matrices is gaining 

attention over the last decade. A broad classification of plant-based natural fibers is 

represented schematically in Fig. 2.8. 

 

Fig. 2.8: Organization of natural fibers 

Natural filaments are presently developing as possible choices to glass fiber for an 

assortment of utilizations, for example, vehicle parts, building structures, and rigid 

packaging materials. The upsides of natural filaments over manufactured ones are 

listed below: 

 Renewable and sustainable plant fiber resource 

 Recyclable and biodegradable 

 Weight saving  

 Cost-saving 

 Abundant supply which is accessible in many regions of the world 

 Low energy requirement for production 

 Carbon dioxide sequestration 

 Non-abrasive and good formability 

 cheaper as compare to synthetic fibers 

 Exhibit excellent thermal and acoustic properties 
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Due to their wide varieties of advantageous properties, scientists and technologists 

are doing a lot of efforts to utilize natural fibers in value-added applications. The 

various applications of natural fibers, depending upon fiber length are reported in 

Fig. 2.9. 

 

Fig. 2.9: Applications of common filaments 

2.4.1 Composition and Structure of Natural Fibers 

The chemical composition (Table 2.1) and the structure of plant strands are highly 

complicated. They are comprised of cellulose, hemicellulose, lignin, waxes, and 

water-soluble compounds [182].  

Table 2.1: Chemical composition (in wt.%) of plant-based strands 

Fiber Cellulose  Hemicelluloses  Lignin 

 

Pectin 

 

Moisture level  Microfibrillar 

angle (deg) 

Kenaf 42-61 19.9 7-14 2-6 - - 

Ramie 66.6-78.4 12.3-17.6 0.7-0.8 1.8 6.9-18 7.5 

Hemp 65-72 16.4-23.7 2.9-6.1 0.8 5.8-14 2-6.2 

Sisal 66-78 10-14 10-14 10 10-22 10-22 

Nettle 86 - - - 11-17 - 

Jute 60-72.7 14.5-19.8 10-15 0.4 11.9-14.4 8 

Henequen 78.1 3-9 12.7 - - - 

Coir 30-45 0.13-0.22 41-49 2-6 9 32-51 

Banana 60-65 11.5 6 - 9-13 - 
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Abaca 51-66 - 12-17 3.1 3-13 - 

Oil palm 

mesocarp 

61 - 12 - - 43 

PALF 72-84 - 4-11.8 - 10.9 13 

Palm EFB 64 - 18 - - 44 

Cereal 

straw 

38-45 15-31 12-20 8 - - 

Flax 72 18.3-20.1 2.5 2.2 7-11 5-10 

Cotton 80-94 4.9  0-2 7.74-8.2  

 

Cellulose is a straight macromolecule comprises of D-anhydroglucose (C6H11O5) 

rehashing elements attached by β-1,4-glycosidic connections (Fig. 2.10). Each 

rehashing unit contains three hydroxyl bunches (-OH) and these gatherings form 

intermolecular and intramolecular hydrogen bonds. The synthetic structure of 

cellulose from various regular filaments is same yet the level of polymerization (DP) 

differs. The mechanical properties of fiber are fundamentally reliant on the DP. The 

measure of cellulose in normal filaments can vary contingent upon the species and 

age of the plant. Cellulose is impenetrable to solid salt and oxidizing operators 

anyway it is adequately hydrolyzed by acids to water-solvent sugars. 

 

Fig. 2.10: Cellulose structure 

Lignin is a complex, 3-dimensional compound of aliphatic and aromatic constituents 

that provides stiffness to the plants. The structure of lignin (Fig. 2.11) illustrates that 

it is extremely aromatic in nature. It is amorphous and hydrophobic in nature having 

Tg of around 90 0C. The mechanical strength of plant fiber is correlated to the 

distribution of lignin between hemicellulose and cellulose. 

The plant fiber is usually of a 1 to 50 mm length and a 10-50 µm diameter. Fig. 2.12 

illustrates that the structure of plant fiber is like microscopic tubes in which cell 

walls surrounding the center lumen [183]. The cell wall in fibers is developed of few 

layers: the principal cell wall is the initial film set down during cell development, and 

the minor wall (S) further comprises of 3 films (S1, S2, and S3).  The microfibrils are 
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rooted in cell walls with hemicellulose and lignin matrix. The external cell wall is 

permeable and practically the entirety of the non-cellulose mixes. Lumen is the 

section that creates the problem of poor absorbency, poor wettability, and other 

undesirable textile properties [184-185].  

 

Fig. 2.11: Lignin structure 

 

Fig. 2.12: Organization of a single cellulose strand 

2.4.2 Limitations of Natural Fibers 

Inspite of their wide range of profitable properties, the natural fibers have some 

limitations which are mentioned below: 

 High moisture absorption 

 Low microbial resistance and susceptible to rotting 
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 Low thermal stability 

 Non-uniformity and variability of dimensions 

 Variability in physical and mechanical properties 

 Decomposition in alkaline solution 

D.N. Saheb et al. [186] stated that the effectiveness of natural fibers as a 

reinforcement is greatly diminished by its hydrophilic character and the lack of 

satisfactory linkage with the matrix material. Moreover, natural fibers can be 

subjected to thermal degradation during composite processing. Therefore, it is 

practically significant to understand and prevent the water absorption and thermal 

decomposition process of natural fibers.   

2.4.3 Water Absorption of Natural Fibers 

One of the most differences between natural fibers and glass fibers is their response 

to humidity. In humid conditions, natural fibers absorb high level of moisture which 

results in the structural alteration and evolution in mechanical properties of fibers 

jointly with the composites in which they are fitted in [187-189]. B.M. Pejic et al. 

[190] evaluated the individual role of hemicelluloses and lignin on the moisture 

sorption of hemp fibers and observed on that the moisture sorption and water 

retention power of hemp fiber was increased and decreased respectively after the 

removal of hemicellulose, while lignin removal decreases the moisture sorption and 

increase the water retention ability of hemp fibers. Frederick et al. [191] stated that 

the coir has least moisture sorption affinity as compared to other cellulosic fibers. 

Nakamura et al. [192] concluded that the water sorption by cellulosic fibers was 

decreased with the increase in crystallinity of cellulose. Davies and Bruce [193] 

reported that the hemicellulose is primarily responsible to store moisture in humid 

environmental conditions. A. Stamboulis et al. [194] examined the moisture uptake 

characteristics of flax strand in various humidity conditions. Xie Yanjun et al. [195] 

evaluated the moisture sorption behavior of cotton, filter paper, flax, hemp, jute, and 

sisal fibers in their research article. A. Bismark et al. [196] also checked the 

hydrophilic feature of flax, hemp, and cellulosic fibers using the zeta potential 

method.   
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2.4.4 Thermal Behavior of Natural Fibers 

Another restrictive variable for the exploitation of lignocellulosic fillers in composite 

materials is their low thermal stability. Wielage et al. [197] reported that the 

processing temperature of natural fibers should be limited to 200 0C in turn to avoid 

degradation of fibers. N. Stevulova et al. [198] investigated the thermal behavior of 

cellulosic fibers (wood pulp and waste paper) using TGA technique. Varma et al. 

[199] compared the thermal stability of natural and chemically treated coir fibers. 

D.A. Motari et al. [200] evaluated the thermal decomposition yield and the activation 

energy of bagasse under CO2/O2 and N2/O2 atmospheres and reported that the 

activation energy of bagasse was increased by 90% when N2 is replaced by CO2. S. 

Ndazi et al. [201], A. Rachini et al. [202] declared that the major decomposition of 

rice husk fiber occurs at 351.5 0C, and natural hemp fiber at 312 0C due to 

decomposition of α-cellulose.          

Thermogravimetric analysis (TGA) is one of the most popular and widely used 

techniques to analyze the decomposition process of solid material; kinetic analysis of 

de-volatilization; and to study the effects of heating rate, temperature, pressure, 

atmosphere gas, gas flow rate, biomass composition, and particles size on mass loss 

of a sample [203]. Yao Fei et al. [204] examined the thermal decomposition kinetics 

of 10 types of cellulosic fibers using TGA. The decomposition of natural fibers 

occurs in two to three stages based on the type and chemical composition of fiber. Na 

Lu et al. [205] stated that the hemp fiber can decompose in two steps, starting with 

the loss of moisture around 100 0C followed by successive breakdown of 

hemicellulose, cellulose, and lignin in the range of 150-400 0C. J. Elammaran et al. 

[206] reported that the temperature of 10 wt% mass loss of betel nut-polyester 

composites was shifted from 110 0C to 120 0C after 5 wt% of alkaline treatment.  

2.4.5 Fiber Surface Modification 

The quality of fiber-matrix interface is one of the most important factors that can 

control the performance of a composite material. So as to accomplish optimum 

performance of the biocomposites, a satisfactory extent of linkage between the 

cellulosic fillers and the matrix material is preferred. Therefore, the fiber surface has 

to be customized in turn to encourage linkage. The chemical treatments have 

achieved a great level of success for improving the fiber-matrix adhesion [207]. 
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2.4.5.1 Mercerization 

Mercerization is an effective & low-cost surface modification method for cellulosic 

fibers. Its efficiency relies upon the type and concentration of the alkaline solution, 

time of treatment, and temperature. The reaction between sodium hydroxide (NaOH) 

and natural fibers occurs as shown below: 

  NaOH + OH-Cell           H2O + Cell – O-Na+ + Surface impurities 

The alkaline modification of cellulosic filaments promotes the partial subtraction of 

hemicelluloses, lignin, and waxes present on the surface which leads to the change in 

morphology and chemical composition [208-209]. The leaching of these compounds 

enhances the availability of sites for the cellulose-matrix interaction. M.S. Sreekala 

et al. [210] reported that the globular pultrusions present in the untreated fiber were 

disappeared after an alkali-treatment for 48 h which results in the formation of a 

large number of voids.   

The alkaline treatment of fibers may result in:  

 Improved interfacial mechanical Linkage. 

 Enhance the amount of feasible reaction sites. 

2.4.5.2 Chemical Action on the Cellulosic Fibers and their Composites 

Several reports concerning the chemical treatment of fibers are available in the 

literature. P. Ramadevi et al. [211] checked the impact of NaOH of different 

concentrations (5%, 10%, 15%, and 20% NaOH) on water uptake capacity of abaca 

fiber and reported on that the moisture absorption was diminished with the increase 

of an alkali concentration. Abaca fibers treated with 20% alkali solution resisted up 

to 67% moisture absorption than the untreated fibers. A. Bismarck et al. [212] 

determined the impact of several surface modification techniques (dewaxing, alkali 

treatment, methyl methacrylate grafting) on thermal stability, moisture sorption, and 

surface morphology of sisal and coir fibers and found the increment in thermal 

stability of fibers by alkali treatment and grafting with methyl methacrylate. The 

treatment of coir fiber results in an increase in water absorption since all treatments 

affect the protective layer at the fiber surface. N. Sgriccia et al. [213] characterized 

the surface of untreated and alkali-treated hemp and kenaf fibers using FTIR, XPS, 
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and ESEM. K. Ramanaiah et al. [214] examined the impact of alkali modification 

(5% NaOH) on the thermo-mechanical behavior of sansevieria green fiber. Samal 

and Bhuyan [215] have characterized the functionality of acrylonitrile grafted 

pineapple leaf fibers. Ray et al. [216] evaluated the mechanical properties of 

chemically treated jute fibers. A. Rachini et al. [217] reported the order of thermal 

stability for untreated and chemically treated hemp fiber: NaOH treated fibers> 

silane-treated fibers> solvent extracted fibers (water/ethanol mixture, 20/80 v/v)> 

untreated hemp fibers. C.U Maheswari et al. [218] have compared the tensile and 

flexural strength of untreated, alkali-treated, silane treated, and alkali silane treated 

tamarind fiber reinforced polyester composites and reported on that the alkali silane 

treated composite has highest tensile and flexural strength. S.C Venkateshappa et al. 

[219] declared that the mechanical strengths of Areca/Epoxy material were increased 

with the increase of curing time, fiber-matrix weight ratio, and alkali treatment. D. 

Shanmugam et al. [220] reported that the mercerization leads to the improvement in 

E’ and Tg of Palmyra/jute strengthened polyester composite. T.J Chung et al. [221] 

noticed the increment in storage modulus of Kenaf/PLA composite after the 

acetylation of kenaf strands. J.K Pandey et al. [222] stated that the surface 

modification of cellulose whiskers can overcome the compatibility challenges with 

synthetic polymer matrices. T. Doan et al. [223] declared the improvement in 

mechanical strength of Jute/PP composites by the addition of 2 wt% maleic 

anhydride grafted polypropylene (MAHgPP). Franco et al. [224] reported the 

increment in mechanical strength of HDPE-henequen composite after the treatment 

with NaOH followed by silane. E. Lopez et al. [225] reported that the surface 

treatment led to better fiber distribution and a more uniform composite morphology. 

T. Chung et al. [226] stated that the sufficient acetylation of kenaf would effectively 

improve the bonding with the PLA matrix. P.J. Jandas et al. [227] examined the 

influence of surface modificatios (NaOH, APS, and Si69) on performance 

characteristics of Banana/PLA material. K. Panyasart et al. [228] investigated the 

impact of surface treatments on the performance of PALF strengthened polyamide 6 

material. Na Lu et al. [229] stated that the degradation temperature of Hemp/PLA 

was augmented from 330 0C to 340 0C after an alkaline treatment of hemp fiber. S. 

Oza et al. [230] evaluated the role of chemical treatments (Alkali, silane, and acetic 

anhydride) on the thermal stability of hemp-PLA composites and reported that the 

composite consists of acetic anhydride modified hemp fiber has elevated thermal 
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stability than the other ones. E. Jayamani et al. [231] considered the impact of 

mercerization on performance characteristics of Betelnut/Polyester material. K. 

Zhang et al. [232] examined the impact of NaOH modification on the performance of 

Bamboo/Epoxy and reported the higher thermal stability of 6 wt% NaOH treated 

than the other ones. P. Niu et al. [233] evaluated the impact of various pairing agents 

(PP-MAH, SEBS-MAH, and POE-MAH) on mechanical properties and thermal 

stability of Hemp/PP material. H.P.S. Khalil et al. [234] confirmed that the chemical 

alteration of kenaf strands using anhydride propionic and succinic anhydrides results 

in the decrease in contact angle of kenaf bast leading to the good adhesion 

characteristics with matrix resin system. R.K. Mishra et al. [235] evaluated the 

mechanical behavior of untreated and chemically modified Jute-Coir strengthened 

epoxy based material. G. Goud et al. [236] observed that the strength and stiffness of 

Roystonea regia-epoxy composite were increased after an alkali treatment of fibers.  

2.4.6 Pineapple Leaf Fibers 

Pineapple leaf fiber (PALF) is one of the waste materials in agribusiness division 

which is obtained from the leaves of pineapple plant and its development is 

considerable (around 91,000 ha) in India. As indicated by the measurable database 

(2016) of “Food and Agriculture Organization”, the total creation of pineapple in the 

entire world is 25.8 million of tons. After banana and citrus, pineapple (Ananas 

comosus) is one of the most fundamental natural products on the planet and is to a 

great extent developed in tropical nations. Economically, pineapple organic products 

are significant and its leaves are being utilized for creating common strands. The 

fiber is extracted by hand scratching in the wake of whipping the leaves to break the 

thick tissue or after a retting procedure that in part ferments and soften the leaves.  

PALF is a multi-cell lignocellulosic fiber. The fiber is of fine quality and its structure 

is without mesh. It is white in shading, smooth and gleaming as silk. Fig. 2.13 

depicts the local pineapple plant and pineapple leaf filaments. It comprises basically 

of cellulose (70-82%), polysaccharides and lignin. It can be utilized as a raw material 

in the textile and non-textile industries and has significant potential to replace 

expensive and non-renewable synthetic fibers. 
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Fig. 2.13: Mature pineapple plant (left) and pineapple leaf fibers (right) 

2.4.7 Coir Fibers 

Coir filaments are acquired from the husk encasing the product of coconut palm (Fig. 

2.14), which is a side-effect of the copra extraction process. The strands are to a great 

extent delivered in tropical zones of Asia like Philippines, India, Sri Lanka, and 

Malaysia. In any case, India and Sri Lanka are the principle creating nations. By and 

large, from 100 coconuts 7.5 to 8.2 kg of strands can be acquired. Generally, they are 

acquired by the water retting process. During the retting of the husks, the coir strands 

are mollified and can be effortlessly decorticated.  

Coir has high lignin (40-45%) yet low cellulose content which makes it increasingly 

stable under a wide scope of temperature, humid natural conditions, and under the 

activity of microbial and growth assault. Because of their capacity to endure water 

immersion for a considerable length of time without deteriorating, they find 

numerous applications. Coir is one of the toughest plant strands as a result of which 

they are widely used as seat cushions in the automotive industry. From the above 

discussion, we can note the following points: 

 PALF contains high cellulose content (70-82%) and less value of spiral 

angle (140) which results that they possess high tensile strength and stiffness 

with low impact toughness. 

 COIR contains low cellulose content (32-43%) and high value of spiral 

angle (30-490) which results in high impact strength.  

Therefore, to consolidate their properties synergistically, it gets important to 

reinforced PALF and COIR strands in the same polymer matrix. Hybridization of 
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stiffer and low elongation fiber with the high strain to failure fiber can prompts to the 

high-performance composite material. 

 

Fig. 2.14: Coconut tree (left) and coir fibers (right) 

2.5 Polymer Matrices 

As we already mentioned in section 2.1 that the biocomposites comprise natural 

fibers and synthetic or bio-resin. Synthetic resins are either thermoplastics or 

thermosets. This work is restricted to the exploit of thermosetting polymer. 

2.5.1 Thermosetting Polymers 

Thermosetting polymers are comprised of large molecules, with repeating structural 

units of monomers that experience irreversible curing. These are shaped from a 

chemical reaction in situ, where the resin and hardener are blended in proper 

proportion to form a hard, infusible product. At room temperature, thermosets are 

found in liquid form which empowers trouble-free loading of fibers or other 

substances before being cured. In contrast to thermoplastics, thermosets won't 

become fluid again whenever warmed. Although over a specific temperature called 

as glass transition temperature (Tg), their mechanical properties will change 

significantly. Holbery [237] reported that thermosets are commonly used in the 

composite industry. Most of basic parts are made with three principle sorts of 

thermosetting polymer, to be specific polyester, vinyl ester, and epoxy [238]. 

Among all thermosetting polymers, epoxies generally outperform regarding 

mechanical properties, adhesive, and thermal properties which caused their wide 

acceptance as a primary construction material in the automotive and aerospace 
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sectors. Epoxy resin is effectively cured at any temperature from 5 0C to 150 0C, 

contingent upon the sort of curing agent.  The idealized structure of typical epoxy is 

depicted in Fig. 2.15. 

 

Fig. 2.15: Idealised structure of a typical epoxy 

The epoxy molecules are competent to handle both mechanical and thermal stresses 

which result it possesses very good stiffness, toughness, and heat resistant properties. 

The other beneficial property of epoxies is their low contraction during cure which 

results in the surface contacts set up between the liquid resin and the adherends are 

not disturbed during the cure. During curing, the epoxy resins lead to very little 

rearrangement and no volatile by-products being evolved.  

2.6 Summary 

In this chapter, the previous research works on biocomposites were studied and it is 

clear that the performance of composite depends on the types of fiber and matrix, 

fiber geometry (length and diameter), fiber-matrix interfacial interaction, fibers 

layering pattern and their orientation, etc. It has been found that the natural fibers are 

gaining interest within the automobile engineering. Several researchers have utilized 

fibers hybridization concept but no research work has been done till now which 

accounts for the hybridization of PALF and COIR fibers. The review on their 

chemical composition and properties showed that the PALF and COIR fibers are 

ideal agricultural waste having significant potential to combine together in a single 

polymer matrix and form a biocomposite material that could be employed for 

automotive application. 

The subsequent section will offer the research design and methodology applied for 

the research work.     
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Fig. 2.16: Schematic representation of literature review 
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CHAPTER 3 - RESEARCH DESIGN AND RESEARCH 

METHODOLOGY 

 
3.1 Introduction 

 To accomplish the research targets, a quantitative methodology was utilized, where 

the examination was directed by gathering the exploratory information that was then 

investigated with unprejudiced realities. The literature review that was led in the 

beginning period of the research gives the fundamental establishment to research and 

more importantly knowledge gap in this area. Fig. 3.1 outlines the design of an 

experiment.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: Chart of the research plan 

Untreated fibers Treated fibers 

Pineapple Plant Synthetic thermoset resin Coconut plant 

Pineapple leaf fibers Epoxy resin Coir fibers Alkaline treatment Alkaline treatment 

Treated fibers Untreated fibers 

Compare Compare 

PALF/Epoxy 

biocomposite 

COIR/Epoxy 

biocomposite 

PALF/COIR hybrid 

biocomposites 

Characterize (mechanical properties, viscoelastic properties, 

thermal behavior, and water absorption) behavior) 

Characterize (mechanical properties, thermal behavior, viscoelastic 

properties, flammability, and water absorption behavior) 

Characterize (Surface chemistry, 

thermal behavior, morphology, and 

water absorption) 

Characterize (Surface chemistry, 

thermal behavior, morphology, 

and water absorption) 
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This chapter outlines the materials used for the development of composites followed 

by the experimental segment discussing the procedure for the preparation of 

biocomposites. The characterization techniques used and their basic procedure are 

also mentioned in this chapter. 

3.2 Materials 

The medium viscosity epoxy resin [DGEBA (diglycidyl bisphenol-A); LY 556; 

density: 1.16 g/cm3; average molecular weight (Mn): 2300 g/mol] and hardener 

[TETA (triethylene tetraamine); HY 951; density: 0.95 g/cm3; average molecular 

weight (Mn): 146.23 g/mol] were procured from M/s Sakshi Dies and Chemicals, 

Delhi (India). The chemical reaction involved during the curing process of an epoxy 

thermoset is illustrated in Fig. 3.2. The lignocellulosic pineapple leaf fiber (PALF, 

Ananas-comosus) and coconut husk fiber (COIR, Cocos-nucifera) were obtained 

from M/s Go Green Products, Chennai (India). The strands were washed under tap 

run to expel the residue and polluting influences and dried in sunlight for 3 days. The 

SEM micrograph of untreated fibers and the typical properties of an epoxy thermoset 

are shown in Fig. 3.3 and Table 3.1 respectively.  

 

Fig. 3.2: Curing reaction between epoxy resin (DGEBA) and hardener (TETA) 
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Fig. 3.3: SEM images of (a) Untreated PALF (b) Untreated COIR fiber 

Table 3.1: Properties of an epoxy matrix 

The appearance of liquid resin A clear pale yellow  

Density (Kg/m3) 1200-1250 

Viscosity at 250C (cps) 550  

Tensile strength (MPa) 11.14 

Tensile modulus (GPa) 0.48 

Flexural strength (MPa) 25.29 

Flexural modulus (GPa) 1.53 

Max. Elongation (%) 4.2-5.6 

Impact strength (kJ/m2) 1.2 

Flashpoint > 2000C 

 
(Authors observations) 

 
3.3 Experimental Methodology 

This section explains the methodology used for 1) preparation of biocomposites 2) 

alkaline treatment of cellulosic fibers. At last, the instruments used for the 

characterization will be detailed. 

3.3.1 Alkaline Treatment of Cellulosic Fibers 

To enhance the interfacial contact between cellulosic strands (PALF and COIR) and 

thermoset resin, the generally utilized chemical treatment known as ‘mercerization’ 

was employed. At first, the cellulosic strands were separated from the pith, clean in 

tap water, and dried in daylight for 3 days to evacuate the surface contaminations and 

consumed water particles. The cleaned and dried filaments were immersed in various 

concentrated solution of alkali (2%, 4%, 6%, 8%, and 10%) for 24 hrs at room 
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temperature, followed by the treatment with 2 wt.% acetic acid (CH3COOH) solution 

and then rinsed in distilled water to control the pH level at 7. The neutralized wet 

fibers were dried again for 24 hrs at room temperature and then followed by oven 

drying at 70 0C until the constant weight was obtained.   

3.3.2 Fabrication of Composites and Sample Preparation    

The hand lay-up molding technique was employed to impregnate and compound the 

cellulosic fibers with an epoxy thermoset resin in an open mold cavity of dimensions 

200 mm X 100 mm X 4 mm. The epoxy resin (DGEBA) was thoroughly mixed with 

a curing agent (TETA) in a necked round glass flask through mechanical stirrer at 

room temperature (approx 30 0C) for 10 minutes. Before using the polymeric resin 

for molding, ensure that it was mixed completely with hardener and no air bubbles 

were present. In all composite samples, the volume of resin and hardener was kept at 

2:1 (v/v), while the total fiber content was varied according to the tests performed as 

illustrated in Table 3.2. 

Table 3.2: Total filler content in developed composites 

Tests performed Total fiber content 

Mechanical and water absorption tests on Coir-Epoxy and 
PALF-Epoxy composites 

17%, 23%, 34%, and 

43% 

 

TGA and DMTA tests on PALF-Epoxy and Coir-Epoxy  17%, 23%, and 34% 

Mechanical and moisture sorption tests on PALF/COIR 

strengthened hybrid material 

40% 

Biodegradability of hybrid material 40% 

DMA test on PALF/Coir hybrid composites 40% 

 

The mold was covered with a Teflon sheet and its surface was sprayed with a 

releasing agent to prevent the sticking of adhesive polymeric resin [Fig. 3.4 (a)]. 

Ensure that the distribution of fibers and polymeric resin are uniformed throughout 

the mold space [Fig. 3.4 (b)-(c)]. During the fabrication of a composite sheet, the air 

bubbles are abstracted cautiously using a paint steel roller. In the end, closed the 

mold and then pressed with 35 kg deadweight for 24 hrs curing at room temperature. 

The specimens for various tests were cut from the molded sheet [Fig. 3.4 (d)] as per 

ASTM standards, revealed in Fig. 3.5.  
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Fig. 3.4: (a) Glass mold covered with a Teflon sheet (b) Mold with Coir-Epoxy 

compounded material (c) Mold with PALF-Epoxy compounded material (d) 

Biocomposite sheets – (Top) PALF/Epoxy (Bottom) Coir/Epoxy 

 
Fig. 3.5: (a) Tensile test specimens of COIR/Epoxy composites (b) Tensile test 

specimens of PALF/Epoxy composites (c) Impact test specimens of COIR/Epoxy 

composites (d) Impact test specimens of PALF/Epoxy composites (e) DMA test 

specimens of COIR/Epoxy and PALF/Epoxy composites (f) Different layered hybrid 

PALF/COIR biocomposites for DMA test  
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 3.4 Characterization Techniques and Basic Procedure 

This section deals with a range of techniques employed for the characterization of 

natural fibers (PALF and COIR) and their biocomposites. A checklist is specified in 

Table 3.3.  

Table 3.3: Tests performed in this work 

Technique Reason for test 

FTIR Examination of surface chemistry  

TGA Find out the thermal degradation temperature 

SEM Examination of surface structure and morphology 

Water immersion 

technique 

Density  

Water absorption Moisture uptake 

Tensile test Material strength 

Tensile modulus Measure-stiffness of material 

Flexural test Bending strength 

Flexural modulus Resistance to deformation under load 

Impact test Resistance to impact 

Rockwell hardness test Determination of hardness 

Dynamic mechanical 

analysis 

Elastic and viscoelastic properties 

Biodegradability test The disintegration of biocomposite to give CO2, water, 

inorganic compounds, and biomass 

UL-94V flammability test Determination of the rate of burning and mass-loss rate 

in the vertical direction 

UL-94HB flammability 

test 

Determination of the rate of burning and mass loss rate 

in the horizontal direction 

Flame penetration test Determination the time taken for flame penetration to 

material thickness 

 

3.4.1 FTIR Analysis 

FTIR technique [model Perkin Elmer 2000 (Fig. 3.6)] was exploited to examine the 

surface chemistry of raw and alkaline-treated (2%, 4%, 6%, 8%, and 10%) cellulosic 

fibers. It was done in Analytical Instrumentation Laboratory, CSIR-CSIO, 

Chandigarh (India). The FTIR spectrum of each sample was obtained in the range of 

400-4000 cm-1 and a resolution of 2 cm-1. Approximately 1 g of sample was taken for 

FTIR measurements.  
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Fig. 3.6: Perkin Elmer 2000 FTIR spectrometer 

3.4.2 TGA Study 

The thermal stability of the material was determined using a thermogravimetric 

analyzer, model Perkin Elmer TGA 4000 (Fig. 3.7). A sample of mass 12 mg was 

evenly and uniformly distributed in the alumina crucible which was supported by a 

precision balance. The variation in the mass was monitored and recorded using 

Perkin Elmer thermal software (Pyris). The temperature range was controlled from 

25-700 0C. The heating rate of 10oC/min was selected for better resolution of 

transition. TGA of all the samples had done in Central Instrumentation Laboratory, 

DTU Delhi (India). 

 

Fig. 3.7: Perkin Elmer TGA 4000 instrument 
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3.4.3 DMTA Study 

DMTA is a powerful technique in the development of composites aiming to establish 

a significant relationship between microscopic structure and thermo-mechanical 

properties. The comprehensive knowledge of viscoelastic properties such as stiffness 

and damping, thermal transition, melting & degradation, and crystallization is 

important for manufacturing a high-performance polymeric material. DMA method 

has enormous potential to analyze the elastic and viscous response of polymer 

composites over a range of temperature, frequency, and time [239]. The stiffness and 

damping of PMC's can be easily determined in terms of storage modulus (E' or G') 

and tan δ. Nielson's proposed an equation to find out the damping of composites, 

based on the proportional contribution of a matrix. 

tan δc = tan δm(1-Vf)                 (3.1) 

where tan δc and tan δm is the damping value of composite and matrix respectively, 

and Vf is the volume fraction of reinforcement. The damping behavior is influenced 

by the type of reinforcing fiber and resin, fiber/matrix interfacial adhesion, the 

orientation of fibers in a matrix system, fiber length and content, and void content 

[240-242]. To study the viscoelastic behavior of developed specimens, a dynamic 

mechanical thermal analyzer, model DMA 8000 [Fig. 3.8] was used which is 

installed in Central Instrumentation Laboratory, DTU, Delhi (India). Rectangular 

specimens of dimensions 35mm X 10mm X 2mm were used in double cantilever 

mode over a temperature range of 25-140 0C at a rate of 30C/min. The effect of 

frequency on E’, tan δ, and Tg were also studied at two different frequencies, namely 

1 and 5 Hz. 

 

Fig. 3.8: DMA 8000 instrument 
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3.4.4 SEM Analysis 

SEM was employed to examine the surface morphology of PALF and COIR strands. 

It was performed using a Field Emission Scanning Electron Microscope [FE-SEM, 

Hitachi 4300 (Fig. 3.9)] at an accelerating voltage of 10 kV in Analytical 

Instrumentation Laboratory, CSIR-CSIO, Chandigarh (India).   

 

Fig. 3.9: Hitachi S-4300 SEM instrument 

3.4.5 Water Absorption  

The water absorption test was performed on the cured epoxy matrix, untreated and 

alkaline treated cellulosic fibers, and their biocomposites according to ASTM D570 

standard. Four samples of each composite specimen were submerged in distilled 

water at room temperature. However, in the case of fibers, water absorption 

measurement was done in various water samples such as distilled water, river water, 

and hand-pump water. The pH of water samples was – distilled water: 7.0, river 

water: 7.67, hand-pump water: 7.42. Initially, dried all the samples in a vacuum oven 

at 70 0C for 24 hrs, and then cooled to room temperature. Repeat the drying process 

until the constant weight was obtained. The weight of dried and wet samples was 

measured by using a digital highly calibrated weighing machine [0.001 g accuracy, 

DTU, Delhi (India)]. After every 12 hrs of immersion, the samples were taken out 

from the water bath and wipe dry to remove redundant water molecules on the 

surfaces. The weight gain (%) was calculated by using the formula 

                                  ����ℎ� ���� (%) =
(�����)

��
× 100            (3.2) 
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where Wt and WO are the weight of the specimen after immersion time "t" and the 

oven-dried weight respectively. The mechanism of water diffusion into the PMCs 

was determined by analyzing the diffusion exponent (n) according to the equation 

(3.3) and (3.4).  

                                                       
��

��
= ���                         (3.3) 

                     ���
��

��
= ���(�) + ����(�)             (3.4) 

where Mt and Mm are the water absorption at time t and saturation level respectively, 

k is a constant parameter and n is diffusion coefficient which defines the water 

diffusion mechanism.    

3.4.6 Void and Density Measurement 

The hypothetical density of composites is determined according to the equation 3.5 

[243]. 

                              ������������ =
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                           (3.5) 

where W and ρ represents the weight fraction and density respectively. The actual 

density was calculated as per ASTM D2734. The void content was measured through 

equation 3.6. 

                      ���� �������� (%) =
��������������������������

������������
                      (3.6) 

3.4.7 Mechanical Properties 

For the mechanical characterization of developed composites, the tensile, flexural (3 

point bending), impact, and hardness tests were performed at ambient temperature 

using ASTM standard. 

3.4.7.1 Tensile Test 

The test was executed on fabricated composite specimens using a Table Top Tinius 

Olsen Horizon H50KS, Universal Testing Machine (Fig. 3.10) in accordance with 

ASTM D638 standard. The tensile properties (strength, modulus, breaking load, and 

elongation at break) of composites were measured at room temperature with a 

crosshead speed of 1 mm/min. The standardized sample was in the dumbbell shape 
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of 50 mm gauge length, 13 mm width, and 4 mm thickness. The results are reported 

as an average of four identical test samples. 

 

Fig. 3.10: Tinius Olsen Horizon H50KS Universal Testing Machine 

3.4.7.2 Flexural Test 

The composite samples of dimensions 80 mm X 15 mm X 4 mm with the span length 

to depth ratio 20:1 were subjected to a 3-point flexural bending test as per ASTM 

D790 standard. The flexural test was executed on the above-mentioned UTM at a 

speed of 3 mm/min. Four similar-sized test specimens were tested in each case and 

the mean value was reported. 

3.4.7.3 Impact Test 

In automotive applications, the major concern in the use of NFRCs is their response 

to impact load. The impact fracture strength of unhybridized and hybridized notched 

composite specimens was determined using an Izod impact testing machine (Fig. 

3.11) as per ASTM D256 standard. The energy absorbed by a specimen was 

determined using Equation 3.7. The total of four samples for each specimen was 

tested and their average value was reported. 

                                Impact energy = mass X height X gravity                              (3.7) 
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Fig. 3.11 Impact testing machine 

3.4.7.4 Rockwell Hardness Test 

The hardness of developed specimens was measured as per ASTM D785 standard. 

The test is performed with a ball indenter ¼'' (6.54 mm) with an applied minor and 

major load of 10 kgf and 100 kgf respectively. Rockwell hardness scale chosen was 

M scale and it is used for soft or thin materials including plastics. The test was 

performed four times on similar test specimens and their mean value was reported. 

The observations are useful to determine relative resistance to indentation.  

 

Fig. 3.12 Rockwell Hardness Testing Machine 
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3.4.8 Biodegradability 

The biodegradability of untreated and alkali-treated composites was studied in 

natural soil burial condition for 110 days. The specimens were dugout after every 10 

days of soil burial, followed by washing in distilled stream and then desiccated at 

700C for 24 hr. The weight loss (%) was measured using a digital highly calibrated 

weighing machine (0.001 g accuracy). The total four measurements were taken for 

each composite specimen and their average values were reported. 

3.4.9 Flammability Tests 

3.4.9.1 UL-94V Test 

The UL-94 vertical (UL-94V) test was performed to measure the flammability of 

developed specimens. The test specimen is clamped at the upper end and mounted 

vertically in such a manner that its lower end is 3/8 inch above the Bunsen burner 

tube (Fig. 3.13). The sample is ignited at the center of its lower end for 10 seconds, 

replaced and then reapplied for another 10 seconds. The rate of mass loss and time 

taken for flame propagation in the vertical direction is observed and recorded. The 

formation of residual char and dripping of flaming particles is carefully observed by 

the lab technician. To obtain accurate results, a total of four samples for each layered 

hybrid specimen were tested and their average value was reported. 

 

Fig. 3.13: Setup for Vertical Flammability Test 
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3.4.9.2 UL-94HB test 

The Underwriters Laboratories horizontal burning test (UL-94HB) is the easiest and 

widely used standard to determine the burning rate of plastics and their composites. 

The typical dimensions of a sample for the horizontal burning test are same as the 

vertical flammability test. Fig. 3.14 shows the marked specimen (1'' and 4'' from one 

end of the specimen), mounted with its long axis horizontally on the stand and a 1'' 

high blue Bunsen flame is applied to the free end of a specimen for 30 seconds. The 

time for the flame front to travel between the two gauge marks is recorded and 

measured.    

 

Fig. 3.14: Setup for Horizontal Flammability Test 

3.4.9.3 Flame Penetration Test  

Flame penetration test was conducted on the developed hybrid composites having 

dimensions of 125 mm X 70 mm X 12 mm. Fig. 3.15 depicts the specimen, 

supported 1.5 inches above the nozzle of a blowpipe. The time-lapse for the flame to 

penetrate the thickness were recorded.  
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Fig. 3.15: Setup for Flame Penetration Test 

3.5 Summary 

This section clarified the system utilized in the creation of biocomposite materials 

and alkaline treatment of lignocellulosic fibers. The materials and characterization 

techniques used in this study were also reported. The following section discusses the 

results, obtained after an experimental investigation of cellulosic fibers and their 

biocomposites.  
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CHAPTER 4 – RESULTS AND DISCUSSION 

 
4.1 Impact of Alkaline Action on Surface Chemistry, Morphology, Thermal 

Stability and Water Absorption Behavior of Cellulosic Fibers 

The significant factor which controls the effectiveness of reinforcing fibers in a 

composite material is the interfacial interaction with matrix resin. So, it is required to 

improve the bonding and compatibility between them. The alkaline treatment is an 

extensively used technique to modify the surface chemistry of strands which may 

result the improvement in resistance to moisture sorption and thermal decomposition. 

In this segment, the impact of mercerization (2%, 4%, 6%, 8%, and 10% of NaOH) 

on the surface chemistry, thermal stability, and water uptake behavior of PALF and 

COIR fibers were studied.  

4.1.1 FTIR Analysis  

The FTIR spectra of COIR and PALF (Fig. 4.1) revealed that the surface chemistry 

of cellulosic fibers was changed considerably after alkaline action. The intensity at 

3300 cm-1 and 1000 cm-1 (corresponds to the -OH functional group) was increased 

after alkaline modification and this was because of the removal of waxy and gummy 

substances. An increase in peak intensity at around 1600-1650 cm-1 and 1250 cm-1 

also assured the elimination of wax, adhesives, pectin, and gummy substances from 

the fiber surface. The absorption peak at 1745 cm-1 was observed in raw fibers but 

disappears after NaOH treatment. It is related to C=O stretch and confirmed the 

removal of hemicellulose. The FTIR spectra of untreated PALF and COIR fibers 

(Fig. 4.2) illustrate that the PALF has a large amount of hydroxyl (-OH) group than 

the COIR fiber. The broad peak in the region 3200-3500 cm-1 is related to the 

hydroxyl group. The peak at 1244 cm-1 is much smaller in PALF than the COIR. 

This peak specify the C=O stretch of an acetyl group of lignin.  
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(a) 

 

(b) 

Fig. 4.1: FTIR of raw and treated fibers (a) COIR (b) PALF 
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Fig. 4.2: FTIR of COIR and PALF 

4.1.2 SEM Analysis  

The surface morphology of raw and treated COIR strands is reported in Fig. 4.3 (a)-

(f). The raw fiber display "rotten-wood" like appearance in which many holes and 

cavities are present. The micrograph in the left bottom of Fig. 4.3 (a) revealed the 

network-like structure that contains longitudinally oriented unit cells held together by 

binder lignin and fatty-waxy substances. Fig. 4.3 (b) depicts that the surface 

topography of 2% NaOH treated COIR is much smoother than the untreated fiber. It 

seems that the fiber surface being roughens again with regularly placed pinholes after 

the modification with highly concentrated alkali solution [Fig. 4.3 (c)-(f)].  This was 

because of the incomplete exclusion of waxes, surface residues, and fatty deposits.    
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Fig. 4.3: (a) Untreated COIR fiber, plane view (X200), and magnified plane view (X1200). (b) 2% 

NaOH treated COIR fiber, plane view (X200), and magnified plane view(X400). (c) 4% NaOH 

treated COIR fiber, plane view (X200), and magnified plane view(X900). (d) 6% NaOH treated COIR 

fiber, plane view (X200), and magnified plane view(X1000). (e) 8% NaOH treated COIR fiber, plane 

view (X500), and magnified plane view(X1200). (f) 10% NaOH treated COIR fiber, plane view 

(X350), and magnified plane view(X500) 

Fig. 4.4 (a)-(e) revealed that the PALF has much smoother and continuous 

morphology than the COIR fibers. Moreover, PALF represents no pin-holes. Similar 

to the results of COIR, the alkali-treated PALF also has a higher degree of roughness 

than the untreated one and this was because of the partial removal of hemicellulose 

and binder lignin. Fig. 4.4 (c)-(f) depicts that the fibrillation and cracks were 

increased by alkaline treatment of fiber.   
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Fig. 4.4: (a) Untreated PALF fiber, plane view (X500), and magnified view (X1000). (b) 2% 

NaOH treated PALF fiber, plane view (X500), and magnified plane view(X1300). (c) 4% 

NaOH treated PALF fiber, plane view (X250). (d) 6% NaOH treated PALF fiber, plane view 

(X500). (e) 8% NaOH treated PALF fiber, plane view (X250). (f) 10% NaOH treated PALF 

fiber, plane view (X500), and magnified plane view (X1000) 

4.1.3 Water Absorption Measurement 

The moisture absorption in cellulosic fibers is the main barrier to their successful 

usage in engineering applications. It leads to the swelling of material, dimensional 

change, reduction in rigidity of cell wall, and poor strength & stiffness. Therefore, it 

is highly required to examine the water absorption behavior of COIR and PALF. For 

accurate estimation of the water absorption behavior, it is required to prepare the 
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fiber bundles in the same manner. Four replicates were tested and their mean was 

presented as a result. The bundles of fibers were immersed in containers containing 

various sources of water (River water, Distilled water, and Hand-Pump water). After 

every 12 hrs, the fibers were taken out and mopped the excess water from the fiber 

surface before weighing. Fig. 4.5 revealed that the PALF absorbs more water (7.8%) 

than the COIR and it is due to the lower O/C ratio in COIR fiber.   

 

Fig. 4.5: Water absorption behavior of COIR and PALF in distilled water 

The untreated PALF and COIR fiber absorb maximum water in distilled water 

(62.99%) and river water samples (60.6%) respectively. The water absorption is 

because of the existence of free hydroxyl and ionic functional groups; the presence of 

a hollow cavity called lumen; and the capillary action of micropores, cavity, crevices, 

and holes. Fig. 4.6 illustrates the influence of submersion period (t) on the moisture 

sorption of cellulosic fibers in various water samples. It was observed that the 

moisture sorption is a two-step process; in 1st step, fiber absorbs water up to the 

saturation level due to the capillary effect and in 2nd step, a diminution in the water 

absorption due to hydro-elastic property of fiber. The water diffusion and capillary 

action are more pronounced in alkali-treated fibers than the untreated ones.  
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

Fig. 4.6: Influence of submersion period (t) on the moisture sorption of untreated and 

alkali-treated: (1) COIR fibers in (a) river water (b) distilled water (c) hand-pump 

water (2) PALF in (d) river water (e) distilled water (f) hand-pump water 
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Fig. 4.7 depicts the impact of mercerization action on water absorption of COIR and 

PALF. The moisture sorption was increased considerably after an alkali treatment of 

fibers and this was because of the partial removal of hemicellulose and lignin. 

Bismarck et al. (2001) also reported the de-waxing and higher accessibility of active 

functional groups in sisal fiber caused by mercerization [212]. Amongst all the 

samples of COIR fiber, the 4 wt% NaOH treated one exhibit maximum water uptake. 

However, in the case of PALF, the 8% NaOH treated fiber possesses maximum 

water absorption in river (71.96%) and distilled water sample (77.72%). Alkaline 

treatment results in the removal of pectinous gum, lignin, and hemicellulose which 

leads to the faster liquid penetration in small, interconnected and uniformly 

distributed pores.   

 
(a) 

 
(b) 

Fig. 4.7 Impact of mercerization action on the moisture sorption of (a) COIR (b) 

PALF 
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4.1.4 Thermal Decomposition of PALF and COIR Fibers 

TGA and DTG curves of natural and treated strands are illustrated in Figs. 4.8-4.10 

and the corresponding weight loss as a function of temperature is mentioned in Table 

4.1 and 4.2. In all cases, the initial decomposition occurs at a temperature between 30 

0C to 185 0C and it corresponds to the release of bound water and volatile extractives. 

The PALF exhibits a higher rate of moisture loss than the COIR fiber. The peak 

temperature related to the moisture loss appears at 48 0C and 31 0C for untreated 

COIR and PALF respectively. From Table 4.2, we can report that the 4 wt% NaOH 

treated PALF exhibits less weight loss (around 48%) than the untreated fiber. Ndazi 

et al. [244] concluded that the structurally bound water is resistant to complete water 

removal during drying.   

 

(a) 

 
(b) 

Fig. 4.8: (a) TGA (b) DTG of raw and alkali-treated coir fibers 
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(a) 

 

(b) 

Fig. 4.9: (a) TGA (b) DTG of raw and alkali-treated PALF 
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(a) 

 

(b) 

Fig. 4.10: (a) TGA (b) DTG of COIR and PALF 
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Tables 4.1 and 4.2 illustrates that the weight loss of cellulosic fibers is negligible 

below 290 0C. Moreover, the major mass loss (30-50%) occurs above this 

temperature and it was due to the degradation of crystalline cellulose. M. Siti. 

Alwani et al. [245] also reported that the major mass loss (30-50%) in SCB, PALF, 

COIR, and BPS fibers occurred at a temperature above 300 0C. As the temperature 

increases, the cellular breakdown of hemicellulose takes place. The hemicellulose 

decomposition is the first stage of fiber degradation. It was observed that the COIR 

fibers started to decompose at 150 0C; however, the PALF decompose at 185 0C. In 

both cases, the peak temperature of maximum degradation was shifted to a higher 

value after alkaline treatment. The 4 wt% NaOH treated COIR fiber exhibits the 

higher value of peak temperature (about 20 0C more) than the untreated one and it 

was due to the elimination of less stable hemicellulose. It was observed that the main 

degradation peak lies within the temperature range of 290-380 0C with 50% 

degradation. The PALF possesses higher total mass loss (around 10%) than the 

COIR. However, the degradation of PALF occurs at a higher temperature and it was 

due to the presence of a large amount of cellulose content.  

Table 4.1 - TGA of raw and treated coir fibers 
Fiber Temperature Range 0C Weight Loss (%) Residual char (%)  

 
R-COIR 

0-152.4 7.396  
23.359 152.4-242.85 3.05 

242.85-352.94 46.49 
 
2% Na-COIR 

0-161.9 7.4  
22.94 161.9-262.01 3.68 

262.01-361.86 42.73 
 

4% Na-COIR 
0-176.06 8.07  

25.135 176.06-277.08 5.7 
277.08-363.15 39.39 

 
6% Na-COIR 

0-176.19 7.66  
23.409 176.19-271.44 4.8 

271.44-376.18 47.29 
 

8% Na-COIR 
0-152.38 6.65  

24.64 152.38-266.72 4.7 
266.47-376.25 43.43 

 
10% Na-COIR 

0-171.52 7.55  
25.15 171.52-276.12 5.69 

276.12-361.95 40.92 
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Table 4.2 - TGA of raw and treated pineapple leaf fibers 
Fiber Temperature Range 0C Weight Loss (%) Residual Char (%) 

 
R-PALF 

0-184.78 8.63  
11.103 184.78-330.4 13.63 

330.4-382.66 48.75 
 
2% Na-PALF 

0-164.31 6.071  
13.356 164.31-261.85 1.97 

261.85-361.97 41.98 
 

4% Na-PALF 
0-184.04 4.465  

17.34 184.04-324.15 11.18 
324.15-376.7 49.59 

 
6% Na-PALF 

0-175.1 5.12  
16.14 175.1-321.7 11.16 

321.7-378.32 50.57 
 

8% Na-PALF 
0-186.88 7.162  

17.01 186.88-315.15 10.54 
315.15-378.23 46.56 

 
10% Na-PALF 

0-186.95 6.545  
9.386 186.95-326.09 12.03 

326.09-382.54 54.058 
 

Lignin is the most thermally stable component of cellulosic fiber and this was 

attributed to its highly cross-linked complex aromatic structure. Mackay and Nassar 

[246] reported that the thermal stability of lignocellulosic fibers is in the order: 

lignin>α-cellulose>hemicellulose. Lignin starts to decompose at a lower temperature 

(typically 160-175 0C) as compared to cellulose but it decomposes slowly under the 

whole temperature range and its temperature extends as high as 900 0C. According to 

Paiva et al. [247], the decomposition of lignin occurs in a wider temperature range 

than the cellulose and hemicellulose components. After 700 0C, the remaining mass 

in COIR was higher than the PALF and this was attributed to the presence of a large 

amount of lignin compound in COIR fiber. It was observed that the 4 wt% NaOH 

treated COIR and PALF fibers possess higher residual mass than the untreated one 

and it was due to the slow rate of chemical decomposition reaction and dominance of 

the formation of condensed cellulose as the solid residue.  

Table 4.3 and 4.4 illustrates the DTG results of raw and chemically modified strands. 

On account of raw COIR, the two decomposition peaks at 228 0C and 302 0C at the 

rate of 1.475 and 4.852 %/min correspond to the breakdown of hemicellulose and 

cellulose components. The rate of hemicellulose decomposition is more prominent in 

untreated fibers (PALF and COIR) than the alkali-treated. It was observed that the 
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PALF exhibits a higher rate of decomposition than the COIR fiber. Thus from DTG 

results, we can conclude that the alkaline treated fibers possess degradation peak at a 

higher temperature than the untreated fibers. 

 
Table 4.3 - DTG of raw and treated coir fibers 

Fiber Temperature 0C Rate of Weight Loss (%/min) 
 

R-COIR 
48.43 0.897 
228.43 1.475 
302.56 4.852 

 
2% Na-COIR 

72.47 0.697 
243.35 1.162 
314.3 4.774 

 
4% Na-COIR 

73.61 0.67 
250.13 1.156 
321.74 4.708 

 
6% Na-COIR 

74.43 0.428 
252.74 0.565 
325.9 5.061 

 
8% Na-COIR 

90.80 0.571 
252.96 1.413 
321.09 4.62 

 
10% Na-COIR 

72.77 0.693 
258.48 1.719 
321.95 4.894 

 

Table 4.4 - DTG of raw and treated pineapple leaf fibers 
Fiber Temperature 0C Rate of Weight Loss (%/min) 

 
R-PALF 

31.16 1.47 
310.82 3.54 
341.58 6.85 

 
2% Na-PALF 

46.37 0.52 

247.81 0.49 
341.52 6.75 

 
4% Na-PALF 

85.79 0.37 
308.69 3.39 
343.43 7.13 

 
6% Na-PALF 

70.83 0.43 
302.33 2.73 
343.12 7.091 

 
8% Na-PALF 

46.49 0.60 
300.08 2.71 
339.72 6.28 

 
10% Na-PALF 

39.7 0.65 
313.05 3.66 
346.85 7.51 
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4.2 Impact of Fiber Span and Content on the Mechanical Characteristics of 

PALF/Epoxy and COIR/Epoxy Composites  

The geometrical dimensions (length and diameter) and the volume content of 

reinforcing filaments greatly affect the performance of FRCs. To elevate the inherent 

strength of polymers and their probability of being selected as compared to the 

traditional materials, it is extremely required to reinforce it with an optimum fiber 

length and content. In this regard, sixteen samples of PALF/Epoxy and COIR/Epoxy 

composites with altering fiber volume content (17%, 23%, 34%, and 43%) and 

length (10 mm, 15 mm, 20 mm, and 25 mm) were made using the manual lay-up 

method. The designation and composition of the specimens are reported in Table 4.5. 

The tensile, flexural, impact and moisture sorption tests were conducted at room 

temperature as per ASTM standard.  

Table 4.5: Description of the CF-EP specimens 

Designation Composition 

EP Epoxy (100 vol.%) 

17(10)CF-EP Epoxy (83 vol.%) + Coir fiber (17 vol.%) (fiber length of 10 mm) 

17(15)CF-EP Epoxy (83 vol.%) + Coir fiber (17 vol.%) (fiber length of 15 mm) 

17(20)CF-EP Epoxy (83 vol.%) + Coir fiber (17 vol.%) (fiber length of 20 mm) 

17(25)CF-EP Epoxy (83 vol.%) + Coir fiber (17 vol.%) (fiber length of 25 mm) 

23(10)CF-EP Epoxy (77 vol.%) + Coir fiber (23 vol.%) (fiber length of 10 mm) 

23(15)CF-EP Epoxy (77 vol.%) + Coir fiber (23 vol.%) (fiber length of 15 mm) 

23(20)CF-EP Epoxy (77 vol.%) + Coir fiber (23 vol.%) (fiber length of 20 mm) 

23(25)CF-EP Epoxy (77 vol.%) + Coir fiber (23 vol.%) (fiber length of 25 mm) 

34(10)CF-EP Epoxy (64 vol.%) + Coir fiber (34 vol.%) (fiber length of 10 mm) 

34(15)CF-EP Epoxy (64 vol.%) + Coir fiber (34 vol.%) (fiber length of 15 mm) 

34(20)CF-EP Epoxy (64 vol.%) + Coir fiber (34 vol.%) (fiber length of 20 mm) 

34(25)CF-EP Epoxy (64 vol.%) + Coir fiber (34 vol.%) (fiber length of 25 mm) 

43(10)CF-EP Epoxy (57 vol.%) + Coir fiber (43 vol.%) (fiber length of 10 mm) 

43(15)CF-EP Epoxy (57 vol.%) + Coir fiber (43 vol.%) (fiber length of 15 mm) 

43(20)CF-EP Epoxy (57 vol.%) + Coir fiber (43 vol.%) (fiber length of 20 mm) 

43(25)CF-EP Epoxy (57 vol.%) + Coir fiber (43 vol.%) (fiber length of 25 mm) 
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4.2.1 Mechanical Behavior of PALF/Epoxy  

4.2.1.1 Impact of Reinforcement Length and Volume Fraction on Tensile 

Characteristics of PALF/Epoxy  

Fig. 4.11 revealed that the tensile strength and stiffness were increased with the 

enlarge of PALF span and content up to 15 mm and 34 vol.%. Further loading of 

fibers leads to the reduction in tensile properties of composite materials and it may 

be due to the agglomeration and inadequate wetting of strands. The accumulation of 

strands results in non-uniform stress distribution and poor stress transfer from matrix 

to fibers. The composite consists of 34 vol. % of fiber with 15 mm length has carried 

maximum tensile load (1954.68 N) than the others. Amongst all the developed 

materials, the composite of 25 mm fiber length with 43% fiber volume content yields 

minimum tensile strength (5.1 MPa) and modulus (0.62 GPa). As from the results, it 

is clear that at an intermediate level of fiber loading, the stress distribution is uniform 

and fibers effectively participate to carry the load. 

 

(a) 
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(b) 

Fig. 4.11: Impact of reinforcement length and content on tensile properties of 

PALF/Epoxy  

4.2.1.2 Impact of Reinforcement Length and Content on Flexural Characteristics 

of PALF/Epoxy  

The flexural test was performed on PALF/Epoxy composites according to ASTM 

D790 criterion and the observations are illustrated in Fig. 4.12. The composite 

consists of 34% fiber has higher bending strength and stiffness than the other ones. 

The composite with 15 mm fiber length and 34 vol. % fiber content carried 

maximum bending load (227.6 N). In flexural testing, the upper end of a specimen is 

subjected to a compressive force, lower-end faced tensile load, and the axisymmetric 

plane is subjected to a shear load. The maximum deflection (5.05 mm) was observed 

at 43% fiber content and it was due to the fiber pull action at higher fiber loading. 

The flexural properties are calculated by using the formulas:  

�� =
���

����                                  (4.3) 

�������� ������ =
���

��                             (4.4) 

�������� ������� =
���

�����                                      (4.5) 

Where S = Measured deflection, L = Length of specimen 
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The 17% fiber-reinforced composite has minimum flexural strength and this was 

because of the insufficient loading of reinforcing fibers in an epoxy matrix. The 

flexural strength was reduced with the increase of fiber content from 34% to 43% 

and it was due to the improper wetting of fiber with a thermoset resin.  

 
(a) 

 

(b) 

Fig. 4.12: Impact of reinforcement length and content on bending properties of 

PALF/Epoxy  
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4.2.1.3 Impact of Reinforcement Length and Content on Impact Strength of 

PALF/Epoxy  

The strength of composites under impact loading has relatively lower value than the 

metals. To make an accurate estimation of impact toughness, the total 4 test run was 

performed and their results are illustrated in Fig. 4.13 and Table 4.8. In majority of 

the cases, the strength was improved with enhance of fiber content and it shows the 

transition from brittle to ductile behavior. The average value of impact strength at a 

low level of PALF loading (17 vol. %) is much lower than the high volume of fiber 

content (43%) and it was due to the phenomena of fiber fracture in spite of fiber pull 

out at a low level of fiber loading. When fiber content is low, the fiber pull out 

mechanism does not play a lead role in energy absorption and the fiber deformation 

is small. The maximum impact strength is 3.15 J/m at 25 mm fiber length with 43% 

fiber content.  

Table 4.8: Impact test results of PALF/Epoxy composites 

Sr. No 
Fibre 

Length 
(mm) 

Fibre 
Vol.% 

Test 1 Test 2 Test 3 Test 4 
Average Value of 
impact strength 

(J/m) 

1 

10 

17 1.61 1.61 1.76 1.82 1.7 

2 23 1.72 1.62 1.89 1.93 1.79 

3 34 2.23 2.05 2.89 2.89 2.51 

4 43 2.34 2.01 2.73 2.67 2.43 

5 

15 

17 1.93 1.84 2.08 2.13 1.99 

6 23 2 1.9 1.97 1.86 1.93 

7 34 2.71 2.68 2.75 2.83 2.74 

8 43 2.91 3.08 3.07 3.11 3.04 

9 

20 

17 2.04 2.31 2.22 2.07 2.16 

10 23 1.97 2.04 2.01 2.04 2.01 

11 34 2.05 2.18 2.42 2.34 2.24 

12 43 2.73 2.84 2.77 3.03 2.84 

13 

25 

17 2.13 2.34 1.78 2.11 2.09 

14 23 2.02 2.07 2.02 1.97 2.02 

15 34 2.88 2.67 2.91 2.91 2.84 

16 43 3.01 2.91 3.47 3.24 3.15 
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Fig. 4.13: Impact of reinforcement span and vol.% on the impact strength of 

PALF/Epoxy  

4.2.2 Moisture Sorption of PALF/Epoxy  

The moisture sorption behavior of composites is illustrated in Figs. 4.14-4.15. The 

water uptake capacity of composites was amplified by the increase of filament span 

and content. The specimen of 25 mm fiber length with 43% PALF content exhibits 

maximum water absorption (around 9%). The composites absorb water 

monotonically with immersion time and become stable after 12 hrs. In all cases, the 

composites of 25 mm fiber length have highest affinity of water absorption. This 

might be due to the growth of void spaces by the incorporation of long cellulosic 

fibers. Composites usually obey Fickian’s diffusion mechanism and it depends on the 

relative mobility of penetrant (water molecules) and polymer segments. The water 

sorption constants (n and k) of different samples were obtained from fitting of 

experimental data into the equation 3.4. The diffusion coefficients and mechanism of 

different composite samples are presented in Table 4.9.  
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Table 4.9: Moisture sorption constants and diffusion mechanism of the PALF/Epoxy  

Fibre Vol.% Fibre Length 
(mm) 

Diffusion exponent 
(n) 

Intercept (k) Type of diffusion 
mechanism 

 
 

17 

10 0.73 0.194  
 
 

Non-Fickian 
Diffusion 

(0.5<n<1.0)  

15 0.8 0.187 
20 0.71 0.216 
25 0.81 0.167 

 
 

23 

10 0.85 0.11 
15 0.95 0.1 
20 0.93 0.11 
25 0.84 0.16 

 
 

34 

 
10 0.46 0.214 

Less Fickian 
Diffusion (n<0.5) 

15 0.51 0.179  Fickian Diffusion 
(n=0.5) 20 0.5 0.18 

25 0.8 0.134  
Non-Fickian 

Diffusion 
(0.5<n<1.0) 

 
 

43 

10 0.84 0.135 
15 0.77 0.14 
20 0.76 0.149 
25 0.79 0.147 

 

 

Fig. 4.14: Impact of reinforcement content on moisture sorption of PALF/Epoxy; 

Fiber length – (a) 10 mm (b) 15 mm (c) 20 mm (d) 25 mm 



72 
 

 
Fig. 4.15: Impact of reinforcement length on moisture sorption of PALF/Epoxy; 

Fiber content – (a) 17 vol.% (b) 23 vol.% (c) 34 vol.% (d) 43 vol.% 

4.2.3 Mechanical Characteristics of COIR/Epoxy  

4.2.3.1 Impact of Reinforcement Length and Content on Tensile Characteristics of 

COIR/Epoxy  

Fig. 4.16 illustrates that the strength of composites was improved with enhance of 

filament length and content up to 15 mm and 23 vol.%. Further addition of fiber 

leads to the reduction in strength and it may be due to the agglomeration, poor 

dispersion, and inadequate wetting of strands with a polymeric resin. The maximum 

tensile strength of CF-EP composite is 19.23 MPa. It was found that the 

reinforcement geometry plays a significant job to affect the properties of FRCs. The 

tensile strength was less in the case of long fibers (20-30 mm) and it was attributed to 

the folding, entanglement, and improper bonding of fibers with unfolded ones. Fig. 

4.16 (b) revealed that the modulus of CF-EP was increased with the increase of fiber 

content. The maximum tensile modulus (2.3 GPa) was obtained for a 20 mm length 

with 34% fiber volume content.  
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(a) 

 

(b) 

Fig. 4.16: Impact of reinforcement length and content on Tensile Properties of CF-

EP  

4.2.3.2 Impact of Reinforcement Length and Content on Flexural Behavior of 

COIR/Epoxy  

Fig. 4.17 revealed the flexural properties of CF-EP which confirms that the bending 

strength was increased with the increase of fiber span and volume content up to 20 
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mm and 23 vol.% respectively. Further increase of fiber length and content caused 

the reduction in bending strength and it might be due to the curling of long fibers, 

increment in void density, and poor dispersion of fibers in the matrix resin. The 

highest bending strength and modulus are 31.87 MPa and 2.41 GPa for 23(20)CF-EP 

and 34(20)CF-EP composites respectively.  

 

(a) 

 

(b) 

Fig. 4.17: Impact of reinforcement length and volume content on bending properties 

of CF-EP  
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4.2.3.3 Impact of Reinforcement Length and Content on Impact Strength of 

COIR/Epoxy  

Fig. 4.18 illustrated the role of reinforcement length and volume on the impact 

strength of CF-EP. The impact strength was improved with the increase of fiber 

volume content. Irrespective of fiber length, the maximum impact strength was 

obtained with 43% fiber. The impact strength of PMC's basically relies upon the kind 

of fiber and polymer, geometrical shape and size of the fiber, and fiber-matrix 

adhesion. It is worth noting that the resistance to impact loading was increased with 

the increase of fiber length. Moreover, the composite consists of 20 mm long fibers 

with 43% fiber volume content possess the maximum value of impact strength (11.33 

kJ/m2) than the other ones.   

 

Fig. 4.18: Impact of reinforcement span and vol.% on the impact strength of CF-EP  

4.2.4 Impact of Reinforcement Length and Content on the Moisture Sorption 

Behavior of COIR/Epoxy  

The moisture uptake behavior of CF-EP composites is presented in Figs. 4.19-4.20. 

The water absorption was increased from 1.8% to 5.32% with the increase of fiber 

volume content from 17% to 43%. Previous work (A. Singh et al. [93], G. 

Rajeshkumar et al. [61], G. Das et al. [88], V.K Bhagat et al. [146]) have also 

reported the similar results. The composites absorb water with immersion time and 

become saturated after 360 hrs. The maximum amount of water absorption at the 

saturation level is tabulated in Table 4.10. From the experimental data, we can report 
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that the variation in fiber length at the constant value of fiber content not much 

influence the water absorption capacity of composites. 

Table 4.10: Maximum water absorption for CF-EP composites 

 

Fiber length 

Coir fiber volume content (%) 

17 23 34 43 

10 1.80 2.45 4.74 5.31 

15 1.81 2.46 4.75 5.32 

20 1.81 2.46 4.75 5.32 

25 1.80 2.47 4.76 5.32 

 

 

Fig. 4.19: Impact of reinforcement content on water absorption of COIR/Epoxy; 

Fiber length – (a) 10 mm (b) 15 mm (c) 20 mm (d) 25 mm 
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Fig. 4.20: Impact of reinforcement length on water absorption of COIR/Epoxy; Fiber 

volume content – (a) 17% (b) 23% (c) 34% (d) 43% 

4.2.4.1 Impact of Moisture Sorption on the Mechanical Characteristics of CF-EP  

The impact of moisture sorption on the mechanical characteristics of CF-EP is 

illustrated in Figs. 4.21-4.22. The strength and stiffness of material were reduced 

after the immersion in water. The tensile strength of wet samples-17(20)CF-EP, 

23(20)CF-EP, 34(20)CF-EP, and 43(20)CF-EP was found to be lower than the dry 

composite samples by 10.54%, 15.16%, 29.32%, and 37.02% respectively. This was 

attributed to the swelling of fibers, the formation of voids, and poor stress transfer 

from the matrix to the reinforcement. A similar trend has also been reported in coir 

fiber reinforced polyethylene composites [93].  The flexural strength follows the 

same path as tensile strength and also showed reduction in wet composites-

17(20)CF-EP, 23(20)CF-EP, 34(20)CF-EP, and 43(20)CF-EP by 8.45%, 8.75%, 

10.31%, and 21.15% respectively than the dry composites of the same composition. 

The tensile and flexural modulus of 43(20)CF-EP composite exhibits the maximum 

reduction after immersion in water for 456 hrs. Fig. 4.22 clearly shows that the 
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impact strength of composites was improved considerably after the moisture 

absorption and this may be due to the domination of fiber pull-out mechanism than 

the fiber fracture.     

 

Fig. 4.21: Impact of moisture sorption on tensile and flexural behavior of CF-EP  

 
Fig. 4.22: Impact of moisture sorption on the impact strength of CF-EP 
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4.3 Impact of Reinforcement Volume on Thermal Behavior and Viscoelastic 

Characteristics of PALF/Epoxy and COIR/Epoxy Composites 

The comprehensive cognition of the thermal and viscoelastic behavior of polymeric 

material is highly significant in order to determine the structure-property relationship 

for various applications. The prime goal of this section was to analyze the impact of 

reinforcement volume fraction on the thermo-mechanical characteristics of 

strengthened material. In this regard, randomly oriented chopped fibers of length 20 

mm with varying fiber volume content (17%, 23%, and 34%) were used as 

reinforcement in an epoxy polymer matrix for the development of coir fiber-epoxy 

and pineapple leaf fiber-epoxy composites. The description of manufactured 

composites is presented in Table 4.11. The effect of frequency and temperature on 

the E’, E’’, tan δ, and Tg is also reported in this section. TGA and DMTA techniques 

are used to characterize polymer-based composite materials. 

Table 4.11: Designation and composition of coir fiber-epoxy (CF-EP) and pineapple 

leaf fiber-epoxy (PF-EP) composites   

Designation Composition 

EP Epoxy (100 vol.%) 

17 CF-EP Epoxy (83 vol.%) + Coir fiber (17 vol.%) 

17 PF-EP Epoxy (83 vol.%) + Pineapple leaf fiber (17 vol.%) 

23 CF-EP Epoxy (77 vol.%) + Coir fiber (23 vol.%) 

23 PF-EP Epoxy (77 vol.%) + Pineapple leaf fiber (23 vol.%) 

34 CF-EP Epoxy (64 vol.%) + Coir fiber (34 vol.%) 

34 PF-EP Epoxy (64 vol.%) + Pineapple leaf fiber (34 vol.%) 

34 CF-EP (1) Epoxy (64 vol.%) + Coir fiber (34 vol.%) (frequency: 1 Hz) 

34 CF-EP (5) Epoxy (64 vol.%) + Coir fiber (34 vol.%) (frequency: 5 Hz) 

34 PF-EP (1) Epoxy (64 vol.%) + Pineapple leaf fiber (34 vol.%) (frequency: 1 Hz) 

34 PF-EP (5) Epoxy (64 vol.%) + Pineapple leaf fiber (34 vol.%) (frequency: 5 Hz) 

 

4.3.1 Thermogravimetric Analysis  

The thermal decomposition curve of cellulosic fibers and their composites was 

recorded in Figs. 4.23-4.24. All the samples exhibit three steps of mass loss. The first 

step is the loss of absorbed moisture and volatile content in the range of 6-8.4 wt.%, 

up to 150 0C. The second and third decomposition step exists at 190-300 0C and 300-

400 0C, corresponds to the loss of major constituents of natural fibers such as 

hemicellulose, cellulose, and lignin. Table 4.12 shows that the decomposition 

temperature of virgin epoxy resin was increased by the loading of coir and pineapple 
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leaf fibers. The peak decomposition temperature (TP) of the epoxy matrix was 

increased from 371.96 0C to 379.59, 386.03, and 377.45 0C, after the incorporation of 

17, 23, and 34 vol.% of coir fiber respectively. A similar result was also reported in 

the case of pineapple leaf fiber (Table 4.12). The maximum rate of thermal 

degradation (peak height in DTG curves) of epoxy resin was reduced by 14% and 

12% after the loading of 34% coir and pineapple leaf fiber respectively. This was 

attributed to the higher restrictions in the debonding of molecular chains. TGA and 

DTG curves for coir and pineapple leaf fiber distinctly revealed their lower thermal 

stability as compared to the virgin epoxy and fiber-matrix composites. Table 4.12 

also depicts that the degradation of PALF occurs at a higher temperature than the 

COIR fiber. It was due to the presence of more crystalline cellulose in PALF than the 

COIR. Among all the fabricated composites, the composite containing 23% fiber 

volume content shows maximum thermal stability. This was because of the strong 

linkage between reinforcement and resin, less void content, and good wettability of 

fibers with the matrix resin. From Table 4.12, it was cleared that the major 

degradation of CF, PF, CF-EP, and PF-EP composites occur in the range of 

temperature 300-400 0C and it was due to the decomposition of α-cellulose. Yang et 

al. [248] reported that the presence of a carbonyl group (C=O) in hemicellulose be 

the cause of its lower thermal stability than α-cellulose, and lignin. Lignin was the 

most thermally stable component of natural fiber but it starts to decompose at a lower 

temperature (typically 160-175 0C) compared to cellulose. According to Paiva et al. 

the decomposition of lignin occurred in a wider temperature range compared to 

cellulose and hemicellulose [247]. Table 4.13 revealed that after 700 0C, the residual 

mass (Rm) was increased caused by the enhance of fiber vol.% in an epoxy matrix. 

The coir strands has maximum residual mass (23.36%) at 700 0C. It was attributed to 

the presence of more lignin content in coir.  
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(a) 

 
(b) 

Fig. 4.23: (a) TGA (b) DTG of virgin epoxy, coir fiber, and coir fiber-epoxy 

composites 
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(a) 

 
(b) 

Fig. 4.24: (a) TGA (b) DTG of virgin epoxy, pineapple leaf fiber, and pineapple leaf 

fiber-epoxy composites  
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Table 4.12: Thermal degradation temperature for virgin epoxy, coir fiber, pineapple 

leaf fiber, coir-epoxy, and pineapple leaf fiber-epoxy composites  

Composites T5% 

(0C) 1 

T10% 

(0C)1 

T30% 

(0C)1 

T50% 

(0C)1 

TP 
2 Peak height 

(%/min) 

Peak 

width 

EP 127.61 160.79 348.33 367.69 371.96 6.74 93.49 

CF 69.85 239.12 293.55 335.83 302.56 4.85 121.48 

17 CF-EP 132.42 201.16 358.13 380.79 379.59 6.24 101.69 

23 CF-EP 134.19 229.2 362.82 384.48 386.03 6.5 101.53 

34 CF-EP 131.37 209.08 356.37 382.08 377.45 5.79 104.94 

PF 62.28 254.48 343.47 360.66 340.38 6.85 91.69 

17 PF-EP 137.98 228.73 362.15 381.84 382.87 6.74 99.15 

23 PF-EP 127.87 241.71 358.72 383.8 377.77 6.62 99.72 

34 PF-EP 127.77 195.63 353.22 376.77 368.65 5.9 101.91 
1 Decomposition temperature of 5%, 10%, 30%, and 50% weight loss respectively; 2 
Peak decomposition temperatures   

Table 4.13: Weight loss and residual mass percentage for virgin epoxy, coir fiber, 

pineapple leaf fiber, coir-epoxy, and pineapple leaf fiber-epoxy composites   

Composites RT-1500C 190-3000C 300-4000C Rm (%) 

EP 8.38 6.6 55.44 6.12 

CF 7.39 24.56 29.85 23.36 

17 CF-EP 6.75 5.36 49.98 10.11 

23 CF-EP 6.57 4.56 49.39 10.12 

34 CF-EP 6.65 5.82 47.36 10.56 

PF 8.38 5.68 58.29 11.1 

17 PF-EP 6.07 3.9 51.76 10.18 

23 PF-EP 7.1 3.54 53.08 10.97 

34 PF-EP 7.32 3.8 50.33 12.53 

Rm= Residual mass at 7000C 

4.3.2 Dynamic Mechanical Thermal Analysis 

The performance of a FRC greatly depend on the characteristics of fiber and 

polymer, the interfacial bond strength between them, and the aspect ratio, orientation, 

distribution, and volume content of the fiber. DMTA is one of the most significant 

and effective techniques to characterize the viscoelastic behavior of composites with 

respect to temperature, time, and frequency of oscillation.  

4.3.2.1 Effect of fiber content on the storage modulus (E’) of CF-EP and PF-EP 

composites  

The stiffness of composite material is mainly affected by the loading of reinforcing 

fibers. Fig. 4.25 revealed the impact of reinforcement volume with temperature on E’ 
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of the coir fiber-epoxy and pineapple leaf fiber-epoxy composites. In both cases, E’ 

was improved with the increase of filler volume fraction over the entire temperature 

range. This was attributed to the hindrance in molecular mobility, the formation of 

more covalent bonds at the fiber-matrix interface, and the interference of molecular 

chains which results in slow down the stress relaxation process. Previous research 

work (Ornaghi et al. [249], Obaid et al. [250], Idicula et al. [160]) have also reported 

the same effect. It was observed that the E' of neat polymer and polymer-based 

composites was reduced dramatically on passing through the dynamic glass 

transition temperature (Tg). Table 4.14 and Fig. 4.25 revealed that the samples of 34 

vol. % of fibers have higher stiffness at room temperature and elevated temperature 

as compared to all other samples. This enormous behavior can be explained in terms 

of the higher fiber-matrix interfacial adhesion, rigidity of polymer chains, and 

restrictions to the deformability and viscous flow of the matrix. The storage modulus 

(E’) of 17 PF-EP and 23 PF-EP composites has almost the same value. The modulus 

curves depict the higher E’ values of all PF-EP composites than the CF-EP and this 

was because of the strong adhesion between the pineapple leaf fibers and 

neighboring polymeric chains. The effectiveness of reinforcement to increase the 

stiffness of base polymer resin can be determined by a coefficient ‘C’ such as 

                         � =
���

���
�

���������

���
���

�
�����                                                (4.6) 

where E’G and E’R are the storage modulus in the glassy and rubbery phase 

respectively. The higher value of C indicates the poor effectiveness of fiber to 

elevate the modulus. Usually, filled systems have lower C values as compared to the 

unfilled matrix polymer. Table 4.14 shows the calculated effectiveness coefficient 

‘C’ (30-1300C) for both types (CF-EP and PF-EP) of composites. The C value for 34 

vol.% pineapple leaf fiber-reinforced composite is minimum amongst all the 

composites. The value of C is highly increased with the increase of PALF content 

from 17% to 23% in PF-EP composites. In coir fiber composites, the 23% fiber 

volume content is the most effective amount to reinforce epoxy polymer.  
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(a) 

 

(b) 

Fig. 4.25: Impact of reinforcement volume with temperature on storage modulus of 

(a) CF-EP (b) PF-EP composites at a frequency of 1 Hz 
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Table 4.14: Values of effectiveness coefficient ‘C’, tan δ peak height and width, 
glass transition temperature (Tg), loss modulus (E’’) curves peak height, and E’ 
values for coir fiber-epoxy and pineapple fiber-epoxy composites 

Composites C tan δ 

peak 

height 

tan δ 

peak 

width 

Tg from 

Tan δmax 

(0C) 

Log E’’ Peak 

height (MPa) 

Tg from 

E’’ (0C) 

E’ value 

(Pa) at 

500C 

E’ value 

(Pa) at 

700C 

EP - 0.82 19.84 52.95 8.79 47.1 2.092E + 09 1.524 E +08 

17 CF-EP 12.96 0.76 16.11 69.8 9.14 61.36 2.001E + 10 2.245E + 08 

23 CF-EP 1.88 0.45 19.09 72.5 5.5 65.8 5.975E + 10 1.22E +09 

34 CF-EP 2.38 0.41 23.33 63.5 9.15 54.5 7.356E +09 3.709E +09 

17 PF-EP 1.15 0.69 18.43 63.72 9.02 54.38 5.037E +10 1.841E +09 

23 PF-EP 39.58 0.73 19.08 62.9 9.2 52.17 4.715E +10 1.773E +09 

34 PF-EP 0.66 0.53 17.22 66.1 9.58 60.08 1.196E +11 6.315E +09 

 

4.3.2.2 Effect of Fiber Content on the Loss Factor (tan δ) of CF-EP and PF-EP 

Composites  

The variation in loss factor (tan δ) with fiber content and temperature for CF-EP and 

PF-EP composites is shown in Fig. 4.26. The temperature at which the tan δ curve 

shows a peak is called the dynamic glass transition temperature (Tg). It was observed 

that the unfilled polymer has lower Tg (52.95 0C) than the CF-EP and PF-EP 

composites. This shift of tan δ peak to the higher temperature was because of the 

interphase interaction between the reinforcing filler and molecular chains. In context 

to the glass transition temperature, 23% and 34 vol.% are the optimum fiber content 

for coir fiber-epoxy and pineapple leaf fiber-epoxy composites respectively. The 

peak width and peak height values are also given in Table 4.14. As expected, the 

value of tan δ peak height was reduced after the incorporation of fibers in an epoxy 

matrix.  Amongst all samples, a shorter and wider peak was obtained in the case of 

34 CF-EP. This was credited to the better allocation of the fillers in resin that leads to 

an inhibition of the relaxation process and the improvement in rigidity of polymeric 

chains. Fig. 4.26 (a) revealed that the peak height and width of 23 CF-EP composite 

and 34 CF-EP composites were approximately the same, but the value of 'C' and Tg 

are more favorable in the case of 23 vol.% coir fiber-reinforced composite. In PF-EP 

composites, the damping peak height was increased from 0.69 to 0.73, and Tg was 

decreased from 63.72 to 62.9 0C, with the increase of fiber content from 17% to 23%. 

This may be due to the more interfacial area and large frictional forces which leads to 

more energy dissipation to overcome the friction. From Table 4.14, it can be 

concluded that the COIR/Epoxy composites possess a relatively higher value of Tg 

than the PALF/Epoxy composites. This was because of the porous morphology of 

coir fiber which results in better wetting action by the capillary effect.       
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(a) 

 

(b) 

Fig. 4.26: Impact of reinforcement volume with temperature on tan δ of (a) CF-EP 

(b) PF-EP composites at a frequency of 1 Hz 
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4.3.2.3 Effect of Fiber Content on the Loss Modulus (E’’) of CF-EP and PF-EP 

Composites  

The impact of fiber content with temperature on the viscous response (loss modulus, 

E’’) of CF-EP and PF-EP composites was recorded in Fig. 4.27. The temperature 

corresponding to the peak of E’’ represents Tg, at which the maximum energy 

dissipation occurred in the form of heat. The loss modulus (E’’) peak height and Tg 

values are mentioned in Table 4.14. The elevation of peak height and the shifting of 

Tg to the higher temperature were observed with the increase of fiber content. This 

was because of the increment in the heterogeneity of polymer matrix, and 

recoverable viscoelastic deformation at higher concentration. All E'' curves attained a 

peak (maximum energy dissipation) and decrease to a lower value at a higher 

temperature (above Tg), due to the free molecular motion. Fig. 4.27 revealed that the 

effect of fibers is more prominent at a higher temperature (above Tg). Table 4.15 

shows that the Tg obtained from the peak of E'' curve was lower than that of the 

damping factor (tan δ) curve. The E'' value (MPa) of 34 vol.% fiber-reinforced 

composite is considerably greater than the 17% and 23% fiber composites at a higher 

temperature. This result confirmed the higher activation energy required to mobile 

the polymer chains in the case of 34% strengthened material. 

Table 4.15: Comparison of Tg obtained from the tan δ and loss modulus curve 

Composites Tg from 

tan δmax 

(0C) 

Tg from 

E’’ (0C) 

Comment 

EP 52.95 47.1 The glass transition temperature (Tg) is not a 

well-defined temperature for a thermodynamic 

phase transition. It depends on the 

experimental conditions (velocity or frequency 

used and cooling or heating rate). The Tg value 

obtained from E’’ was lower (5-100C) than the 

value obtained from tan δmax. It can be defined 

by using the definition: Tan δ is the fraction of 

E'' to E' which does not have the same 

maximum as E'' by itself. The glass transition 

is a range of behavior where material softens. 

17 CF-EP 69.8 61.36 

23 CF-EP 72.5 65.8 

34 CF-EP 63.5 54.5 

17 PF-EP 63.72 54.38 

23 PF-EP 62.9 52.17 

34 PF-EP 66.1 60.08 
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(a) 

 

(b) 

Fig. 4.27: Impact of reinforcement volume with temperature on the loss modulus of 

(a) coir fiber-epoxy (b) pineapple leaf fiber-epoxy composites at a frequency of 1 Hz  
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4.3.2.4 Effect of Frequency     

For characterizing the viscoelastic behavior of composite material, the frequency of 

oscillation plays a vital role. The stiffness and damping behavior of a material is a 

function of frequency at which the load is applied. Fig. 4.28 present the impact of 

frequency with temperature on E’ and tan delta of 34 CF-EP and 34 PF-EP 

composites. It observed that the storage modulus (E’) was reduced with the increase 

of oscillation frequency. Usually, the stiffness of a polymeric material is increased 

with the increase of frequency (short time). But, in this case, the reverse effect was 

observed. This surprising result may be due to the increased molecular-molecular 

interactions and entanglements of the polymeric chains over the time. As seen in 

Table 4.16, we can report that the glass transition temperature and the tan δ peak 

height of 34 CF-EP were increased with the increase of frequency. This behavior 

confirmed the good damping power of manufactured composites at a higher 

frequency. 

 

(a) 
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(b) 

Fig. 4.28: Impact of frequency on (a) storage modulus (b) loss factor (tan δ) of the 34 

CF-EP and 34 PF-EP composites as a function of temperature 

Table 4.16: Effect of frequency on Tg, tan δ peak and width values, and E' (storage 

modulus) of 34 vol.% fiber-reinforced composites 

Composites Tg tan δ peak 

height 

tan δ peak 

width 

E’ value (Pa) 

at 500C 

E’ value (Pa)  

at 700C 

34 CF-EP (1) 63.5 0.41 23.33 7.356E +09 3.709E +09 

34 CF-EP (5) 70.8 0.58 22.61 3.164E +10 2.822E +09 

34 PF-EP (1) 66.1 0.53 17.22 1.196E +11 6.315E +09 

34 PF-EP (5) 64.8 0.55 23.28 8.167E +10 5.416E +09 

 

4.3.2.5 Cole-Cole Plot 

In order to understand the structural/property relationship, the Cole-Cole plots are 

widely used. The effect of fiber content on the dielectric relaxation of a polymer can 

be analyzed by using the Cole-Cole plot. Fig. 4.29 depicts the Cole-Cole plots of 

unfilled epoxy and filled epoxy systems with coir fiber and pineapple leaf fiber 

respectively. The nature of the plot is an important tool to determine the 

homogeneity of the system. J. Ferry et al. [239] reported that the homogenous 

polymeric systems should indicate a semicircular plot. As seen in Fig. 4.29, where 

the log E’’ values are plotted as a function of log E’, the Cole-Cole plots for all the 
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composites are imperfect circles. It was observed that the extent of plot imperfection 

was increased, with the increase of fiber content. Even, an unfilled epoxy polymer 

shows a large amount of heterogeneity. The 17 PF-EP and 23 PF-EP composites 

show a similar Cole-Cole plot. This result confirmed that both composites have 

almost the same degree of homogeneity. 

 
(a) 

 
(b) 

Fig. 4.29: Cole-Cole plots of the (a) Coir fiber-epoxy (b) pineapple leaf fiber-epoxy 

composites  
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4.4 Impact of Fibers Layering Pattern on Performance Characteristics of 

PALF/COIR Hybrid Epoxy Composites 

For successful employment of NFRCs in structural applications, it gets important to 

make the composite so that it hinders fire spread and moisture sorption. In addition, 

the detailed characterization of viscoelastic properties is a critical step in the 

development of polymer-based composite materials. In this regard, this section deals 

with the impact of layering pattern on the flammability, viscoelastic behavior, and 

moisture sorption of PALF/COIR strengthened epoxy based material. The different 

layered hybrid composites [bilayer (pineapple/coir); trilayer 

(pineapple/coir/pineapple, coir/pineapple/coir); and intimately mixed (shown in Fig. 

4.30)] were prepared by hand lay-up technique, keeping the volume ratio of 

pineapple and coir 1:1 and the total fiber volume content 0.40 Vc. The designation of 

developed composites for the DMA test is shown in Table 4.17. To characterize the 

flammability and hydrophilicity of developed materials, the UL-94V, UL-94HB, 

flame penetration, and moisture sorption tests were performed. Dynamic mechanical 

thermal analysis (DMTA) test method has also been employed to quantify the 

dynamic behavior of manufactured composites. 

Table 4.17: Designation of PALF/COIR hybrid epoxy composites 

Designation Details 

EP Neat Epoxy resin 

CF-EP (1) Coir fiber-Epoxy composite (frequency 1 Hz) 

PF-EP (1) Pineapple leaf fiber-Epoxy composite (frequency 1 Hz) 

CPC (1) COIR/PALF/COIR hybrid composite (frequency 1 Hz) 

PCP (1) PALF/COIR/PALF hybrid composite (frequency 1 Hz) 

Bilayer (P/C) (1) Bilayer (PALF/COIR) hybrid composite (frequency 1 Hz) 

IM (1) Intimately mixed hybrid composite (frequency 1 Hz) 

CPC (5) COIR/PALF/COIR hybrid composite (frequency 5 Hz) 

PCP (5) PALF/COIR/PALF hybrid composite (frequency 5 Hz) 

Bilayer (P/C) (5) Bilayer (PALF/COIR) hybrid composite (frequency 5 Hz) 

IM (5) Intimately mixed hybrid composite (frequency 5 Hz) 
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         (a)                              (b)   

    

             (c)                            (d) 

Fig. 4.30: Different Layered Hybrid Composite Boards (a) PCP, (b) CPC, (c) Bilayer 
(P/C), (d) IM 

 

4.4.1 Impact of Layering Pattern on the Flammability of PALF/COIR Material 

The fire retardant behavior of unfilled epoxy and fibers filled epoxy composites was 

investigated by employing the flammability tests (UL-94V and UL-94HB) and flame 

penetration test. The experimental results showed that the flammability of developed 

biocomposites is higher than the virgin epoxy thermoset. Moreover, the cellulosic 

fibers (PALF and COIR) filled hybrid composites exhibit a shorter time for flame 

penetration from bottom to top surface as compared to an epoxy polymer. These 

negative outcomes of NFRCs can be explained by the scaffolding effect of fiber 

which leads to an uninterrupted contact between decomposition products of polymer 

and heat source. Lignocellulosic fibers support fire and have a lower activation 

energy than the thermosetting resin. Compared to a neat epoxy matrix, the developed 

hybrid composites exhibit a higher mass-loss rate (MLR) and shorter time to ignition 

(TTI). The ability of hybrid composites to retard flame is not only dependent on the 
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type of matrix and reinforcing fibers, but also is a function of orientation and 

distribution of fibers, the relative volume content of matrix and fiber, and the 

interfacial interaction between fiber-matrix and fiber-fiber. Figs. 4.31 to 4.33 

illustrate the effect of layering pattern on the rate of burning (mm/min), mass loss 

rate (gm/min), and flame penetration time (min) of composites. The flame retardancy 

of hybrid material is greatly depends on the nature of skin and core material. The 

PCP hybrid composite (pineapple as skin and coir as a core material) has lower 

resistance to flame spread than the CPC hybrid material (coir as skin and pineapple 

as a core material). This was due to the the presence of high lignin (40-45%) and low 

cellulose content (32-43%) in COIR results in the formation of more char at the 

surface which yields higher resistance to thermal-oxidative decomposition and poor 

heat conduction to core PALF material. Amongst all the different layered hybrid 

composites (PCP, CPC, Bilayer (P/C), and IM), the CPC material possess maximum 

time (41 min) for Bunsen flame penetration from bottom to top surface. The PCP and 

Bilayer (P/C) hybrid composites exhibit a value of 27 and 24 min respectively, failed 

to meet the minimum requirement of 30 minutes (15t/6 = 30 min, t = 12 mm) for the 

fire-resistant material test. The presence of high cellulose content in pineapple leaf 

fiber generates more flammable volatiles and gases during the thermal 

decomposition process. In comparison with CPC, the PCP layered hybrid composite 

consists of higher crystalline cellulose at the surface which formed a higher amount 

of levoglucosan during combustion that leads to higher flammability. Manfredi et al. 

[251] stated that the thermal decomposition of natural fibers includes the removal of 

absorbed water molecules; decomposition of hemicellulose, cellulose, and lignin 

component; formation of volatiles, residual char, and inorganic non-flammable 

products. It can be observed from UL-94 flammability tests that the intimately mixed 

hybrid composite exhibits higher resistance to travel flame front from 25.4 mm to 

101.6 mm than that of PCP and Bilayer (P/C) composites. The speed of flame spread 

in a vertical burning test (UL-94V) is more than the horizontal flammability and it 

was due to the preheating of the samples. 
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(a) 

 

(b) 

Fig. 4.31: Impact of layering pattern on (a) Vertical burning rate (b) Mass loss rate 
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(a) 

 

(b) 

Fig. 4.32: Impact of layering pattern on (a) Horizontal burning rate (b) Mass loss rate 
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Fig. 4.33: Impact of layering pattern on time taken for flame penetration from 

bottom to top surface 

4.4.2 Impact of Layering Pattern on the Moisture Sorption of PALF/COIR 

Material 

The moisture sorption characteristic of hybrid composites was recorded in Fig. 4.34. 

The water uptake power of a matrix medium was increased considerably after the 

incorporation of cellulosic fibers (As expectedly). According to Flory's proposed 

theory, the diffusion of water molecules in polymers is due to the presence of cavities 

and micro-pores between polymeric chains. The gaps are generated at the interfacial 

region that results in penetration of water droplets inside the polymer. From the test 

results, we can conclude that the ability of polymer composites to absorb moisture in 

a humid environment greatly depends on how reinforcing fibers are arranged in a 

viscoelastic matrix medium. Amongst all the formulated different layered hybrid 

composites, the CPC material absorbs the least amount of water. This may be due to 

the occurrence of a large amount of lignin compound on the surface irrespective of 

cellulose content which yields high impedance to water molecules. The PCP hybrid 

composite exhibits a higher rate of moisture sorption than the other hybrid specimens 

[Bilayer (P/C), CPC, Intimately mixed (IM)]. This was attributed to the presence of a 

larger amount of -OH functional group on the outside of PCP composite which 
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supports the formation of hydrogen bonds with water molecules. Fig. 4.35 clearly 

illustrates that the intimately mixed (IM) hybrid composite absorbs 44.32% and 

34.87% less water than the PCP and Bilayer (P/C) composite respectively. This was 

caused by the better dispersion of fibers and improved interaction between 

constituent elements. Fig. 4.34 revealed that all the composite specimens absorb 

water sharply up to 60 hrs and become saturated or reached at equilibrium level after 

120 hrs.  

 
(a) 

 
(b) 

Fig. 4.34: Moisture sorption behavior of hybrid materials as a function of (a) 

Immersion time (b) Layering pattern 
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Fig. 4.35: Maximum water absorption of differently layered hybrid composites 

4.4.3 DMA of Hybrid Composites 

The performance of a polymer composite material under a range of temperature, 

frequency, and time can be accurately assessed by using DMTA technique. The 

viscoelastic behavior of FRCs is a function of the nature of reinforcing fiber and 

polymer matrix; the aspect (l/d) ratio, orientation, and distribution of the fiber; fiber 

to matrix volume content ratio; and the interfacial interaction between them. DMA 

test results which are reported in this section concerns the impact of layering pattern 

and fiber hybridization on the viscous and elastic response of PALF/COIR fiber 

reinforced epoxy-based composites. 

 4.4.3.1 Impact of Layering Pattern and Fiber Hybridization on the Storage 

Modulus (E’) of PALF/COIR Strengthened Hybrid Material 

The modulus curve provides information about the viscoelastic rigidity and energy 

storage ability of a composite material. The reinforced fibers and fillers play an 

active role to greatly affect the modulus of polymeric materials. Fig. 4.36 illustrates 

that the storage modulus (E') of a virgin epoxy matrix was increased by the 

incorporation of stronger and stiffer PALF and COIR fibers. This behavior can be 

verbalized in terms of higher restrictions on the chain movement. Irrespective of the 

fiber layering pattern, the stiffness of CF-EP composite is significantly improved by 
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the loading of PALF in equal volume content [PALF: COIR = 1:1 (v/v); Vf = 0.4 Vc]. 

This was due to the synergistic compatibility between both types of cellulosic fibers. 

Amongst all the different layered hybrid composites, the bilayer (P/C) and trilayer 

CPC have higher value of storage modulus below and above 70 0C (Tg) respectively. 

The effectiveness of various layered reinforcements can be determined in terms of 

coefficient ‘C’ (mentioned in equation 4.6). The higher value of constant C signifies 

the poor effectiveness of fiber to increase the modulus. Usually, filled systems have 

lower C values than the unfilled polymer. Table 4.18 present the measured values of 

effectiveness coefficient ‘C’ (30-120 0C) for developed specimens. The CPC 

composite has lower C value than the other hybridized composites and it was due to 

the better interfacial interaction at the fiber-matrix interface, higher wetting ability of 

COIR, less void content, and the construction of more covalent linkages. The ‘C’ 

value of CF-EP composite (0.7048) was reduced by the incorporation of pineapple 

leaf fiber. It confirms the synergistic compatibility between PALF and COIR fiber. 

Fig. 4.36 revealed that the bilayer (P/C) and intimately mixed hybrid composites 

possess the same E' value at Tg. But at a higher temperature (above Tg), the E’ values 

of bilayer composite were significantly greater than the intimately mixed one.  

 

Fig. 4.36: Impact of layering pattern and fiber hybridization on E’ of composites at a 

frequency of 1 Hz   
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Table 4.18: Values of the effectiveness coefficient ‘C’, tan δ peak height and width, 
glass transition temperature (Tg), E’’ peak height, E’ and E’’ values at different 
temperature for virgin epoxy, pure coir fiber-epoxy, pineapple leaf fiber-epoxy, and 
the different layered hybrid composites 
 

Composites C Tg 

from 

tan 

δmax 

(0C) 

tan δ 

peak 

width 

tan δ 

peak 

height 

Tg 

from 

E’’ 

(0C) 

Log 

E’’ 

Peak 

height 

(MPa) 

Log 

E’ 

(300C) 

Log 

E’ 

(500C) 

Log 

E’ 

(700C) 

Log 

E’ 

(900C) 

Log E’ 

(1200C) 

Log 

E’’ 

(500C) 

Log 

E’’ 

(700C) 

P - 61.2 23.66 0.8283 44.3 8.79 10.98 9.6 5.83 4.93 4.72 8.78 5.29 

CF-EP 0.7048 64.9 20.39 0.76 55.88 9.14 11.33 10.99 7.45 6.79 6.91 8.71 7.021 

PF-EP 0.6089 62.9 19.08 0.73 52.17 9.205 11.12 9.9 7.95 7.79 7.85 9.16 7.021 

CPC 0.635 68.51 17.12 0.63 61.56 9.206 11.45 11.32 8.61 7.73 7.75 8.12 8.12 

PCP 0.67 62 27.52 0.43 49.24 9.138 11.42 10.46 7.81 7.33 7.32 8.99 6.71 

Bilayer 0.656 70 18.64 0.63 62 9.130 11.51 11.33 8.68 7.54 7.54 8.46 8.22 

IM 0.643 70 20.13 0.58 62.23 8.928 11.22 11.08 8.64 7.49 7.49 7.92 8.09 

 

4.4.3.2 Impact of Layering Pattern and Fiber Hybridization on tan δ of 

PALF/COIR Strengthened Hybrid Material 

The tan δ value indicates the damping ability or impact resistance of a material. It 

provides indirect information about the stiffness, internal structure, interfacial 

characteristics, and the morphology of a composite sample. Fig. 4.37 presents the tan 

δ curve of unhybrid and hybrid composites and revealed that the curve goes on 

increasing with temperature and attains a peak value (phase transition region), 

followed by the reduction due to the free movement of molecular chain segments. 

The increment in tan δ peak corresponds to the greater mobility of small groups and 

chain segments. From Table 4.18, we can report that the virgin epoxy matrix 

occupies a higher value of tan δmax than the reinforced polymer composites. This was 

because of the restricted motion of polymeric chains after the incorporation of fibers. 

Amongst all the developed hybrid composites, the PCP composite exhibits a wider 

and shorter tan δ peak. The hybrid effect of PALF and COIR fibers can be better 

understood in terms of Tg. The Tg of CF-EP was increased from 64.9 0C to 68.51 0C 

and 70 0C after the hybridization with pineapple leaf fiber in CPC and bilayer (P/C) 

arrangements respectively. In comparison to the CPC hybrid composite, the bilayer 

and intimately mixed composites have a higher value of Tg. In addition to this, the 

peak width and height of both hybrid composites (Bilayer and IM) were found to be 

more and equal to or less than the CPC respectively. This was due to the better 

distribution of fibers within the polymer matrix and effective stress transfer from 

matrix to fibers without the matrix cracking. The positive displacement of Tg value 
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represents the reinforcement effectiveness in an epoxy thermoset resin. Concerning 

this statement, the intimately mixed (IM) fibers have a higher ability to reinforce 

polymers and this was because of its highest Tg, lower peak height, and broader tan δ 

peak. The better performance of intimately mixed banana/sisal material based on 

polyester resin was reported by M. Idicula et. al [160].     

 

Fig. 4.37: Impact of layering pattern and fiber hybridization on tan δ of fabricated 

composites at a frequency of 1 Hz   

4.4.3.3 Impact of Layering Pattern and Fiber Hybridization on E’’ of PALF/COIR 

Strengthened Hybrid Material 

The DMA parameter-“loss modulus (E’’)” can be defined as the viscous response of 

polymer-based materials which is 900 out of phase component and represents the 

capability of a material to dispel energy as heat. The loss modulus (E'') curve for 

virgin epoxy and epoxy-based composites is illustrated in Fig. 4.38. At high 

temperature (above Tg), the E'' of epoxy thermoset matrix was significantly increased 

by the incorporation of reinforcing fibers. It confirmed the prominent effect of fibers 

to elevate the frictional force at the fiber-matrix interface which leads to a higher 

dissipation of energy. The peak of E'' corresponds to the maximum energy loss at the 

Tg of the system. Similar to the tan δ curves, the loss modulus curves also drop down 

to lower values beyond Tg. This decrement is due to the free movement of polymer 
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chain segments. From Table 4.18, we can report that the Tg (obtained from E’’ curve) 

of a neat thermoset resin was increased by the addition of reinforcing fibers (PALF 

and COIR). It was attributed to the inhibition in the chain relaxation process, rigidity 

of polymer chain segments, and elevation in heterogeneity within the composite 

material. The phase transition temperature (Tg) of CF-EP and PF-EP was positively 

shifted to a higher temperature after the hybridization of PALF and COIR. The glass 

transition temperature obtained from E'' curves is lower as compared to the values 

resulted from the tan δ curve. The intimately mixed composite has highest value of 

Tg, followed by bilayer, CPC, and PCP hybrid ones.                    

 

Fig. 4.38: Impact of layering pattern and hybridization on E’’ of fabricated 

composites at a frequency of 1 Hz   

4.4.3.4 Impact of Frequency 

To fully characterize the viscoelastic properties of polymer-based composites, it is 

highly required to analyze the effect of frequency on E’, E’’, tan δ, and Tg. Fig. 4.39 

revealed the variation in E’ of hybrid composites with a special reference of 

frequency and temperature. In all cases, the storage modulus (E') was increased with 

the increase of the frequency of oscillation from 1 Hz to 5 Hz. This experimental 

result follows the same line of action as in the previous research work [Pothan et. al 

[252], Romanzini et. al [253]]. Both the static and dynamic modulus was found to be 
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decreased over a long time and it was because the internal molecular rearrangement 

takes place to overcome the localized stresses. The modulus values were found to be 

dramatically reduced from 55 0C to 110 0C. Fig. 4.40 shows that the damping ratio 

(tan δ) is greatly influenced by the frequency of oscillation. At high frequency (5 

Hz), the tan δmax and Tg were shifted to the higher value. The tan δ peak and its 

corresponding temperature (Tg) is linked with the process of partial loosening of the 

polymeric structure and the cross-linkage density. As seen in Table 4.19, the peak 

width of tan δ curve becomes broader with the increase of frequency from 1 Hz to 5 

Hz and it was due to the morphological rearrangement of chain segments which 

upshot the inhibition of polymer relaxation process. Similar to tan δ curve analysis, 

the peak of loss modulus curve (E'') was displaced to the higher temperature with 

step-up of frequency (shown in Fig. 4.41 and Table 4.19). The response of the 

viscoelastic materials may vary with temperature and oscillation frequency. 

Therefore, it becomes significant to plot a three-dimensional thermogram which 

represents the combined effect of frequency and temperature on the damping ratio of 

the manufactured polymer-based composite material. Fig. 4.42 revealed the 3D 

thermogram in which peaks of different composite samples are visible.   

Table 4.19: Impact of frequency on Tg, tan δ peak height and width, and E’’ peak 

height for all hybrid composites   

Composites Tg from tan 
δmax (

0C) 
tan δ peak 

height 
tan δ peak 

width 
Tg from 
E’’ (0C) 

Log E’’ 
peak height 

(MPa) 
CPC (1) 68.51 0.63 17.12 61.56 9.206 
CPC (5) 70.1 0.656 20.91 62.55 9.577 
PCP (1) 62 0.43 27.52 49.24 9.138 
PCP (5) 68.16 0.528 25.99 54.5 9.35 

Bilayer (P/C) (1) 70 0.63 18.64 62 9.130 
Bilayer (P/C) (5) 73.7 0.622 22.88 63.08 9.212 

IM (1) 70 0.58 20.13 62.23 8.928 
IM (5) 73.36 0.619 24.19 62.35 9.28 

 



106 
 

 

Fig. 4.39: Impact of frequency with temperature on E’ of fabricated hybrid materials 

 

Fig. 4.40: Impact of frequency with temperature on tan δ of fabricated materials 
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Fig. 4.41: Impact of frequency with temperature on E’’ of fabricated materials 

 

Fig. 4.42: Three-dimensional thermogram of different layered PALF/Coir hybrid 

materials  
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4.4.3.5 Activation Energy for Phase Transition 

The energy required for the switching of phase from glassy state to rubbery state in 

the composite material can be easily and accurately measured by using the Arrhenius 

equation 

                                        � = ��exp (−
�

��
)                                                            (4.7) 

The calculated activation energy for the different layered hybrid epoxy specimens is 

mentioned in Table 4.20. The CPC and PCP hybrid composites have the highest and 

least value of activation energy. 

Table 4.20: Activation energy for the different layered hybrid composites 

Hybrid composites Activation energy (kJ/mole) 
CPC 40.54 

PCP 9.179 
Bilayer (P/C) 18.65 

IM 20.45 

    

4.4.3.6 Cole-Cole Plots 

Cole-Cole plot signifies the fiber-matrix interaction at the interface and the 

heterogeneity or non-uniform diffusion of reinforcement in the polymeric system. 

The Cole-Cole plot of a homogenous system is reported as a smooth semi-circular 

arc whereas the heterogeneous system displays irregular or imperfect semicircles. 

The dielectric relaxation and viscoelastic response can never be predicted by a single 

tan δ peak. Therefore, it is particularly important to understand the structure-property 

relationship using Cole-Cole plot. Fig. 4.43 revealed the plots at a frequency of 1 Hz 

and 5 Hz. The Cole-Cole plot of EP was significantly changed and leads to a higher 

degree of imperfection by the addition of reinforcing fibers. This was evident in the 

greater heterogeneity among all hybrid composites. The curve of the PCP hybrid 

composite reveals the less heterogeneity in an epoxy thermoset matrix, proposed the 

poor fiber-matrix adhesion. The shape of the Cole-Cole curves for IM, CPC, and 

bilayer composites pointed towards the good fiber-matrix interfacial adhesion.   
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(a) 

 
(b) 

Fig. 4.43: Cole-Cole plots of neat epoxy and hybrid composites at a frequency of (a) 

1 Hz (b) 5 Hz 

4.5 Mechanical Characterization of PALF/COIR Strengthened Hybrid Material 

To elevate the progressive utilization of NFRCs in structural applications, it is 

extremely required to heighten their properties by using the hybridization tool. In 

most of the cases, the performance of hybrid material strengthened with cellulosic 



110 
 

filaments is comparable to the synthetic fiber-reinforced composites. Therefore in 

this section, the mechanical and moisture sorption characteristics of hybridized 

PALF/COIR specimens have been explored. The biocomposite sheets consist of 

randomly oriented and intimately mixed short fibers (20 mm in length) were 

fabricated by employing the hand lay-up technique at 11 levels of COIR fiber 

loading (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 vol.%) with fixed total fiber content 

(40 vol.%). The designation and composition of developed specimens are shown in 

Table 4.21. The mechanical properties and water uptake behavior of various 

formulated composites have been studied according to ASTM standard. The total of 

four samples for each composite specimen was tested and their average values were 

reported. 

Table 4.21: Designation and composition of PALF/COIR fiber reinforced hybrid 

epoxy composites 

Designation Composition 

EP Epoxy matrix (100 vol.%) 

P100 Epoxy (60 vol.%) + Pineapple leaf fiber (40 vol.%) + Coir fiber (0 vol.%) 

P90-C10 Epoxy (60 vol.%) + Pineapple leaf fiber (36 vol.%) + Coir fiber (4 vol.%) 

P80-C20 Epoxy (60 vol.%) + Pineapple leaf fiber (32 vol.%) + Coir fiber (8 vol.%) 

P70-C30 Epoxy (60 vol.%) + Pineapple leaf fiber (28 vol.%) + Coir fiber (12 vol.%) 

P60-C40 Epoxy (60 vol.%) + Pineapple leaf fiber (24 vol.%) + Coir fiber (16 vol.%) 

P50-C50 Epoxy (60 vol.%) + Pineapple leaf fiber (20 vol.%) + Coir fiber (20 vol.%) 

P40-C60 Epoxy (60 vol.%) + Pineapple leaf fiber (16 vol.%) + Coir fiber (24 vol.%) 

P30-C70 Epoxy (60 vol.%) + Pineapple leaf fiber (12 vol.%) + Coir fiber (28 vol.%) 

P20-C80 Epoxy (60 vol.%) + Pineapple leaf fiber (8 vol.%) + Coir fiber (32 vol.%) 

P10-C90 Epoxy (60 vol.%) + Pineapple leaf fiber (4 vol.%) + Coir fiber (36 vol.%) 

C100 Epoxy (60 vol.%) + Pineapple leaf fiber (0 vol.%) + Coir fiber (40 vol.%) 

 
4.5.1 Void and Density Measurement 

The density of developed hybrid specimens is reported in Table 4.22. The density of 

epoxy thermoset was decreased with increase in void content (%) by the 

incorporation of lightweight cellulosic fibers. The compactness of a material is not 

only a function of the types of constituent elements but also depends on the 

interfacial bond strength between them. The density of hybrid composites was 

amplified with the increase of coir content. This was because of the higher density of 
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coir fiber as compared to the pineapple leaf fiber. The volume of emptiness was 

decreased by enlarge of coir fiber volume up to 50% of total fiber volume. Amongst 

all the developed composites, the P50-C50 composite exhibits the minimum value of 

void fraction. The addition of coir fiber beyond 0.5Vf, the density of cavities and 

holes was increased, leading to an increase of void volume fraction. As compared to 

the pure PALF/Epoxy composite, the COIR/Epoxy composite has a higher density 

and lower value of void content. This was because of the higher density and porous 

surface morphology of coir fiber which leads to entrapment of viscoelastic matrix 

medium inside the coir fibers through capillary action. The presence of large number 

of voids may results in poor fatigue strength, immense potential to moisture sorption, 

and increased variation in mechanical properties. The void formation in polymer 

composites can be the result of poor compression during the consolidation of fiber-

matrix composite in a mold. 

Table 4.22: Void content, theoretical density, and true density of hybrid composites 

Composites Theoretical Density (g/cc) Experimental density (g/cc) Void content (%) 

EP 1.3 1.25 3.84 

P100 1.08 1.006 6.85 

P90-C10 1.112 1.051 5.48 

P80-C20 1.134 1.08 4.76 

P70-C30 1.142 1.109 4.55 

P60-C40 1.163 1.112 4.38 

P50-C50 1.182 1.154 2.36 

P40-C60 1.20 1.148 4.57 

P30-C70 1.218 1.163 4.51 

P20-C80 1.237 1.169 5.49 

P10-C90 1.244 1.194 4.02 

C100 1.253 1.16 5.69 

 

4.5.2 Mechanical Properties 

To quantify the reinforcing ability of PALF, COIR, and PALF/COIR hybrid fiber in 

an epoxy thermoset polymer resin, the mechanical tests were performed on pure 

pineapple-epoxy, coir-epoxy, and pineapple/coir fiber reinforced hybrid epoxy 

composites. 

4.5.2.1 Tensile Behavior 

The tensile characteristics of developed specimens are revealed in Fig. 4.44. The 

strength and stiffness of cured epoxy thermoset (shown in Table 3.1) were increased 
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by the incorporation of PALF and COIR fiber. The positive reinforcing effect of 

PALF and COIR fibers on tensile properties of an epoxy matrix can be observed in 

Table 4.23. It was observed that the PALF/Epoxy composite possesses 61.2% and 

49.5% elevated strength and stiffness than the COIR/Epoxy composite respectively. 

This was because of the better inherent tensile properties of PALF than the COIR 

fiber. Moreover, the diameter and microfibrillar angle of PALF is less than that of 

COIR fiber that leads to the higher surface area and reinforcement effectiveness of 

PALF than COIR. The tensile response of COIR/Epoxy was improved by the 

hybridization with pineapple leaf fiber. Fig. 4.49 makes clear that even the addition 

of 0.2 Vf (20% of the total fiber volume) pineapple leaf fiber in coir-epoxy 

composite, the tensile strength was increased from 12.34 MPa to 22.97 MPa. From 

the tensile test, we can conclude that the P50-C50 hybrid composite containing 

relative volume fraction of two fibers PALF: COIR = 1:1 has maximum tensile 

strength and stiffness. The strength of PALF/Epoxy was improved by 16.74% by the 

incorporation of COIR fiber in equal volume content as PALF. This is due to the 

synergistic compatibility between pineapple leaf fiber and coir fiber and it is evident 

that the poor elongation at break (%) of PALF fiber can be overcome by the positive 

hybridization with high strain to failure COIR fiber. Moreover, the hybridization of a 

polymer matrix with optimum relative fiber volume improves the adhesion 

characteristics at the fiber surface. Previous research works [Sathishkumar et al. 

[151], C.A Kakou et al. [154], V.K Bhagat et al. [146], Siddika et al. [156]] were 

also reported the similar result. Fig. 4.49 depicts the diminution in strength of hybrid 

material with the further addition of PALF beyond 50% of total fiber volume (Vf = 

0.4Vc). This was attributed to the poor dispersion of fiber and an increase of void 

spaces. At a very high concentration of PALF in hybrid composites, the processing is 

poor and fibers get agglomerated with an improper orientation which results in 

packing defects and rapid crack propagation. 
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Fig. 4.44: Tensile properties of fabricated composites as a function of coir fiber 

volume content 

4.5.2.2 Flexural Behavior 

The bending strength of the developed hybrid specimens was determined using a 

Tinius Olsen H50KS, universal testing machine. Table 4.23 shows that the flexural 

strength of epoxy thermoset matrix was improved by the addition of PALF and 

COIR fibers. Fig. 4.45 depicts the variation in flexural properties of PALF/COIR 

hybrid material as a function of coir fiber volume fraction. The bending strength of 

pure COIR/Epoxy was significantly improved by the incorporation of pineapple leaf 

fiber, up to 50% of total fiber volume. The maximum flexural strength of 102.81 

MPa is obtained for P50-C50 hybrid composite. The step-up of flexural strength by 

23.44% and 77.03% was observed between the P100 to P50-C50 and C100 to P50-

C50 composites respectively. This was because of the increased shearing resistance 

of fibers and effective stress transfer from the matrix to reinforcing fibers at this 

particular relative fiber volume content. Flexural strength is a combined effect of 

tensile, shear, and compressive strength. During the three-point bending test, the 

lower end of composite material experiences tensile stress, upper end faced 

compressive stress, and the axisymmetric plane is subjected to a shear load. The 

flexural strength of a composite material almost follows a similar pattern as tensile 

strength. Similar to tensile strength, the flexural strength is also decreased with the 

further loading of pineapple leaf fiber from 0.5 Vf to 0.9 Vf. The flexural strength 
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was rapidly amplified with the increase of PALF content from 0.3 Vf to 0.5 Vf. This 

behavior is due to the synergistic compatibility between PALF and COIR in P40-C60 

and P50-C50 composites. Moreover, an optimum balance between strength, stiffness, 

and ductility was obtained as a result of a balanced combination of PALF and COIR 

fiber in a viscoelastic epoxy thermoset medium. However, the hybrid composite P60-

C40 possess a higher value of flexural modulus than the P50-C50 composites. It was 

due to the little more accumulation of stiffer and stronger pineapple leaf fiber which 

results to restrict the plastic deformation. 

 
Fig. 4.45: Bending characteristics of fabricated specimens 

Table 4.23: Percentage change in mechanical properties of epoxy matrix after the 

incorporation of PALF and COIR   

Specimens Tensile 

strength 

(MPa)IM 

Tensile 

modulus 

(GPa)IM 

Bending 

strength 

(MPa) 

Bending 

modulus 

(GPa) 

Impact 

strength 

(kJ/m2)IM 

P100 65.63 60.33 67.86 23.11 57.29 

P90-C10 58.15 48.93 58.7 14.17DC 66.19 

P80-C20 52.2 42.16 69.48 3.77 74.63 

P70-C30 61.51 29.41 67.31 28.5 77.01 

P60-C40 64.83 59.32 73.79 62.68 84.59 

P50-C50 71.39 61.29 75.4 58.87 86.63 

P40-C60 62.12 60.65 71.62 50.32 86.28 

P30-C70 51.5 47.25 46.63 12.57 83.02 

P20-C80 44.6 31.42 29.57 16.79DC 84.96 

P10-C90 43.53 29.41 16.09 28.57DC 85.54 

C100 9.72 21.31 7.11DC 47.11DC 86.11 
IM Improvement (%), DC Reduction (%) 
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4.5.2.3 Impact Strength 

The toughness of a fiber strengthened composite is dependent on the nature of the 

constituent elements; internal structure and geometry of the composite; interfacial 

interaction between the reinforcing elements and the matrix; and experimental 

conditions. To study the effect of pineapple leaf fiber, coir fiber, and hybrid 

pineapple-coir fiber reinforcement on the impact performance of epoxy thermoset 

polymer, the fabricated composites were subjected to Izod Impact test as per ASTM 

D 256 standard. The impact strength of a virgin epoxy matrix (1.2 kJ/m2) was 

significantly improved with the incorporation of PALF and COIR fiber (shown in 

Table 4.23). From Fig. 4.46, it can be reported that the pure COIR/Epoxy composite 

has 67.47% higher impact strength than that of pure PALF/Epoxy composite. This 

might be due to the inherent property of coir fiber (large value of spiral angle) and 

the dominating phenomena of "Fiber Pull-Out" than the "Fiber Fracture" in 

COIR/Epoxy composite. Moreover, the COIR fiber contains less cellulosic content 

with porous surface morphology which leads to good interfacial adhesion and 

wetting of COIR fiber with thermoset epoxy matrix by capillary action. Fig. 4.46 

revealed that the strength of PALF/Epoxy was increased by the incorporation of 

COIR fiber. The hybrid composite (P50-C50) exhibits the maximum value of impact 

toughness (8.98 kJ/m2) and it was due to the synergistic combination of properties. 

The low elongation to failure property of PALF/Epoxy composite can be overcome 

with the incorporation of high strain to failure-COIR fiber. The strength of a material 

under impact loading is a function of stiffness and ductility. In the case of 

PALF/COIR hybrid composite, the inherent strength of pineapple leaf fiber makes a 

good balance with the ductile nature of coir fiber which leads to the improvement in 

toughness of developed composites. Amongst all samples, the composite reinforced 

with an equal volume fraction of coir and pineapple leaf fiber (P50-C50) possess 

better mechanical properties than the others. This was because of the good interfacial 

adhesion between fiber and matrix that leads hamper the crack propagation along the 

interface. It is worth to note that the toughness indicates the amount of energy 

dissipated in the form of heat during the process of crack initiation, growth, and 

propagation. In relative to pure COIR/Epoxy composite, the hybrid composite (P40-

C60) shows better impact strength. It was attributed to the positive hybridization 

effect with intercede result (C100<P40-C60>P50-C50). As expected, the hybrid 
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composites reinforced with optimum relative fiber volume content presents a better 

impact toughness than that of single fiber reinforced polymer composites. 

 
Fig. 4.46: Impact strength of fabricated specimens 

4.5.2.4 Rockwell Hardness 

The hardness of developed composites was determined using the Rockwell hardness 

tester and their results are reported in Table 4.24. The pure PALF/Epoxy composite 

exhibits higher hardness value than the hardness of single COIR/Epoxy composite. 

This was mainly due to the presence of high cellulose content in pineapple leaf 

fibers. From Fig. 4.47, it can be concluded that the hardness of a pure COIR/Epoxy 

was increased by the incorporation of PALF up to 0.6 Vf.. The P60-C40 hybrid 

composite shows the highest hardness than the other single and hybrid composites. 

The average value of hardness for P60-C40 hybrid material is 43.26 HRm. It is worth 

noting that the hardness of an epoxy matrix was significantly increased by the 

loading of cellulosic fibers. 
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Table 4.24: Summary of the results of the hardness test for developed PALF/COIR 

hybrid composites 

Composites Trial 1 Trial 2 Trial 3 Trial 4 Average 

EP 32.68 36.14 33.42 32.08 33.58 

P100 40.36 38.96 40.07 40.01 39.85 

P90-C10 37.77 35.4 37.29 37.21 36.92 

P80-C20 38.30 34.18 37.88 38.05 37.10 

P70-C30 40.01 39.39 40.21 40.03 39.91 

P60-C40 44.96 42.18 42.83 43.08 43.26 

P50-C50 42.96 41.18 40.72 41.79 41.66 

P40-C60 40.89 40.26 41.31 40.58 40.76 

P30-C70 39.27 36.05 38.11 38.92 38.09 

P20-C80 36.03 36 36.42 34.19 35.66 

P10-C90 35.08 35.68 36.93 36.65 36.09 

C100 37.11 36.84 39.95 39.08 38.25 

 

 

Fig. 4.47: Rockwell hardness of fabricated composites as a function of coir fiber 

volume content 

4.5.3 Water Absorption 

Water sorption characteristics of virgin epoxy, pineapple-epoxy, coir-epoxy, and 

pineapple-coir fiber hybrid epoxy composites were studied with the special reference 

of immersion time (in hrs) and the relative volume fraction of both types of cellulosic 

fiber. The water absorption curves for all formulated composites as a function of 

immersion time and the coir fiber content are illustrated in Fig. 4.48. The virgin 

thermoset resin absorbs the least amount of water among all the composite 
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specimens. The moisture uptake ability and dimensional instability of thermoset 

polymer was increased with the incorporation of cellulosic fibers. The diffusion of 

water molecules in polymers is due to the presence of micro-gaps and cavities 

between polymeric chains. According to Flory's proposed theory, the water diffusion 

in polymer and polymer-based composites are two-step processes. In the 1st step, the 

penetrant diffuses rapidly to induce elasticity in polymer chains and in the 2nd step, 

the saturation level (equilibrium absorption) was achieved that leads to the polymer 

chain relaxation. Fig. 4.48 (a) clearly shows that all the composites absorb water 

sharply up to 50 hr and reached to the saturation point at 120 hr. The maximum water 

absorption values (in %) of all the fabricated composites are reported in Table 4.25. 

It was observed that the pure pineapple-epoxy composite absorbs more water as 

compared to the coir fiber-epoxy composite. This was attributed to the presence of a 

large number of -OH functional group on the shell of PALF. Water uptake in 

NFRC's depends on the inherent sorption power of individual fibers and matrix, fiber 

length and content, fiber orientation, matrix cracking, and fiber-matrix interfacial 

adhesion. From Fig. 4.48 (b), it can be concluded that the hybridization of a PALF-

Epoxy composite with coir fiber leads to the improvement in resistance to water 

diffusion. The hybrid composite (P50-C50) has the least affinity to absorb water 

because of excellent structural integrity, good fiber-matrix interfacial adhesion, and 

less number of voids, cavities, and micro-pores. In comparison to the pure pineapple 

leaf fiber-epoxy and coir fiber-epoxy composite, the hybrid composite (P50-C50) 

absorbs 62% and 32% less amount of water respectively. It indicates that the hybrid 

fiber reinforcement in the polymer matrix yields more packed structure which leads 

to the dimensionally stable high strength composite. The penetration of water 

molecules through the composite materials is mainly occurring by the capillary drive 

through cracks, voids, and flaws at the interfacial region between reinforcement and 

resin. The percent water absorption of single coir fiber reinforced epoxy composite is 

significantly reduced by hybridization with 0.2Vf content of pineapple leaf fiber. 

This may be due to the improved fiber-matrix interaction and better-ordered 

dispersion of fiber in the matrix resin. In addition to the polymer and fiber swelling, 

the delamination of the interlayer between the fibers can also be the cause of free 

voids that leads to an important mechanism for water absorption in the hybrid 

composites. To understand the kinetics and mechanism of water absorption, the 

experimental data are fitted into the following generalized equation  
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where Mt and Mm are the water absorption at time t and saturation level respectively, 

k is a constant parameter and n is the diffusion coefficient. The water sorption 

constants n and k define the mechanism of water diffusion and the kind of interaction 

between polymer and water respectively. According to the value of n (n<0.5, n=0.5, 

0.5<n<1, n>1), the water diffusion mechanism can be classified into less Fickian, 

Fickian, Anomalous, and Non-Fickian mechanism respectively. From Table 4.25, we 

can report that all the composites follow a less Fickian water diffusion mechanism. 

 
(a) 

               
(b) 

Fig. 4.48: Water absorption behavior of fabricated composites as a function of (a) 

immersion time (b) coir fiber volume content 
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Table 4.25: Maximum water absorption, water sorption constants, and diffusion 

mechanism of the fabricated composites 

Composites Max. 

WA (%) 

Diffusion 

exponent (n) 

Intercept 

(k) 

R2 Type of 

diffusion 

mechanism 

EP 2.01 0.14712 -0.65441 0.85839  

 

 

 

 

Less 

Fickian 

diffusion 

P100 14.75 0.1374 -0.61104 0.84521 

P90-C10 13.52 0.083 -0.37181 0.77271 

P80-C20 12.64 0.088 -0.38882 0.59984 

P70-C30 11.14 0.13 -0.55484 0.84624 

P60-C40 9.33 0.057 -0.25739 0.43924 

P50-C50 5.51 0.20 -0.8951 0.84861 

P40-C60 7.99 0.18 -0.78488 0.8108 

P30-C70 7.12 0.16 -0.68983 0.85101 

P20-C80 6.21 0.176 -0.78915 0.89529 

P10-C90 5.69 0.148 -0.65428 0.81936 

C100 8.2 0.062 -0.27329 0.69185 

 

4.6 Biodegradability of PLF/COIR Fiber Reinforced Hybrid Epoxy Composites 

Environmental policies set the boundary conditions for industries and commercial 

market regarding the maximum utilization of biodegradable material. In this context, 

the current section deals with the effect of relative fiber volume content and alkaline 

treatment of cellulosic fibers on the biodegradability of PALF/COIR filled epoxy 

composites in the natural soil environment. To accomplish the desired objectives, a 

total of 23 biocomposite specimens (untreated and alkali-treated) has been developed 

by hand lay-up molding technique and tested for tensile, flexural, impact, and weight 

loss properties according to ASTM standard. The description of developed 

specimens is reported in Table 4.26. The total of four samples for each composite 

specimen was tested and their average values were reported.  
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Table 4.26: Designation and composition of developed composites 

Designation Composition 

EP Epoxy matrix (100 vol.%) 

P100 Epoxy (60 vol.%) + untreated pineapple leaf fiber (40 vol.%) + untreated coir fiber (0 vol.%) 

P90-C10 Epoxy (60 vol.%) + untreated pineapple leaf fiber (36 vol.%) + untreated coir fiber (4 vol.%) 

P80-C20 Epoxy (60 vol.%) + untreated pineapple leaf fiber (32 vol.%) + untreated coir fiber (8 vol.%) 

P70-C30 Epoxy (60 vol.%) + untreated pineapple leaf fiber (28 vol.%) + untreated coir fiber (12 vol.%) 

P60-C40 Epoxy (60 vol.%) + untreated pineapple leaf fiber (24 vol.%) + untreated coir fiber (16 vol.%) 

P50-C50 Epoxy (60 vol.%) + untreated pineapple leaf fiber (20 vol.%) + untreated coir fiber (20 vol.%) 

P40-C60 Epoxy (60 vol.%) + untreated pineapple leaf fiber (16 vol.%) + untreated coir fiber (24 vol.%) 

P30-C70 Epoxy (60 vol.%) + untreated pineapple leaf fiber (12 vol.%) + untreated coir fiber (28 vol.%) 

P20-C80 Epoxy (60 vol.%) + untreated pineapple leaf fiber (8 vol.%) + untreated coir fiber (32 vol.%) 

P10-C90 Epoxy (60 vol.%) + untreated pineapple leaf fiber (4 vol.%) + untreated coir fiber (36 vol.%) 

C100 Epoxy (60 vol.%) + untreated pineapple leaf fiber (0 vol.%) + untreated coir fiber (40 vol.%) 

  

P100 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (40 vol.%) + NaOH treated coir fiber (0 vol.%) 

P90-C10 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (36 vol.%) + NaOH treated coir fiber (4 vol.%) 

P80-C20 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (32 vol.%) + NaOH treated coir fiber (8 vol.%) 

P70-C30 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (28 vol.%) + NaOH treated coir fiber (12 vol.%) 

P60-C40 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (24 vol.%) + NaOH treated coir fiber (16 vol.%) 

P50-C50 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (20 vol.%) + NaOH treated coir fiber (20 vol.%) 

P40-C60 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (16 vol.%) + NaOH treated coir fiber (24 vol.%) 

P30-C70 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (12 vol.%) + NaOH treated coir fiber (28 vol.%) 

P20-C80 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (8 vol.%) + NaOH treated coir fiber (32 vol.%) 

P10-C90 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (4 vol.%) + NaOH treated coir fiber (36 vol.%) 

C100 (T) Epoxy (60 vol.%) + NaOH treated pineapple leaf fiber (0 vol.%) + NaOH treated coir fiber (40 vol.%) 

 

4.6.1 Mechanical Properties 

4.6.1.1 Tensile Strength 

The deviation in strength of formulated composites as a function of burial time is 

depicted in Fig. 4.49. The thermoset matrix exhibits a very small decrement in tensile 

strength (about 2.35 MPa) after the 110 days of burial in the natural soil. This was 

credited to the cross-connected structure of a thermoset resin. The rate of reduction 

and total loss of tensile strength in the virgin epoxy matrix were increased with the 

incorporation of cellulosic fibers (PALF and COIR). It was due to the inherent 

characteristic of cellulosic fibers that they can biodegrade by the action of 

microorganisms. H. Kim et al. [254] also reported that the agro-flour filled PBS 

composite exhibits a higher rate of reduction in tensile strength than the unfilled PBS 

matrix. Fig. 4.49 revealed that the strength of pure PALF-Epoxy was reduced rapidly 

than the COIR-Epoxy in the natural soil environment. It can be explained by the fact 

that the COIR fiber contains high lignin content (40-45%) which provides higher 

stability against the attack of microorganisms. In all the formulated biocomposites, 

the natural fibers were hydrolyzed significantly which results in poor linkage among 

the reinforcement and polymeric resin. From Fig. 4.50, we can conclude that the 

hybrid composites possess a greater reduction in tensile strength as compared to the 
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pure PALF-Epoxy composite. This negative effect of hybridization in the natural soil 

environment is due to the penetration of water molecules at the interface between 

fiber-matrix and fiber-fiber which results in an easy fiber pull-out under mechanical 

loading conditions. The hybrid composite (P60-C40) drops 70% of tensile strength in 

the natural soil. This was due to the attack of microorganisms and the hydrolysis of 

lignocellulosic fibers. It can be observed that the NaOH treated Coir-Epoxy 

composite possess a higher rate of reduction in tensile strength than the untreated 

one. It was due to the subtraction of the lignin compound which results in rough and 

porous morphology of the surface (Fig. 4.51). Amongst all the developed 

composites, the NaOH treated P10-C90 possesses maximum reduction of tensile 

strength (75.12%) in the natural soil environment. However, the alkaline treated P80-

C20 hybrid composite exhibits a 13% lower reduction in tensile strength than the 

unprocessed one. In most of the untreated and alkali-treated composites, the tensile 

strength of biocomposites was reduced significantly after 30 days of soil burial due 

to the substantial hydrolysis of cellulosic fibers. It is worth to note that the P60-C40 

and P50-C50 composites exhibit a high rate of tensile strength reduction after 30 

days. 

 

(a) 
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(b) 

Fig. 4.49: Effect of the natural soil burial time on the tensile strength of (a) untreated 

biocomposites (b) alkali-treated biocomposites   

 

Fig. 4.50: Comparison of the maximum loss in tensile strength after 110 days of 

burial in the natural soil environment 
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Fig. 4.51: Surface morphology of (a) untreated COIR (b) 4% NaOH treated COIR 

4.6.1.2 Flexural Strength 

Fig. 4.52 (a)-(b) illustrates the bending strength of raw and mercerized biocomposites 

in response to natural soil burial time. It was observed that the bending strength of an 

epoxy thermoset was increased considerably after the addition of reinforcing PALF 

and COIR fibers. However, the fiber-reinforced composites exhibit a higher rate of 

reduction in flexural strength than the unfilled epoxy thermoset. This was attributed 

to the easy and selective hydrolysis of cellulosic fibers; entrapment of water 

molecules inside the pores, cavity, and an interfacial region between fiber and 

matrix; anisotropic nature of composites; scission and depolymerization of cellulosic 

chains; and localized stress concentration in micropores. The pure COIR fiber-

reinforced composite possesses a slow rate of diminution in bending strength than 

the PALF-Epoxy. The bending strength of a hybrid material in the natural soil 

environment was reduced rapidly with the increase of coir fiber content. Amongst all 

the untreated hybrid composites, the P10-C90 one exhibits maximum reduction (%) 

in flexural strength. It was attributed to the poor stress transfer from PALF to COIR 

fiber and the presence of a large number of micropores and cavities at this particular 

composition which results in the absorption and adsorption of water molecules by 

capillary action. From Fig. 4.52, we can conclude that most of the composites 

revealed an accelerated rate of reduction after 30 days of burial in the natural soil 

environment. It is worth to note that the strength of developed specimens was 

reduced substantially in burial state after an alkaline treatment of cellulosic fibers 

(Fig. 4.53). This finding was because of the elimination of waxy substances from the 

surface of natural fibers. The flexural strength of NaOH treated P50-C50 composite 
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was reduced significantly after 10 days of burial in natural soil. Amongst all the 

developed composites, the alkaline treated Coir-Epoxy composite exhibits a 

maximum reduction in flexural strength after 110 days of burial. This was because of 

the significant removal of highly stable lignin compound after the mercerization 

process.    

 
(a) 

 
(b) 

Fig. 4.52: Effect of the natural soil burial time on the flexural strength of (a) 

untreated biocomposites (b) alkali-treated biocomposites   
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Fig. 4.53: Comparison of the maximum loss in flexural strength after 110 days of 

burial in the natural soil environment  

4.6.1.3 Impact Strength  

Fig. 4.54 (a)-(b) depicts the impact strength of formulated composites (untreated and 

alkali-treated) as a special function of natural soil burial time. The brittleness of an 

epoxy thermoset was reduced significantly by the incorporation of PALF and COIR 

fibers. The impact strength of developed composites was decreased in the natural soil 

environment. This kind of behavior is attributed to the entrapment of water 

molecules at the interfacial region which leads to easy and smooth fibers pull-out 

from the viscoelastic medium. Irrespective of the chemical composition of PALF and 

COIR fibers, the pure Coir-Epoxy composite exhibits a higher rate of reduction in 

impact strength after the 60 days of burial than that of the PALF-Epoxy composite. 

However, the total loss (%) in impact strength of the Coir-Epoxy composite was 

15.9% less than the PALF-Epoxy (Fig. 4.55). It can be defined by the excellent 

characteristics of coir fiber to resist microbial and fungus attack. Fig. 4.54 revealed 

that the impact strength of hybrid material was reduced rapidly with the enhance of 

coir fiber content. This was attributed to the large penetration of water molecules in 

the interfacial region between coir fiber and the matrix resin. Amongst all the 

untreated hybrid composites, the P20-C80 revealed the maximum loss (%) of impact 
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strength in the natural soil environment. This was because of the localized stress 

concentration, substantial scission of polymeric chains, selective hydrolysis of 

reinforcing fibers, and avulsion of fiber bundles into individual fibers. From Fig. 

4.55, we can conclude that the alkali treatment imparts a positive impact on the 

strength of a pure PALF-Epoxy. This was because of the removal of -OH group after 

the mercerization process which leads to a substantial reduction in the hydrolysis of 

pineapple leaf fiber. However, the NaOH treated COIR-Epoxy composite exhibits a 

higher rate of reduction in impact strength than the untreated one. It was due to the 

change in the chemical composition of coir fiber (removal of highly durable and 

stable lignin component) after alkaline treatment. From Fig. 4.54 (a)-(b), we can also 

conclude that the rate of reduction in impact strength was more accelerated after the 

30 days of burial in the natural soil environment. The overall discussion revealed that 

the mechanical strength was reduced significantly due to the action of 

microorganisms. 

 

(a) 
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(b) 

Fig. 4.54: Effect of the natural soil burial time on the impact strength of (a) untreated 
biocomposites (b) alkali-treated biocomposites   

 

 

Fig. 4.55: Comparison of the maximum loss in flexural strength after 110 days of 
burial in the natural soil environment 
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4.6.2 Mass Loss 

The mass loss of biocomposites in the response of natural soil burial time is shown in 

Fig. 4.56 respectively. The mass loss (%) of an epoxy thermoset was increased 

considerably in the natural soil environment after the incorporation of PALF and 

COIR fibers (As expectedly). Amongst all the developed materials, the pure PALF-

Epoxy composite exhibits a maximum percentage of weight loss in the natural soil 

environment (Fig. 4.57). This result is attributed to the substantial hydrolysis of 

PALF which leads to the depolymerization and chain scission of cellulosic material 

into small monomer units. It was observed that the weight loss percentage of hybrid 

composites was reduced with the increase of coir fiber content. This was because of 

the high resisting power of COIR fiber to biodegrade. The coir fiber consists of high 

lignin content (40-45%) which makes it and their composites to resist the attack of 

bacteria, fungi, and microorganisms. Fig. 4.56 depicts that the single coir fiber-

reinforced composite exhibits the least biodegradability in the natural soil 

environment. Moreover, the total mass loss (%) in the Coir-Epoxy composite was 

51.1% less than that of the pure PALF-Epoxy composite. This result was attributed 

to the presence of high cellulose content in PALF which results in easy and fast 

absorption of water molecules. The mechanism of bio-degradation involves 

penetration of water molecules, breakage of strong covalent bonds, and deterioration 

of hemicellulose & cellulose by the action of microorganisms. Bharat K.N et al. 

[126] also reported that the biodegradation involves bond scission reactions in the 

backbone of polymers. The alkali-treated fiber-reinforced composites have a higher 

rate of biodegradation than the untreated. However, the NaOH treated composites 

(P100, P90-C10, and P80-C20) possess lower mass loss (%) than the untreated ones 

(Fig. 4.57) and it was due to the excess removal of –OH group after mercerization. 
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(a) 

 

(b) 

Fig. 4.56: Percentage weight loss of (a) untreated biocomposites (b) alkali-treated 

biocomposites in natural soil  
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Fig. 4.57: Comparison of the maximum weight loss after 110 days of burial in the 

natural soil environment 
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CHAPTER 5 - APPLICATION OF THE DEVELOPED HYBRID 

COMPOSITE IN AUTOMOBILE SECTOR 

 
The overall car creation rate is expanding and is assessed to arrive at 76 million 

vehicles every year by 2020. Government guidelines are driving vehicle makers to 

think about the ecological effect of their creation and conceivably move from the 

utilization of manufactured materials to the utilization of agro-based materials. It is 

assessed that a 25% decrease in car weight would be proportionate to saving 250 

million barrels of unrefined petroleum. Therefore, it is necessitated that the makers 

will consider the expanding utilization of common filaments and bio-composites in 

their new items. In this regard, this chapter discusses the potential applications of 

cellulosic fiber based material in the automobile sector. The properties of a 

developed material were compared with typical bumper beam material and other 

biocomposites. 

5.1 Application of a PALF/COIR Hybrid Material for Passenger Car Bumper 

Beam   

This section examines the potential of a developed hybrid material for the passenger 

car bumper beam by comparing its properties with a typical bumper beam material 

called GMT. Fig. 5.1 compares the mechanical properties of P50-C50 hybrid 

material with GMT. It was observed that the mechanical properties of untreated 

PALF/COIR hybrid material are less than the GMT. This was because of the 

presence of voids and cavities which act as a stress raiser and leading to the reduction 

in mechanical strength and stiffness. Therefore, the current hybrid material needs 

some modifications to select in structural applications. To reduce void content and 

achieving strong bonding between ingredients, the SMC process can be employed 

instead of a hand layup technique. 
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Fig. 5.1: Comparison between P50-C50 hybrid composite and GMT material in 

respect of (a) Tensile and Flexural strength (b) Tensile and Flexural modulus (c) 

Impact strength (d) Density  

5.2 Application of a PALF/COIR Hybrid Epoxy Composite for Automotive 

Instrument Panel  

Sapuan and Abdalla [255] reported that the tensile strength of at least 25 MPa is 

needed for composites developed for car dashboard panels. The alkaline treated P50-

C50 developed hybrid biocomposite had an average strength of 41.73 MPa 

significantly higher than the strength required for interior automotive panel. The 

flexural strength of the developed composite was 134.4 MPa, is appropriate for the 

same application. Furthermore, the usage of such biocomposites rather than 

manufactured materials can contribute to lowering greenhouse gas emission thus 

combating climate change [256]. Due to all these aspects, we can conclude that the 

developed hybrid biocomposite can be utilized as an alternative material for interior 

automotive panels (Fig. 5.2). 

 

Fig. 5.2: Automotive Instrument Panel 
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5.3 Comparison of Mechanical Properties between PALF/COIR Developed 

Composite with the PP/PS – xGnP for Automotive Applications 

J. Parameswaranpillai et al. [257] have developed a hybrid composite PP/PS – xGnP 

and reported that the developed nanocomposite can be used for automotive 

applications. To analyze the potential of a developed PALF/COIR hybrid material in 

the same application, the mechanical properties of the hybrid were compared with 

PP/PS blend and PP/PS – xGnP composite in Table 5.1. The tensile strength of 

alkaline treated P50-C50 hybrid material is significantly higher than the strength of 

PP/PS blend and PP/PS – xGnP nanocomposite. However, the impact strength of 

P50-C50 (T) is little of low magnitude than that of the other two materials. 

Therefore, after some modifications for impact resistance, the developed 

PALF/COIR hybrid material can replace PP/PS blend for automobile components.  

Table 5.1: Comparison between P50-C50 material with PP/PS blend and PP/PS – 

xGnP composite   

Composite Tensile strength Impact strength 

PP/PS blend 29.7 15 

PP/PS – xGnP 32.3 14.16 

P50-C50 (T) 41.76 9.54 

 
5.4 Applications of a Developed PALF/COIR Hybrid Composite in the Interior 

of a Passenger Car 

N. Ayrilmis et al. [258] suggest that the composite made with 60 wt% coir fiber, 37 

wt% PP, and 3 wt% MAPP has significant potential for automotive interior 

applications. To investigate the ability of a hybrid PALF/COIR reinforced composite 

in an interior of passenger car, the properties of a developed hybrid material were 

compared with Coir/PP composite in Table 5.2. The observations show that the P50-

C50 hybrid material exhibits considerably higher mechanical strength than the 

Coir/PP compatibilized composite. Therefore, the developed hybrid composite can 

be used for non-structural and semi-structural applications. 

Table 5.2: Comparison between P50-C50 and Coir/PP materials 

Composite Density 

(g/cc) 

Tensile 

strength (MPa) 

Young’s 

modulus (GPa) 

Bending 

strength (MPa) 

P50-C50 1.54 38.94 1.24 102.81 

Coir/PP 0.8 17.8 0.78 30.6 
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5.5 Application of a PALF/COIR Hybrid Epoxy Composite for Door Panel 

Mercedes-Benz used Jute-Epoxy material in the door panels in its E-class vehicles. 

Therefore, to evaluate the potential of a developed treated hybrid composite for the 

same application, the properties of hybrid were compared with Jute/Epoxy 

composite. Table 5.3 shows that the hybrid material offers better mechanical 

properties than the Jute/Epoxy composite. The density of treated P50-C50 composite 

is approximately equal to the density of Jute/Epoxy material. Therefore, it can be 

concluded that the developed hybrid material has the potential to use in the door 

panels of an automobile. 

Table 5.3: Comparison of mechanical properties between P50-C50 and Jute/Epoxy 
composite 

Composite Density  (g/cc) Tensile strength (MPa) Flexural strength  (MPa) 

P50-C50 (T) 1.21 41.76 102.81 

Jute/Epoxy 1.196 40.5 72.32 
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS 

In this research work, a novel hybrid biocomposite material was developed and 

characterized. To develop a high-performance material using agricultural waste, the 

pineapple leaf and coconut husk fibers were selected as reinforcement in an epoxy 

thermoset matrix resin. For the development of an excellent hybrid biocomposite 

material, the following works have been done:   

 Characterize the thermal stability, morphology, surface chemistry, and water 

absorption behavior of PALF and COIR fibers. 

 Analyze the effect of alkaline treatment with various concentrated solutions 

(2%, 4%, 6%, 8%, and 10%) on the hydrophilic and thermal behavior of 

cellulosic fibers. 

 Determine the optimum length and volume content of reinforcing fibers 

(PALF and COIR) at which the composites exhibit an optimum set of thermal 

and mechanical properties. 

 Find out the best arrangement of fibers at which the composites show better 

flame retardancy, high resistance to moisture uptake, and excellent dynamic 

mechanical behavior.  

After doing all these, the hybrid biocomposites were developed and characterized for 

mechanical and biodegradation properties.  

On the basis of presented research work in this doctoral thesis, the following 

conclusions can be made: 

6.1 Selection of Fibers and Matrix 

Amongst all the commonly used natural fibers, the pineapple leaf (PALF) and 

coconut husk (COIR) have significant potential as a reinforcing agent in polymer-

based composites which results in high strength, lightweight, and biodegradable 

biocomposite material. The PALF and COIR are multi-cellular fibers, extracted from 

the leaves of pineapple and the husk (mesocarp) of coconut fruit respectively. The 

primary reasons to select these fibers over the other are:  
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 PALF contains high cellulose content (70-85%) which results in it exhibits 

higher tensile and flexural properties than the flax, sisal, jute, OPEFB, and 

cotton fibers.  

 The flexural and torsional rigidity of PALF is also comparable with jute fiber.  

 Easy availability, low density, favorable aspect ratio, and low microfibrillar 

angle of PALF. 

 COIR fiber has high lignin content (40-45%) which makes it more durable 

and stable under a wide range of temperature and humid conditions as well as 

provides excellent resistant properties against microbial and fungus attack. 

6.2 Impact of Mercerization on Thermal, Morphological, and Hydrophilic 

Characteristics of Cellulosic Fibers 

 An alkaline treatment increases the thermal stability of cellulosic fibers 

through physical and chemical changes. 

 The alkali-treated fibers are rough with regularly placed pinholes than the 

untreated ones. This was caused by the removal of hemicellulose, binding 

agent, and gummy substances. 

 The NaOH treated fillers absorb more water in the humid environment than 

the untreated one. Furthermore, the capillary and water diffusion action is 

more pronounced in alkali-treated fibers. 

 The 4% NaOH treated COIR and 8% NaOH treated PALF absorb 5-8% and 

9-15% more water than the untreated fibers respectively. 

 Amongst the untreated and alkali-treated PALF and COIR fibers, the 4 wt% 

NaOH treated ones have maximum thermal stability.  

 The thermal decomposition of PALF and COIR fibers proceeded in two 

steps. In 1st step, a minor weight loss occurs due to evaporation of water and 

extraction of volatile compounds and in the 2nd step, major degradation 

occurs because of the disintegration of hemicellulose, cellulose, and lignin 

components. 

 PALF has a higher rate of decomposition (6.85 %/min) than COIR (4.85 

%/min) but its main decomposition peak is higher (about 40 0C) than the 

coconut husk fiber. It was due to the presence of more cellulosic content in 

PALF 
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6.3 Impact of Reinforcement Geometry and Volume Fraction on the 

Characteristics of Biocomposites 

 The tensile and bending strength of PALF/Epoxy were enlarged considerably 

with the increase of PALF length and content up to 15 mm and 34 vol. %. 

However, the maximum impact strength was achieved at 25 mm length and 

43% PALF content. 

 The Coir/Epoxy composite of 20 mm fiber span with 23% fiber volume 

content exhibits better mechanical properties than the other Coir/Epoxy 

composites. Beyond the addition of fibers and a further enlarge in length 

results in the improper wetting and an increase in void density. 

 The moisture sorption affinity of composites was increased with the increase 

of fiber length and content. However, it is mainly affected by fiber content 

than the span. Amongst all the composites, the 43% fiber strengthened one 

absorbs maximum water.  

 The thermal stability, E’, E’’, and Tg of the epoxy polymer was increased by 

the incorporation of coir and pineapple leaf fibers. It was due to the rigidity of 

polymeric chains and higher restrictions in molecular mobility.  

 In context to the thermal stability of COIR/Epoxy and PALF/Epoxy 

composites, the optimum fiber volume content is 23%. The main degradation 

temperature of epoxy polymer was increased by 16.79 0C and 23.14 0C after 

the incorporation of 23% COIR and 23% PALF respectively.  

 The order of thermal stability in COIR/Epoxy and PALF/Epoxy composites 

are: 23 CF-EP> 34 CF-EP> 17 CF-EP> EP> CF; 23 PF-EP> 34 PF-EP> 17 

PF-EP> EP> PF respectively.  

 The 23% COIR and 34% PALF reinforced composites have the lowest value 

of effectiveness coefficient 'C', obtained by the storage modulus analysis. 

 The significant reduction in storage modulus (E’) of epoxy and epoxy filled 

composites over the temperature range of 45-80 0C corresponds to the 

transition from the glassy phase to the rubbery phase. 
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6.4 Impact of Strands Layering Pattern on Performance Characteristics of 

Hybrid Material 

 The ability of hybrid composites to retard flame and penetration of water 

molecules is not only a function of the kind of reinforcing filaments and 

adhesive resin but also depends on the pattern by which fibers are arranged in 

a viscoelastic matrix medium. 

 Amongst all the developed hybrid composites [CPC, PCP, Bilayer (P/C), and 

IM], the CPC material exhibits the highest resistance to burning and flame 

penetration. This was due to the formation of more char at the surface which 

results in excellent resistance to thermal-oxidative decomposition. 

 The IM absorbs 44.32% and 34.87% less water as compared to the PCP and 

bilayer (P/C) one respectively. It was due the better dispersion of filaments 

and improved interaction between constituent elements. 

 The flame retardancy and hydrophobicity of hybrid biocomposites can be 

improved by layering the fibers in such a manner that the lignin enriched 

fiber acts as a skin and highly cellulose composed fiber act as a core material.  

 The CPC layered hybrid composite has a lower value of effectiveness 

coefficient 'C' which leads to the higher activation energy required for transit 

glassy phase to the rubbery phase as compared to other hybrid composites. 

 The bilayer and IM have nearly the same value of storage modulus and the 

glass transition temperature. But the intimately mixed composite has a lower 

'C' value. It was due to the effective and uniform stress transfer from matrix 

to fiber and fiber to fiber. 

 The dynamic modulus and glass transition temperature of pure COIR/Epoxy 

and PALF/Epoxy composites were increased by the synergistic hybridization 

of PALF with COIR fiber in an epoxy thermoset matrix. Moreover, the 

effectiveness coefficient 'C' and the peak value of the damping ratio (tan δ) 

for COIR/Epoxy composite were reduced after the hybridization with PALF. 

 The trilayer CPC and bilayer (P/C) composites have maximum stiffness 

above and below Tg respectively.  

 The storage modulus and the width of tan δ curve were elevated with the 

increase of frequency from 1 Hz to 5 Hz. This behavior assures the better 

adhesion at a higher frequency (short time). 
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6.5 Mechanical and Water Uptake Characteristics of Biocomposite Materials 

 The tensile and bending strength and modulus of PALF/Epoxy composite are 

higher than the COIR/Epoxy. However, the composite reinforced with COIR 

fiber has a greater value of impact strength and dimensional stability as 

compared to the PALF reinforced composite.  

 The mechanical properties and moisture sorption impedance of PALF/Epoxy 

and COIR/Epoxy composites have been improved by the incorporation of 

both types of fibers in a single polymeric resin.  

 The optimum set of mechanical properties was obtained for the composite 

reinforced with an equal volume fraction of pineapple leaf fiber and coconut 

husk fiber. Moreover, the P50-C50 hybrid composite absorbs the least 

amount of water than the other composite samples. 

 The moisture sorption affinity of hybrid material was diminished with 

enhance of COIR fiber volume. According to the water diffusion exponent 

(n), the large number of composites exhibits a Fickian diffusion mechanism. 

 The PALF/COIR fiber reinforced hybrid composite has lower mechanical 

strength than the common car bumper beam material (GMT). Therefore, the 

developed material is far away to successfully employ in structural 

applications of an automobile. The developed hybrid composite can be used 

in non-structural and semi-structural applications. It can be used in different 

parts of an automobile such as door panels, headliner panel, package and 

floor trays, printed circuit boards, etc.   

 In the natural soil environment, the PALF-Epoxy composite exhibits a higher 

rate of reduction in strength than the COIR-Epoxy. It was due to the 

substantial hydrolysis of PALF. 

 Most of the developed composites revealed an accelerated rate of reduction in 

mechanical strength after 30 days of soil burial. This was attributed to the 

selective hydrolysis of reinforcing fibers and the substantial scission of 

polymeric chains. 

 Amongst all the untreated and treated composites, the NaOH treated P10-C90 

possess maximum reduction (%) in mechanical strength after 110 days of 

burial in the natural soil environment. 
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6.6 Biodegradation of Biocomposites 

 In the natural soil environment, the weight loss (%) of an epoxy thermoset 

was amplified significantly after the inclusion of cellulosic strands. 

 Amongst all the untreated and alkaline treated composites, the pure 

PALF/Epoxy possesses a maximum percentage of weight loss in the natural 

soil environment.  

 The biodegradability and mechanical strength of COIR/Epoxy composite 

were increased significantly by the incorporation of pineapple leaf fibers and 

alkaline treatment of fibers. However, the NaOH treated PALF-Epoxy 

composite possesses higher stability against the attack of microorganisms 

than the untreated one. 

 The biodegradability of a hybrid composite was reduced with the increase of 

coir fiber volume content. This was attributed to the high resistance power of 

a coir fiber against the microbial and fungus attack.   

 The mechanism of bio-degradation involves penetration of water molecules, 

breakage of strong covalent bonds, and deterioration of hemicellulose & 

cellulose by the action of microorganisms. 

Overall, we can conclude that the fiber hybridization and alkaline treatment of 

cellulosic fibers play a major role to affect the biodegradation. The experimental 

work proved that the developed hybrid composites are more environment-friendly 

and have good mechanical strength as compared to conventional plastics. 

6.7 Recommendations for Future Work 

The completion of this research has brought certain constraints, challenges, and 

consequently opportunities for future research directions. The following section 

outlines the recommendations for future research work. 

6.7.1 Green composite Formulation 

This research has utilized non-renewable epoxy synthetic resin for the fabrication of 

a composite material. To improve the sustainability of material, there is a need to 

replace synthetic resin with bio-resin which results in the formulation of 100% 

biobased composite material. 
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6.7.2 Fabrication Technique  

In this work, a manual polymer processing technique was employed to formulate the 

biocomposite material. This technique is limited to low viscosity polymers. 

Moreover, the speed of production and uniform wetting of fibers with matrix resin 

are also major problems of this technique. Therefore, there is a need to utilize other 

production methods like spray layup, pultrusion, compression molding, resin transfer 

molding, pre-pregging, etc. 

6.7.3 Fiber-Matrix Interfacial Adhesion 

This work deals with the alkaline treatment of fibers to enhance the linkage between 

reinforcement and polymeric resin. Therefore, there is a need to examine the impact 

of other treatments on the performance of strengthened composites. 

6.7.4  Life Cycle Predictions 

Although the current research studied the biodegradation of biocomposites, it is of 

great importance to conduct a life cycle analysis (LCA) to ascertain life-cycle cost, 

production and transportation of the pineapple leaf and coir fibers. 

6.7.5 Testing of Biocomposites 

Although the thermo-mechanical properties of hybrid biocomposites were tested in 

this work, there is a need to evaluate the tribological, chemical, and electrical 

properties of PALF/COIR fiber-reinforced composite. It would be of great interest to 

obtain a data bank of the effect of different flame retardants on the flammability of 

PALF/COIR hybrid material. 

6.7.6 Consistent Quality of Biocomposites 

An important concern is the deficiency of standardized pineapple leaf and coir fibers. 

Climatic and geographical conditions affect the nature of strands. This is a main 

weakness if their composites are used in the automobile industry. Therefore, it is 

suggested that the filaments of consistent quality be used for the biocomposite. 
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