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ABSTRACT

Natural  fiber  biocomposites are gaining popularity as  an environmentally friendly

alternative and solution to the problems of non-degrading and energy consuming synthetic

fiber composites. Research on single natural fiber composites mainly focuses on advancing

the physical and chemical properties like improper wettability, insufficient adhesion and high

water absorption. However, hybridization in composites design is adapted to attain improved

mechanical properties.

The present study focuses on (i) fabricating hybrid biocomposites of jute and banana

fibers using hand layup technique, (ii) evaluating the mechanical and physical properties of

the fabricated hybrid biocomposites, (iii) evaluating the mechanical properties using Finite

Element Analysis  software like ANSYS and, (iv) comparing the experimental results and

ANSYS results for the mechanical properties.

The  hybrid  biocomposites  have  fabricated  with  four  layers  of  fibers  aligned  at

900/450/-450/900 directions and varying ratios of resin and hardener (100:10 and 100:20). The

fiber  volume  fraction  for  all  the  composites  have  maintained  equal  to  25.92%.  It  has

observed that, for the same fiber volume fraction and similar fiber orientations, the hybrid

biocomposites fabricated with resin and hardener ratio of 100:10 shows maximum properties.

Theoretical rules of mixture and hybrid rules of mixture have used to estimate the

orthotropic elastic properties of the hybrid biocomposites. Furthermore, these properties have

used  to  evaluate  the  mechanical  properties  of  the  hybrid  biocomposites  in  ANSYS.

Comparison  between  the  experimental  results  and  ANSYS  results  for  the  mechanical

properties shows good agreement with each other.
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TERMINOLOGY

Composite Materials  A composite material or Composition of Materials is a material

made  from  two  or  more  constituents  materials  with

significantly  different  physical  or  chemical  properties  that,

when  combined,  produce  a  material  with  characteristics

different from individual components.

Fiber-reinforced Composite It  is  a  composite  material  made  of  matrix  (biopolymer  of

synthetic polymer) reinforced with synthetic fibers like glass

fiber, carbon fiber, etc.

Bio-composites Bio-composite  is  a  composite  material  formed  by  a  matrix

(resin) and a reinforcement of natural fibers.

Green Composites It is a composite material made of biopolymer reinforced with

natural fibers.

Hybrid Biocomposites These are biocomposites comprise of matrix and reinforcement

of two or more than two natural fibers.
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Fiber Volume Fraction Fiber volume ratio or fiber volume fraction, is the percentage

of  fiber  volume  in  the  entire  volume  of  a  fiber-reinforced

composite material.

Tensile Strength Tensile  strength is  the ability of  the material  to  withstand a

pulling (tensile) force. 

Flexural Strength flexural  strength,  also  known  as  modulus  of  rupture,  bend

strength, or transverse rupture strength is a material property,

defined as  the  stress  in  a  material  just  before  it  yields  in  a

flexural test.

Impact Strength Impact strength is the capability of the material to withstand a

suddenly applied load and is express in terms of energy.

19



20



LIST OF CONTENTS

Content               Page No.

Acknowledgement i

List of Tables ii

List of Figures iv

Abbreviations xi

List of Symbols xiv

Terminology xv

Abstract            xvii

Chapter-1 Introduction 1

1.1 Overview 1

1.2 History of composite materials 2

1.3 Manufacturing processes of fiber-reinforced composites 3

1.3.1 Hand lay-up technique 3

1.3.2 Vacuum-assisted resin transfer-molding technique 4

1.3.3 Compression molding technique 5

1.3.4 Hot press technique 5

21



1.3.5 Twin-screw extrusion technique 6

1.3.6 Injection molding technique 7

1.4 Types of composite matrix materials 7

1.4.1 Ceramic matrix composites 7

1.4.2 Metal matrix composites 8

1.4.3 Polymer matrix composites 8

1.5 Advantages of fiber-reinforced composites 8

1.6 Applications of fiber-reinforced composites 9

Chapter-2 Scope of the study 10

Chapter-3 Objectives of the study 11

Chapter-4 Review of literature 12

4.1 Classification of composite materials 12

4.1.1 Synthetic fibers reinforced composites 13

4.1.2 Biocomposites or natural fibers reinforced composites 14

4.2 Chemical treatment of natural fibers 17

4.3 Finite element analysis 17

4.4 Biocomposites 19

4.5 Green composites 21

4.6 Hybrid biocomposites 24

22



4.7 Hybrid green composites 25

4.8 Summary of review of literature 26

Chapter-5 Materials and Equipments 27

5.1 Materials 27

5.2 Equipments 2

Chapter-6 Research Methodology 31

6.1 Alkali treatment of jute and banana fibers 31

6.2 Preparation of resin and hardener 33

6.3 Manufacturing of hybrid biocomposites 33

Chapter-7 Experimentation 39

7.1 Determination of mechanical properties 39

7.1.1 Tensile testing 39

7.1.2 Flexural testing 41

7.1.3 Impact testing 43

7.2 Determination of physical properties 43

7.2.1 Water absorption test 43

7.2.2 Rockwell hardness test 44

Chapter-8 Numerical modeling and finite element analysis 45

8.1 Rules of mixture and hybrid rules of mixture 45

23



8.2 Finite element analysis of HBCs 47

8.3 Steps in modeling of HBCs in ANSYS 50

8.3.1 Orthotropic properties of HBCs 50

8.3.2 Boundary conditions 53

8.3.3 Solving the problem 55

8.3.4 General post-processing 55

8.4 Algorithm 55

Chapter-9 Results and discussions 57

9.1 Experimental results 57

9.1.1 Tensile properties of the HBCs 57

9.1.2 Flexural properties of the HBCs 61

9.1.3 Impact properties of the HBCs 64

9.1.4 Hardness properties of the HBCs 66

9.1.5 Water absorption test 67

9.2 ANSYS simulation results 67

9.2.1 ANSYS simulation of tensile properties 67

9.2.2 ANSYS simulation of flexural properties 77

9.3 Comparison between experimental and ANSYS results 86

9.4 Determination of percentage error 88

9.5 Summary of results 90

24



Chapter-10 Conclusion and future scope 92

10.1 Conclusion 92

10.2 Future scope 92

References 93

Appendices 107

A. ANSYS APDL coding 107

B. Plagiarism report 112

C. List of Publications 113

25



CHAPTER- 1

INTRODUCTION

1.1 Overview:

Materials  are  the  substance  or  substances  from which  the  things  are  prepared  or

composed synthetically or naturally e.g. ceramics, glass, metals, metamaterials, plastics, etc.

Composite materials are the advanced types of materials. Composite materials are the

combination of several materials with varieties of properties combined together to produce a

new material with advanced properties. The individual materials remain distinct within the

new material. Fiber reinforced composites are the combination of fibers and resin matrix.

Composite  materials  are  preferred  as  these  are  stronger,  lighter  or  less  expensive

when compared with individual  materials.  Due to  these reasons,  composite  materials  are

replacing individual materials in the engineering and construction applications.

Figure 1.1: Fiber-Reinforced Composites [4].

Classification  of  composite  materials  mainly  depends  upon  the  class  of  the

reinforcement and the kind of the matrix used. The reinforcement used can be either synthetic
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fibers or natural fibers and the matrix used can be either synthetic resin or bio resin based on

plant  oil.  Depending on the  combinations  of  the  fiber-resin  used,  it  is  easy to  conclude

whether  the  composite  material  is  non-degradable,  partially  degradable  or  completely

degradable. Sometimes classification also depends upon the geometry of the reinforcement.

It explains the size of the fibers, orientation and fibers direction arrangement. The chapter of

review of literature gives the detail explanation on the classification of composite materials.

1.2 History of composite materials:

Humans have made the use of composite materials from past centuries. The earliest

uses of composite materials have made in 3400 B.C. when ancient Mesopotamians produced

plywood by combining wood sticks at different orientations. Egyptians used mummy made

from tightly fitting layers  of linen or papyrus  fastened together  in many thicknesses and

generally soaked in plaster, around 2100-2000 B.C. Around in 1200 A.D., Mongols invented

the first composite powerful bow made from cattle tendons, wood, horns, bamboo, bone and

silk joined with natural resin. 

In  the  early  1900s,  plastics  like  vinyl  polystyrene,  phenolic  and  polyester  were

formulated  which  proved  to  be  better  in  performance  compared  with  resins  obtained

naturally. Nevertheless, these plastics alone were not able to provide sufficient strength and

rigidity. Hence, there was the need of the reinforcements for their better strength and rigidity.

Owens corning in  the  year  1935,  announced the first  glass  fibre,  fiberglass  which when

combined  with  polymers  produces  inconceivable  lightweight  strong  structure.  In  1940s,

during World War II, greatest investments in the composites have nurtured. World War II

guided  FRP  industry  from  scientific  experiments  into  genuine  production.  Engineers

discovered that fiberglass composites are light in weight and strong. This made their use in

the military aircraft applications. Fiberglass has also used for radar domes since these were

transparent to the radio frequencies. 

By  the  end  of  World  War  II,  the  entire  automobile  body  has  fabricated  from

composite and analyzed. This led to the evolution of the first generation Chevrolet Corvette

in  1953,  which  has  fabricated  using  fiberglass  impregnated  with  resin  and  shaped  in

counterpart metal dies. 
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In early 1950s, Brandt Goldsworthy, the father of modern composites, invented fiber-

reinforced laminates and pultrusion process. Other processes like vacuum bag molding and

large-scale filament winding processes have also developed. Industries today use pultrusion

process  for  manufacturing  continuous  lengths  polymer  structure  having  constant  cross

sections. In 1961, carbon fibers have invented. Carbon fibers when combined with synthetic

resins produced improved mechanical properties resulting in wide applications in different

fields.  Stephanie  Louise  Kwolek,  an  American  chemist  invented  synthetic  fiber  of  high

strength and stiffness aramid fiber called as Kevlar. During 1970s, the composites industry

began to grow. 

In mid 1990s and 2000s,  manufacturing  and construction industries  began to use

composites owing to their exceptional properties and cost effectiveness.

1.3 Manufacturing processes of fiber reinforced composite materials:

The manufacturing of the composites follows advanced manufacturing techniques,

which allows the fabrication of the composites of intricate shapes. These techniques are as

follows.

1.3.1.  Hand lay-up technique (HLT):

Fibers layered in the shape of unidirectional woven mat, bi-directional woven

mat or randomly chopped in the mold followed by resin impregnation with the assist  of

rollers and brushes or a roller type impregnator. The impregnation pushes the resin inside the

fabric. Curing of the fabricated laminates takes place under standard atmosphere. Mixture of

resins like polyester, vinylester, epoxy, phenolic and any kind of fiber material can be use

without any restrictions.

3



Figure 1.2: Hand Lay-up Technique [4].

1.3.2.  Vacuum-assisted resin transfer-molding technique (VARTMT):

Figure 1.3: Vacuum-Assisted Resin Transfer-Molding Technique [4].

VARTMT is a  shut  mold composite  producing technique.  It  is  a  variety of Resin

Transfer  Molding technique (RTMT) with its  top section modified with a  vacuum pack,

which uses vacuum for the movement of resin to flow into the fibers that have placed inside

the mold. After the impregnation of the resin into the fibers, curing of the composites takes

place at room temperature followed by post curing.
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1.3.3.  Compression molding technique (CMT):

CMT is  a  shut  mold  composite  producing process  that  utilizes  coordinated metal

molds with the use of external force. In this technique, mixture of fibers and the resin is

arrange in the open form hole, the form is shut, and merging force is applied. The force stays

on the mold all through the cure cycle, which for the most part happens in oven. The effect of

pressure and heat creates a composite part with minimum void content and high fiber volume

fraction about net shape complete component.

Figure 1.4: Compression-Molding Technique [4].

CMT frequently yields  composite  parts  that  have  the  ideal  mechanical  properties

conceivable from the specific blend of constituent materials.

1.3.4. Hot press technique (HPT):

 HPT is use for molding fiber-reinforced thermoplastics. The material, for the most

part a woven mat, is a blend of plastic fibers and reinforced fibers. When it is heated, plastic

fibers  liquefy  and  spread  through  the  reinforcement.  The  fibers  mat  according  to  the

dimensions  are  arrange one after  another  until  the required laminate thickness  is  obtain.

Further, the mold is heated (380-400 C), and squeezed into shape. For setting the shape, it is

subjected to force (0.3-1 MPa) is for around 5 minute. The composite part is properly cool

before removing from the mold.
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Figure 1.5: Hot Press Technique [4].

1.3.5. Twin-screw extrusion technique (TSET):

Figure 1.6: Twin-Screw Extrusion Technique [4].

TSET comprise of two firmly coordinated screws rotating in an eight-formed barrel,

have used as a part of plastic industry for applications going from liquefying and pumping of

a polymer to aggravating, blending, and devolatilization and for artificially responding the

constituent materials. The intermeshing area between two screws, which gives a twin-screw
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extruder its one of a kind capacities, for example, fabulous blending abilities, likewise makes

it hard to foresee the execution of a twin-screw extruder, and to outline an extruder given the

execution  necessities.  Because  of  the  many-sided  quality  of  the  stream  and  absence  of

consistency,  the  screws  for  twin-screw  extruders  are  commonly  accessible  as  tradable

components.  By  investigating  different  achievable  blends,  this  secluded  outline  permits

suitable determination of the screw components as per the required stream attributes. 

1.3.6. Injection molding technique (IMT):

IMT  is  the  closed  molding  technique.  The  procedure  is  reasonable  for  both

thermoplastic and thermosetting polymer based short fiber reinforced composites. Fibers and

polymer are properly mix physically and sustained into the hooper. The blend goes into the

heated barrel where softening of the material happens because of heating from the barrel. As

the screw pivots, blending of fiber and resin takes place, which push the combination near

the  merging  area  of  tank  where  it  infuses  from nozzle  into  the  mold  cavity  with  high

pressure.

Figure 1.7: Injection Molding Technique [4].

1.4. Types of Composite Matrix Materials:

1.4.1. Ceramic Matrix Composites (CMCs):

CMCs are the subtype of composite materials. They comprise of ceramic fibers ingrained in a

ceramic matrix, hence producing a ceramic fiber reinforced ceramic material (CFRC). Both the fiber 

and the matrix element can comprise of any ceramic materials. CMCs have designed to overcome the 
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real inconveniences, for example brittleness, lower fracture toughness and finite resistance to thermal 

shock.

1.4.2. Metal Matrix Composites (MMCs):

MMCs comprise of either a metal and different material or metal. The purpose of doing so is 

to improve the wear resistant and strength of the material. MMCs are preferred in structural or high-

temperature application. For structural application, the matrix material is comprised of lighter metals 

like aluminum. For high-temperature applications, cobalt and nickel alloys are commonly preferred. 

MMCs are fire proof, work in an extensive variety of temperatures, resistant to water absorption and 

have better thermal and electrical conductivity.

1.4.3. Polymer Matrix Composites (PMCs): 

PMCs are classified into three sub categories that are thermoset, thermoplastic and rubber. A 

polymer has large molecular weight comprise of repeated structural units joints together by chemical 

covalent bonds. PMCs comprise of reinforcing phase such as fibers, sheets or particles ingrained in 

matrix phase. They are less expensive and less dense compared to CMCs and MMCs. They have good

resistance to corrosion and electric current.

Table 1.1: Types of Composite Matrix Materials

Sr.No Types Reinforcing Phase Matrix Phase

1 CMCs Ceramic fiber Ceramic matrix

2 MMCs Metal Metal or different material

3 PMCs
Fibers, sheets or

particles
Thermosets, thermoplastics and

rubber

1.5 Advantages of fiber-reinforced composites:

1. Light Weight: Composite materials are up to 30% to 40% light in weight contrasted

with different metals with comparable or more enhanced mechanical properties.

2. High  Strength:  Composite  materials  indicate  higher  quality  in  contrast  with  the

metals. Composites accomplish their quality when settled inside epoxy matrix.

3. Easy to Shape: Composites can be mold into confounded shapes at relatively low

cost. This property permits designers to utilize composites into extensive variety of

utilizations.

8



4. Integration of Functions: With the use of composite materials, numbers of stages of

fabrication for the part is reduce into one single stage.

5. Corrosion Resistance: Composites remains unaffected due to chemical, temperature

and ecological conditions. This facilitates composite to use for open-air exposures,

substance handlings and for other ecological administrations.

6. Durability: Composite structures demonstrate great long life expectancy.

7. Cost  Saving:  Composites  have low weight  and high mechanical  properties  which

facilitates  to  use  in  extensive  variety  of  applications,  in  this  way  diminishes

assembling, delivery and maintenance cost when contrasted with different metals.

1.6. Applications of fiber-reinforced composites:

1. Building and construction : partition panels, false ceiling, walls, floors, frames for 

windows and doors, tiles

2. Containers : post boxes, grain containers, etc

3. Furniture : chair, table, bed, cupboard

4. Transportation : interior of automobile, railway coach, boat, airplane

5. Toys

6. Electrical appliances : Electric boards

7. Casing of different materials

8. Sports equipments

9. Packaging
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CHAPTER- 2

SCOPE OF THE STUDY

Composite research is captivating contribution from governments, manufacturers and

research  institutes.  These  investments  will  be  utilize  in  finding new fibers  and resins  to

generate  even  more  better  applications  of  composite  materials.  Composites  hold  high

structural  properties  and  are  presently  catching  broad  application  area.  The  foremost

disadvantage in using these composites is that these are not biological degradable in nature

and  causes  environmental  and  global  catastrophe.  Furthermost,  environmentally  friendly

composites are on the way being develop. These composites are composed of matrix and a

reinforcement of natural fibers and are partially or completely biodegradable. 

Research  on  single  natural  fiber  reinforced  biocomposites  mainly  focuses  on

improving the physical and chemical properties of the composites. In order to improve the

mechanical  properties  of  the  natural  fiber  reinforced  biocomposites,  the  method  of

hybridization is adapted.

The present research aimed in developing hybrid biocomposites composed natural

fibers  reinforced  with  liquid  epoxy resin.  Furthermore,  the  mechanical  properties  of  the

fabricated hybrid biocomposites will be determined.

Finite Element Method (FEM) software such as ANSYS APDL 16.2 will be use for

the simulation of the evaluated mechanical properties of the hybrid biocomposites. FEM has

added advantages such as time saving since it help in analyzing the properties of the material

using FEM software without going for actual experimentations.

In future, synthesize of the composites will be as per the integrated design processes

which will result in the engineering optimization and construction applications.
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CHAPTER- 3

OBJECTIVES OF THE STUDY

The present investigation aimed to evolve hybrid biocomposites comprise of alkali

treated  unidirectional  jute  and banana  fibers  reinforced  liquid  epoxy resin  and  study its

mechanical properties. The principle objectives are as follows:

1. To fabricate hybrid biocomposites from alkali treated unidirectional jute and banana

fibers oriented in the directions 900/450/-450/900 using the hand lay-up procedure with

varying resin and hardener ratios.

2. To  evaluate  experimentally  the  mechanical  properties  of  the  fabricated  hybrid

biocomposites such as:

i. Tensile strength

ii. Flexural strength

iii. Impact strength

3. To evaluate physical properties such as :

i. Hardness 

ii. Water absorption test

4. To evaluate the orthotropic elastic constants of the fabricated hybrid biocomposites

using theoretical rules of mixture and hybrid rules of mixture. 

5. To analyze the mechanical properties of the hybrid biocomposites through simulation

using FEM software like ANSYS APDL 16.2

6. To compare the experimental results and ANSYS APDL results.
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CHAPTER- 4

REVIEW OF THE LITERATURE

This chapter reviews the outcome of research work by various researchers in the area

of refining the mechanical properties of the natural fibers composites and the methods of

surface modification of natural fibers. The chapter also discusses the classification of the

composites in detail.

A composite material that is “Composition of Materials” consists of reinforcing phase

like fibers, particles or sheets ingrained in the matrix phase. The reinforcing material is the

main load-carrying member. The matrix phase holds the reinforcing material in the defined

position and transfer the load between them. It also protects the reinforcing materials from

damage throughout the composite processing. Compared to the reinforcing phase, the matrix

phase is ductile and hence is the source of composite toughness. Combination of these phases

evolves a new material with advanced properties than the individual ones. 

Composite  materials  are  reliable,  have  improved  mechanical  properties  per  unit

weight and their modern manufacturing techniques allows manufacturer to fabricate large

and complex shapes components [1]. 

4.1. Classification of composite materials: 

Composite materials are of the type synthetic fiber-reinforced polymer composites

and natural fiber-reinforced or biocomposites. Fiber-reinforced composites have practiced in

engineering and other industrial applications owing to their either comparable to or better

properties in contrast with conventional materials [2].
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Furthermost, fiber-reinforced resin-matrix composite materials with high strength and

high stiffness are gaining popularity in weight delicate applications like aircrafts and other

space vehicles, automotive, marine and construction industries [3, 4]. 

Biocomposites have extensively used in making body parts of the automobile [5].

Synthetic fibers used for reinforcing includes carbon, glass, aramid, Kevlar, boron, etc.

4.1.1. Synthetic fibers (SFs) reinforced polymer composites:  

Figure 4.1: Constituents used in synthetic fibers composites

SFs reinforced polymer composites are the blend of SFs and synthetic resin polymer

matrix.  These  composites  hold  high  structural  properties  and  presently  catching  broad

application area. The foremost disadvantage in using these composites is that these are not

biological degradable in nature and causes environmental and global catastrophe. This has

given an idea for the development of eco-friendly bio-composites. 
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Furthermore, research is focus on replacing synthetic fibers with natural fibers owing

to their biological degradation.

4.1.2. Biocomposites (BCs) or natural fibers (NFs) composites: 

The BCs incorporate (NFs) reinforced polymer matrices from both non-renewable [5]

and renewable resources. BCs are either partially biodegradable or completely biodegradable.

NFs  when  blended  with  non-biodegradable  synthetic  resin  produce  partially

degradable composites called as BCs. For the composites to be completely biodegradable in

natural,  NFs  are  blend  with  biodegradable  resin  like  poly  lactic  acid  (PLA),  poly vinyl

alcohol (PVA), plant based oil resins, etc. NFs reinforced with biopolymers are termed as

‘Green Composites’ (GCs). NFs for reinforcing include wood fibers and non-wood fibers like

jute, hemp, flax, sisal, banana, pineapple, sugarcane, etc.

Figure 4.2: Constituents used in natural fibers composites.
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Nowadays, NFs are gaining popularity over SFs as reinforcement in polymers since

they have exceptional properties such as comparable high specific strength [6], renewability

[7], eco-efficiency [8], non-abrasive nature [9], low energy consumption [10], low density

[11], reduced tool wear [12] , reduced cost [13], good thermal properties [14], light weight

[15] and environmentally friendly [5]. The only major disadvantage in the use of NFs is their

relatively poor  interface with the  matrix  and vey less  moisture resistance,  which greatly

affects the final composite properties [16].

There  are  many studies  and  works  based  on the  various  types  of  NFs  and  their

combinations reinforced biodegradable GCs present in the literature [6, 17, 18, 19]. These

days,  automobile  industries  have  shown  their  interests  in  the  utilization  of  BCs.  These

include bast fibers like jute [19, 20, 21, 22], ramie [23], hemp [24], flax [25] and kenaf [20,

26, 27], leaf fibers like sisal [28, 29, 30], pineapple [31] and banana fibers [32, 33, 34]. NFs

also find their applications in construction, packaging, etc.

The widely used NFs for reinforcements in GCs or BCs are the bast fibers like flax,

jute, hemp, sisal, kenaf and banana fibers.

Figure 4.3: Plant fibers classification.
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Compared to all these NFs, jute fibers turn out as promising fibers owing to its better

toughness and aspect ratio [35] and are the second mostly produced cellulose fiber in the

world [36].Jute is a substantial bast fiber with numerous advantages. Jute fibers have low

density, great specific properties and eco-friendly [37, 38, 39, 40, 41, 42]. Jute fibers are

available in plenty [13] and comparatively easy to transport.  Jute products are cheap and

being biodegradable, they are absorbed completely in soil and supplies good nourishment.

Cellulose is the principle ingredient of jute and it does not release any harmful gases in the

environment on its combustion. Jute composites are cheaper to fabricate with much higher

surface finish comparatively with different manufacturing processes [43].

Banana fiber is another important bast fiber with number of advantages. Similar to the

jute fibers, banana fibers has low density, great specific properties and eco-friendly [38, 39,

40, 41, 42, 44] and are available in plenty [13]. Banana fibers modified with alkali solution

shows good adhesion with epoxy resins and enhanced the mechanical properties of the final

composites  [15].  The overall  mechanical  properties  of  the  jute  fiber  BCs improve when

hybridized with banana fibers [44].

Table 4.1: Properties of natural fibers in contrast with synthetic fibers [5, 45, 12, 16].

Sr.
No
.

Natural
Fibers

Density
(g/cm³)

Elongati
on (%)

Tensile
Strength

(MPa)

Young's
Modulus

(GPa)

1 Cotton 1.5-1.6 7.0-8.0 400 5.5-12.6

2 Jute 1.3 1.3-1.8 393-773 26.5

3 Hemp 1.47 1.8-4.0 690 70

4 Flax 1.5 1.9-3.2 500-1500 27.6

5 Kenaf 1.45 1.5-1.6 930 53

6 Ramie 1.5 3.6-3.8 400-938 61.4-128

7 Sisal 1.5 1.5-2.5 511-635 9.4-22

8 Banana 0.75-0.9 4.1 180-430 23

9 Coir 1.2 3 593 4.0-6.0

10 E-glass 2.5 0.5 2000-3500 70

11 S-glass 2.5 2.8 4600 86

NFs can be blend with synthetic polymers as well as biopolymers. Biopolymers like

PVA,  PLA,  plant  oil,  etc.  are  use  in  the  form  of  matrices  for  the  fully  biodegradable

composites.  Plant  oil  resins  such as  soybean oil  and cashew nut  shell  liquid  resin  have
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varieties  of  applications.  Other  than  plant  oil,  lignin  and  proteins  also  serves  as  a  raw

renewable  materials  source  in  making  biopolymers  due  to  their  high  performance  and

abundantly available [46,47,48,49,50,51,52].

4.2. Chemical treatment of Natural Fibers:

Since, NFs possesses hydrophilic nature, it leads to poor water absorption resistance

and low interfacial properties among the fibers and matrix. Chemical treatment of the NFs

improves these interfacial properties. Chemical treatment examines better adhesion of NFs

among the polymer matrix.

Alkali treatment or mercerization is widely used treatments of the NFs [55]. Alkali

used  has  two  objectives.  It  reacts  with  the  hydroxyl  groups  in  cellulose  and  with  the

functional groups in the matrix [56]. It causes the hydrogen bonding to break in the cellulose

structure and increases the roughness of the surface [55]. The composites fabricated with

alkali  modified jute  fibers and banana fibers  with 5% NaOH have improved mechanical

properties in contrast with untreated fibers [37, 39, 44, 57, 58, 59].

Alkali treatment eliminates the lignin and hemicelluloses present in the fibers and

also lower the twist in the fibers thereby increasing molecular orientation and hence, increase

the  elastic  modulus  of  the  fibre  [19,  60,  61,  62].  Improvement  of  interfacial  bonding is

essential in strengthening the mechanical properties of the final composite [37, 39, 44, 57,

58, 59, 63, 64]. Alkaline treatment reduces defects in the fibers, decrease moisture absorption

and produce finer fibers [37, 39, 44, 57, 58, 59].

4.3. Finite Element Analysis (FEA):

Fiber-reinforced composites  comprise of  fiber  and matrix phases.  The mechanical

properties of the composites greatly relay upon the properties of the fibers and the matrix.

The properties  of  the  composites  also depend upon microstructure  like  fiber  array, fiber

volume fraction  and  fiber  array. Micromechanical  models  have utilized  to  anticipate  the

properties beginning from the characteristic properties and their constituents. These models

validates that the fiber strength is not effectively utilize due to poor fiber matrix interfacial

bonding and fiber length.
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S. Rao et al., 2012 [97] implemented FEA to determine flexural strength of the sisal

fiber composite panels. They observed that the experimental results and the FEA results were

in good agreement with each other.

I. Balac et al., 2012 [99] studied FEA of particulate composites. They constructed a

3D FCC model of particulate composite with porous matrix and compared with theoretical

models. The FEA results found to be matching with the theoretical ones.

L. José et al., 2012 [100] employed FEA to determine the properties of uni-directional

sisal and banana fibers BCs. They determined the tensile strength of the BCs using two-

dimensional (2D) model and three-dimensional (3D) model. They stated that FEA could help

to evaluate the mechanical properties of uni-directional NFs reinforced BCs.

The  curing  behavior  of  randomly  oriented  hemp  fiber  green  composites  was

determined by T. Behzad and M. Sain, 2007 [103] considering the transient heat transfer

analysis  and  cure  kinetics.  They employed  FEA using  MATLAB coding  to  validate  the

experimental results.

The assumptions used for the analysis have reported in the literature [96-103]

1. Fibers are not permeable.

2. The material property for individual material is treated same in all the direction and

that the material is isotropic.

3. Fibers have uniform properties and diameter throughout the length.

4. Fibers and matrix have good interfacial properties.

5. There is no slippage between fibers and the matrix.

6. Composite material is completely dense and there are no voids.

4.4. Biocomposites (BCs):

This section reviews the work done by various researchers in the area of BCs. BCs

comprise  of  either  biodegradable  fiber  or  biodegradable  matrix  [17].  The use  of  NFs to
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produce BCs that have comparable properties to that of SFs composites is gaining interest

from few decades [53].

V. Paul et al., 2015 [80] evaluated mechanical properties of randomly oriented banana

fiber-reinforced epoxy resin BCs. They prepared BCs of 30% fiber volume fraction (
V f )

with and without addition of banana sap into the resin. They observed improvement in the

mechanical properties with the addition of banana sap.

A thorough investigation of tensile strength (TS) and flexural strength (FS) of BCs

comprise of unidirectional (UD) jute and bamboo fibers reinforced with epoxy resin was

carried  out  by  S.  Biswas  et  al.,  2015  [7].  They  compared  the  properties  of  jute  fibers

composites and bamboo fibers composites. They observed higher TS in case of bamboo fiber

composites on the other hand jute fiber composites have higher Young’s Modulus (E). They

also concluded that composites with fiber reinforced in longitudinal direction posses better

FS compared with fibers reinforced in transverse direction.

A. Gopinath et al., 2014 [43] looked into the mechanical properties like FS, impact

strength (IS), TS, tensile modulus (TM), elongation at break, flexural modulus (FM) and

hardness  of  the  composite  samples  developed  with  randomly  oriented  jute  fibers  and

polyester and epoxy resins. They treated jute fibers with 5% and 10% NaOH solutions. They

found that the jute-epoxy composites have better properties in contrast with jute-polyester

composites.

P.V. Senthil and A. Sirsshti 2014 [67] evaluated FS, hardness, wear and IS of NFs

composites.  They  prepared  composite  samples  from  coir  fiber,  hay  fiber  and  jute  fiber

reinforced  epoxy  resin.  They  found  optimal  mechanical  properties  in  case  of  hay  fiber

reinforced composites.

R. Badrinath and T. Senthilvelvan 2014 [14] determined comparative investigation on

TS, IS, FS and hardness of NFs composites compose of UD as well as bi-directional (BD)

banana and sisal fibers reinforced polymeric composites. They observed that UD sisal fiber

composites have better TS compared to BD sisal fiber composites whereas BD banana fiber

composites  have better  TS than UD banana fiber  composites.  Their  experimental  results
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revealed that banana fiber composites have better IS and hardness compare to sisal fiber

composites. The results also revealed that UD sisal fiber composites have better FS compare

to UD banana fiber composites.

The TS, FS and IS of banana fiber reinforced epoxy resin have determined by M.

Ramesh et al., 2014 [15]. They fabricated composite samples with  
V f of 40%, 50% and

60%. They observed composites with 50% 
V f  shows optimal properties.

V. Mishra and S. Biswas 2013 [69] investigated mechanical properties like TS, TM,

FS, IS and hardness of BD jute-epoxy composites compose of 0%, 12%, 24%, 36% and 48%

V f . They observed improved physical and mechanical properties of the composite with

the increase in the 
V f .

C.C. Ugoamadi 2013 [70] evaluated TS and compressive strength (CS) of composite

samples  processed  from  Glass  fiber  reinforced  cashew  nut  shell  liquid  (CNSL)  resin,

polyester-glass  fiber  composites  and  samples  from  both  the  resins  without  fibers.  He

observed that polyester resin have better CS whereas CNSL have better TS. He also noticed

that with the inclusion of fibers, the properties of polyester resin remains unchanged on the

other hand CNSL resin shows remarkable change in the properties.

G. George et al., 2012 [84] implemented commingling of polypropylene and jute yarn

and  examined  TS,  FS  and  IS  of  the  BCs  consist  of  55.89%   
V f .  They  stated  that

commingling  process  results  better  homogeneous  distribution  of  fibers  into  matrix  and

improve the mechanical properties.

A thorough investigation of the mechanical properties such as TS, FS and IS have

carried out by B. Mathew et al., 2013 [85] of the BCs consist of banana fibers and phenol

formaldehyde resin subjected to various aging conditions. They fabricated composites with

varying 
V f  of banana fibers. They used banana fibers in the forms of macro fibers, micro
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fibrils and nano fibers. They observed composites of nano fibers have withstood all the aging

conditions and shows better mechanical properties.

H. Liu et al., 2009 [86] determined TS, FS and IS of BCs compose of banana fibers

and high-density polyethylene incorporated with binding agent. They observed incorporation

of binding agent have improved mechanical properties.

The FS of randomly oriented coir fiber-reinforced polyester BCs have evaluated by

S.N. Monteiro et al., 2008 [71]. They manufactured composite samples with less than and

more than 50% 
V f . They concluded that composite samples with more than 50% 

V f

have better FS.

S. Harish et al. 2008 [72] determined TS, FS and IS of randomly oriented coir fiber

epoxy BCs. They compared the properties of coir fiber epoxy BCs and glass fiber reinforced

composites. The results revealed that coir-epoxy BCs possess average values in contrast with

glass fiber reinforced composites.

The  TS  and  FS  of  the  BCs  comprise  of  banana  fibers  and  epoxy  resin  have

determined by S.M. Sapuan et al., 2006 [73]. They observed better mechanical properties in

longitudinal direction compared to transverse direction.

P. Wambua et al., 2003 [18] investigated the mechanical properties like TS, FS and IS

of varieties of NFs reinforced polypropylene BCs. They fabricated BCs of sisal fiber, kenaf

fiber,  hemp  fiber,  jute  fiber  and  coir  fiber.  The  results  revealed  that  NFs  reinforced

composites have comparable properties in contrast with glass fiber composites.  

D. Ray et al., 2002 [74] looked into the FS, IS and fatigue properties of alkali treated

jute fibers and vinylester resin matrix biocomposites. They concluded that, alkali treatment of

jute fibers have improved the mechanical properties.

4.5. Green Composites (GCs):

Since,  BCs constituents of either degradable fibers or degradable matrix, the non-

degradable  component  again  creates  environmental  issues.  This  has  given  the  idea  in
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developing biological degradable composites termed as ‘Green Composites’ (GCs). GCs are

the blend of biodegradable fiber reinforced with biodegradable resin [82, 83]. This section

reviews the research attempted by several researchers in advancing the mechanical properties

of the GCs and their results.

W. Liu et al., 2016 [75] looked into the mechanical properties such as TS, FS, IS,

storage modulus and glass transition temperature of randomly oriented hemp fiber reinforced

with  bio-based  thermosetting  resin.  They  formulated  thermosetting  resin  from

copolymerization  of  acrylated  epoxidized  soybean  oil  and  N-vinyl-2-pyrrolidone  (IPDI).

They observed incorporation of IPDI have improved the mechanical properties of the GCs

but have reduced the thermal stability slightly.

A. Jabbar et al., 2015 [9] analyzed the creep behavior of chemically treated BD micro

jute  fibers  and  green  epoxy  composites.  They  concluded  that  with  the  incorporation  of

chemically treated micro jute fibers, creep deformation of the composites reduces.

K.  Kalita  et  al.,  2015  [76]  evaluated  the  mechanical  properties  such  as  TS,  IS,

hardness and ultimate strength of jute fiber-reinforced PLA GCs and stated that the jute-PLA

GCs have comparable properties to that of Graphite-Epoxy composites.

Y. Arao et al., 2015 [88] prepared randomly oriented jute-PLA GCs. They fabricated

composites of 50% 
V f  with long fiber pellets and short fiber pellets. They obtain optimal

results with the composite fabricated from short fiber pellets.

G. Rajesh et al., 2014 [25] looked into the TS of alkali treated jute fiber-reinforced

PLA GCs. They treated jute fibers with 5%, 10% and 15% NaOH solution and fabricated

composite  samples  with  5%,  10%,  15%,  20%  and  25%  
V f .  They  observed  that

composites of jute fibers treated with 10% NaOH solution and fiber 20% 
V f  have better

mechanical properties.
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H. N. Dhakal et al., 2014 [77] examined IS of randomly oriented and BD woven jute

fibers reinforced with methacrylated soybean oil (MSO). They concluded that composites

with woven fibers show better IS.

A  detailed  study  on  the  mechanical  properties  such  as  TS,  TM,  FS,  FM  and

elongation at break of the GCs compose of randomly oriented as well  as BD jute fiber-

reinforced soybean resin have carried out by A. Kumar et al., 2012 [89]. They fabricated

composite  sample  with  40%,  50%,  60%,  70% and  80%  
V f .  They  observed  optimal

mechanical properties in case of composite samples with 60% 
V f .

The TS, FS, thermal and acoustic properties of GCs comprise of jute fiber and soy

protein have determined by N. Reddy and Y. Yang, 2011 [90]. They maintained 
V f of 40%

and compared the properties with similar composites of polypropylene. They concluded that

composites of soy protein have better mechanical properties

C.  Merlini  et  al.,  2011 [78]  determined  the  TS and  dynamic  properties  of  alkali

treated  randomly  oriented  banana  fibers  reinforced  with  epoxy  resin  and  castor  oil

polyurethane.  They  fabricated  composites  with  5%,  10%  and  15%  
V f .  Their

investigations shows that composites from alkali treated banana fibers in both the matrices

have improved mechanical properties than untreated banana fibers.

E. Mistri et al., 2011 [91] analyzed FS and IS of the GCs prepared from randomly

oriented jute fibers and maleated castor oil. They stated that the properties of jute fibers and

maleated castor oil are similar to unsaturated polyester resin composites.

M. K. Hossain et al., 2011 [92] evaluated TS and FS of randomly oriented jute fiber

reinforced biopolymer GCs with the incorporation of nanoclay. They fabricated composite

samples with 28%, 29% and 30%  
V f  of alkali treated jute fibers. They stated that the

mechanical properties of the composites have improved with the incorporation of nanoclay.
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R. Hu et al., 2010 [93] determined the aging effect on the TS of coated and uncoated

GCs  consist  of  randomly  oriented  jute  fiber-reinforced  with  PLA.  They  concluded  that

coating reduces the aging process and moisture absorption. They also concluded that aging

process reduces the TS.

A comprehensive  inspection  of  dynamic  mechanical  analysis,  FS,  effect  of  fiber

content and permeability of NFs reinforced with acrylated epoxidized soybean oil GCs have

conducted by A.O’ Donnel et al., 2016 [79]. They developed GCs of flax fiber, cellulose pulp

and hemp fiber with varying fiber volume fraction. They concluded that these composites

have good mechanical properties.

O. A. Khondker et al., 2006 [94] studied TS and FS of UD jute-PLA GCs consist of

22.5%, 27.5% and 38%  
V f  processed at 170 degree. They stated that composites with

38% 
V f  shows better TS while those with 22.5% 

V f  show better FS.

H. Takagi and A. Asano, 2008 [95] evaluate FS of GCs comprise of cellulosic micro

fibrils and nano fibers with HPT. They maintained 70% 
V f . They observed with increase

in the molding pressure, the FS increases.

4.6. Hybrid biocomposites (HBCs): 

Research on single NFs reinforced composites is primarily focus on improving the

physical and chemical properties of NFs composites such as wettability, resistance to water

absorption and poor interfacial properties between NFs and epoxy resin. In order to improve

the mechanical properties of the composites [8], hybridization is adapted in the composites

design. HBCs are the combination of two or more NFs embedded in the single matrix phase

[44, 54].

G. Sheshanandan et al., 2016 [65] investigated TS, FS and shear strength (SS) of the

HBCs compose of randomly oriented E-Glass fiber, BD jute fiber and polyester resin. They

incorporated  nano  titanium  oxide  particles  as  filler  material.  They  fabricated  different

samples of HBCs with varying nano titanium oxide particles weight ratios. They observed
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enhanced  mechanical  properties  of  the  HBCs  with  the  increase  in  nano  titanium oxide

particles weight ratio.

M. R. Sanjay and B. Yogesha 2016 [66] studied TS, IS, FS and inter laminar SS of

HBCs consist of BD jute and glass fiber reinforced epoxy resin. They concluded that HBCs

of jute and glass fibers have better mechanical properties in contrast with the composites of

individual jute and E-Glass fibers.

H. Essabir et al., 2015 [8] determined the TS of HBCs consist of coir fibers reinforced

with polypropylene matrix incorporated with coir shell particles. They concluded that the

homogeneous dispersion of coir shell particles strengthened the mechanical properties.

The TS, IS and CS were examined by K Deepak et al., 2014 [10] of the HBCs made

from jute and coir fibers reinforced with polyester resin. They incorporated nanoclay into the

composites.  They  observed  improved  mechanical  properties  with  the  incorporation  of

nanoclay.

R. Bhoopathi et al., 2014 [81] investigated TS, FS and IS of the HBCs comprise of

banana fiber, hemp fiber and glass fiber reinforced epoxy resin. They fabricated composite

samples of banana-glass fiber, hemp-glass fiber and banana-hemp-glass fiber. They observed

banana-hemp-glass fiber HBCs have better mechanical properties.

A thorough investigation of mechanical properties like TS, FS, IS and hardness of

jute-coir  fiber  reinforced polypropylene HBCs with varying  
V f   have analyzed by S.

Siddika  et  al.,  2013  [68].  They reported  that  with  increase  in  
V f ,  the  TS  decreased

whereas, E, FS, FM, IS and hardness increases.

M. Boopalan et al., 2013 [44] looked into TS, FS, IS water absorption and thermal

properties of HBCs consist of BD jute and banana fibers reinforced epoxy resin with varying

V f . They concluded that HBCs of 50% 
V f  have better properties in all respects. 

25



The TS, tear strength and hardness have investigated by M. J. John et al., 2008 [87] of

the HBCs comprise of alkali treated randomly oriented sisal fiber, oil palm fiber and natural

rubber. They prepared composite samples with 10%, 20%, 30%, 40% and 50% 
V f . They

observed alkali treated NFs produce composites with high mechanical performance.

4.7. Hybrid green composites (HGCs):

HGCs are the combination of two or more NFs ingrained in biopolymer, producing

completely biodegradable composites with improved mechanical properties.

A comparative investigation of the TS and FS of HGCs comprise of NFs like UD

kenaf,  bamboo and coir  fibers reinforced with PLA have analyzed by R.B. Yusoff et  al.,

2016[6]. They observed that the mechanical properties of HGCs compose of kenaf, bamboo

and coir fibers is better than the HGCs of kenaf and coir fibers whereas, the HGCs of kenaf

and coir have better mechanical properties compare to HGCs of bamboo and coir fibers.

A detailed investigation of the finite element analysis for the mechanical properties of

jute and banana fibers reinforced cashew nut shell liquid resin HGCs have analyzed by V.

Prasad  et  al.,  2014 [13].  They observed that  the  experimental  results  and finite  element

results were in good agreement with each other.

4.8. Summary of review of literature:

From the review of the literature, it can be concluded that the research in the area of

BCs and GCs have increased remarkably in the past years because of the advantages like cost

effective, nature friendly and low density in contrast with traditional fibers. 

Alkali treatment eliminates the hydrophilic nature and improves the bonding between

NFs and the matrix and these results in the overall strengthening of the properties of the

composites. In order to advance further mechanical properties, hybridization in the composite

design is adapted. Hybridization produces composites with high-end properties.

Review of literature also concludes little work has done in the application of FEA in

the areas of NFs reinforced composites. Applications of FEA in the areas of NFs reinforced
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composites have added advantages. It helps in determining the properties of these composites

with the available software and thus can be time saving and cost effective.
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CHAPTER- 5

MATERIALS AND EQUIPMENTS

The chapter details about the equipments, materials and experimental set-up used in

this research. 

5.1. Materials:

Jute fiber and banana fiber are the NFs, belongs from the family of bast fiber, with

many advantages.  Jute  fibers  are  obtain  from the  phloem of  plants  comes  from family

“Tiliaceae” [104] while, banana fibers obtain from stem of banana tree, belongs from the

family “Musaceae” [14]. 

Figure 5.1: Unidirectional Jute Fibers
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Figure 5.2: Unidirectional Banana Fibers

Table 5.1: Chemical composition of natural fibers used

Natura

l

Fibers

Cellulos

e (Wt

%)

Hemi

cellulose

(Wt %)

Lignin

(wt %)

Moisture

Content

Re

f

Jute 59-71.5 30 5-31 8.9

10

5

Banan

a 62-64 19 5 10-11.5 14

Epoxy Resin EPOFINE-230 and Polyamide Hardener FINEHARD-951 have used as

matrix. Below are the detailed specifications of the EPOFINE-230 and FINEHARD-951.

Table 5.2: Characteristics of epoxy resin EPOFINE-230

CHARACTER
SITICS

TEST
METHOD

UNI
T VALUE

Viscosity at

25oC ASTM-D 445
mPa

s
1,200 -
1,900

Epoxy
Content ISO - 3001

Eq/K
g 4.00 – 4.50

Density at

25oC
ASTM-D

4052 g/cc 1.12 - 1.16

Flash Point ASTM-D 93 °Χ 190 - 200

Storage life
Year

s 3
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Table 5.3: Characteristics of polyamide hardener FINEHARD-951

CHARACTER
SITICS

TEST
METHOD

UNI
T VALUE

Viscosity at

25oC
ASTM-D

445
mP
as < 20

Flash Point ASTM-D 93 °Χ

110 -
120

Density at

25oC
ASTM-D

4052 g/cc
0.97 –
0.99

Storage life
Yea
rs 1

Table 5.4: Mechanical properties of the matrix

PROPERTY
TEST

METHOD UNIT VALUE

Tensile strength ISO 527

N/m

m2 55 – 80

Elongation at break ISO 527 % 2.0 – 2.2

Flexural strength ISO 178

N/m

m2 90 – 100
Glass transition temperature

(DSC) IEC 1006 oC 50 – 60

Thermal Conductivity ISO 8894-1 W/mK 0.8 – 0.9

Impact strength ISO 179 KJ/m2 15 - 22

Density DIN 55990 g/cc 1.5 – 1.7

Coefficient of liner thermal
expansion DIN 53752 K-1

90 -

95x10-6

Sodium Hydroxide (NaOH) has used for alkali treatment of the natural fibers and

polyvinyl alcohol have used as releasing agent. 

5.2. Equipments:

1. Pycnometer has used to determine the density of natural fibers using the formula:
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G=
M

2
−M

1

(M 2
−M

1 )−(M
3
−M

4
)

(5.1)

G=
⍴f

⍴w

(5.2)

Where

M1 = Mass of empty Pycnometer

M2 = Mass of Pycnometer +fibers

M3 = Mass of Pycnometer +fibers+water

M4 = Mass of pycnometer + water

G = Specific gravity of fibers

⍴f = Density of fibers

⍴w = Density of water 

Density of Jute Fiber ⍴J=1.0 g. /cc
Density of Banana Fiber ⍴B=0.926 g. /cc

2. Universal tensile testing machine for determining tensile properties

3. Flexural testing machine for evaluating flexural strength

4. Charpy impact test set-up

5. Rockwell hardness tester

6. Electronic weighing machine
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CHAPTER- 6

RESEARCH METHODOLOGY

This chapter explains the processing of raw materials and manufacturing process of

HBCs.

6.1. Alkali Treatment of Jute and Banana Fibers:

Alkali treatment cleans lignin, wax and oily matter present [106] and results in higher

surface roughness of NFs [84]. The preferred reaction is [85]:

+¿+H
2
O

−¿Na¿

Fiber−OH +NaOH→Fiber−O¿
                                                             (6.1)

 Jute  and  banana  fibers  have  first  washed  with  water  to  remove  dirt  and  other

unwanted substances and then immersed in 5% aqueous NaOH solution (5 grams of NaOH in

100 ml of water) for 1 hour.
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Figure 6.1: Alkali Treatment of Jute Fibers

Figure 6.2: Alkali Treatment of Banana Fibers
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Figure 6.3: Flow Chart showing Steps in Alkali Treatment of Jute and Banana fibers

. After the fibers have rinsed with water several times to remove excess of NaOH and

dried at room temperature.

6.2. Preparation of resin and hardener:

Epoxy Resin of grade EPOFINE-230 and density 1.12-1.16 g. /cc homogeneously

blend  with  Hardener  of  grade  FINEHARD-95  and  density  0.97-0.99  g.  /cc  has  used  as

matrix.  The  epoxy  resin  and  hardener  were  blend  in  the  ratio  100:10  and  100:20  for

composites manufacturing.

6.3. Manufacturing of Hybrid Biocomposites:

The  composite  samples  have  manufactured  using  hand  lay-up  technique  of

composites manufacturing. Firstly, wooden mold of dimension 300 x 150 mm have cleaned

and  dried  to  remove dirt.  Then a  thin  layer  of  releasing  agent  has  applied  for  the  easy

removal of the composite samples. Then, the first layer of natural fibers have placed oriented

in the direction of 900.  Above the layer of NFs, a layer of epoxy resin has applied.  The
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process has continued by placing the NFs oriented in the directions 450, -450 and 900. The

final composite sample has four layers of NFs placed in between five layers of epoxy resin. 

The composite sample has then allowed for curing at room temperature for 12 hours.

The final composite sample has the dimension of 300 x150 mm. After curing, the composite

sample has cut as per the ASTM standards.

Four composite samples have fabricated with the resin and hardener ratio of 100:10

and 100:20.In the first composite sample, the extreme two layers were of jute fibers oriented

at 900 and the middle two layers were of banana fibers oriented at 450 and -450 with the resin

and hardener ratio of 100:10. The composite sample has designated as JBBJ-1

In  the  second  composite  sample,  the  extreme  two  layers  were  of  banana  fibers

oriented at 900 and the middle two layers were of jute fibers oriented at 450 and -450 with the

resin and hardener ratio of 100:10. The composite sample has designated as BJJB-1.

The third and fourth composite samples have similar orientation of jute fibers and

banana fibers as that of first and second composite samples with resin and hardener ratio of

100:20.  The third  composite  sample  has  designated  as  JBBJ-2 and the  fourth  composite

sample as BJJB-2.
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Figure 6.4: Stacking Sequence for the HBCs Samples JBBJ-1 and JBBJ-2

Figure 6.5: Stacking Sequence for the HBCs Samples BJJB-1 and BJJB-2
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Figure 6.6: Manufacturing Process of Hybrid Biocomposites

All  the  composite  samples  fabricated,  have the  fiber  volume fraction  (
V f ¿  of

25.92% calculated using the formula:

V f=1−
W−W f

⍴mV

(6.2)

Where

W = Weight of the final composite sample

Wf = Weight of the fibers

⍴m = Density of the matrix
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V = Volume of the composite sample

Figure 6.7: Constituents of Hybrid Biocomposites

Figure 6.8: HBCs sample JBBJ-1
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Figure 6.9: HBCs sample BJJB-1

Figure 6.10: HBCs sample JBBJ-2

Figure 6.11: HBCs sample BJJB-2
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The fabricated  HBCs samples  have then  cut  as  per  the  ASTM standards  and the

properties  have  evaluated  experimentally.  The  test  method  and  process  of  determining

different properties have explained in Chapter-7. Further, in Chapter-8, the orthotropic elastic

constants and the Finite Element Analysis of the HBCs have evaluated.

        Figure 6.12: The overview of Research Methodology
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CHAPTER-7

EXPERIMENTATION

In  this  chapter,  the  actual  process  of  evaluating  the  mechanical  and  physical

properties of HBCs has detailed. 

7.1. Determination of Mechanical Properties:

In this section, the mechanical properties of HBCs such as tensile strength, flexural

strength and impact strength have evaluated experimentally.

7.1.1. Tensile testing:

The tensile properties of the HBCs were determined in the Computerized Twin Screw

Universal Testing Machine with the maximum capacity of 1000 Kg., Model: CAL 400-4. The

testing has conducted with the fixed gauge length of 150 mm as specified in the standard

ASTM D-3039  at  a  feed  rate  of  10  mm/min.  The  tensile  strength  (
σ t )  and  Young’s

Modulus (E) has evaluated as per the equation:

σ t (MPa)=
Loadat failure of t he specimen(KN )

Cross sectional areaof t hespecimen (mm)                                                (7.1)

E=
Stress(MPa)

Strain                                                                                                                 

(7.2)

(Within proportionality limit)

Elongation (%) at failure that is increase in length of the material at failure to original 

length is given by the equation:
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Elongation ( )=
Increase∈the lenthat failure(mm)

Original length(mm)                                             (7.3) 

Figure 7.1: Specimens for Tensile Testing

42



Figure 7.2: Tensile testing of HBCs sample

7.1.2. Flexural testing:

The flexural properties of the HBCs have evaluated on the same machine with the

maximum capacity of 225 Kg., on the load cell  of three-point flexural testing as per the

standard ASTM D-790. The specimen has supported horizontally in between two edges 60

mm apart and the load has applied in the middle of the specimen. Increase in the loads gives

the values of maximum stress and maximum strain. The point of failure of the specimen

gives the value of flexural strength of the HBCs. The flexural strength (
σ fl¿  is determined

using the equation:
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σ fl(MPa)=
3 Fl

2bh
2                                                                                              (7.4)

Where

F = Load at the break (N)

l = Length of span (mm)

b = Breadth of the specimen (mm)

h = Height of the specimen (mm)

The flexural modulus (
Efl ) is determined using the equation:

Efl=
Fl

3

4 bh
3
D

(7.5)

D=
Fl

3

48 IE

(7.6)

I=
bh

3

12

(7.7)

Where

D = Deflection (mm)

E=Elastic Modulus  
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Figure 7.3: Specimens for Flexural Testing
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Figure 7.4: Flexural Testing of HBCs sample

7.1.3. Impact testing:

The impact strength was determined in Charpy impact test set-up. It is the amount of

energy absorbed by the test specimen before fracture. The dimensions of the specimens were

67.5 x 12.5 x4 mm3 as per the standard ASTM D-256. 

Figure 7.5: Specimens for Impact Testing

The specimens with 2.5 mm deep notch in the middle have loaded in the test set-up

and the pendulum has allowed to strike the specimens till the specimens break.

7.2. Determination of Physical Properties:

In  this  section,  the  physical  properties  of  the  HBCs  such  as  harness  and  water

absorption test have determined experimentally.

7.2.1. Water absorption test:

It is one of the important properties for NFs composites as they have wide range of

applications. For water absorption test, square samples of dimension 25 mm x 25 mm as per

the standard ASTM D-570 have cut from the composite slabs, weighed using an electronic

weighing machine and completely immersed in water for 72 hours. After, the samples have
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removed from the water and weighted. The percentage water absorption is determined using

the equation:

Water absorption=
Mw−M s

M s

×100                                                                    (7.8)

Where

Mw = Weight of wet samples (grams)

Ms = Weight of dry samples (grams)

7.2.2 Rockwell Hardness Test:

The hardness tests of HBCs have determined using ball indentor of 1/16” with 100 kg

load applied as per the standard ASTM D-785. The readings obtained were on B-scale.
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CHAPTER-8

NUMERICAL MODELING AND FINITE ELEMENT

ANALYSIS

In  this  chapter,  the  orthotropic  elastic  constants  of  the  HBCs  have  evaluated

theoretically. To determine these values, rules of mixture (ROM) and hybrid rules of mixtures

(HROM) have used. The chapter also explains Finite Element Analysis (FEA) of HBCs. The

modeling  has  done  using  the  orthotropic  elastic  constants  as  obtained  from  ROM  and

HROM.

8.1. Rules of mixture (ROM) and Hybrid Rules of Mixture (HROM):

ROM in the  composite  design is  the  mathematical  expression,  which  helps  us  to

derive mechanical properties of the composites with respect to arrangement, quantity and

properties  of  the  individual  materials  in  the  composites  [107].  ROM has  used  to  obtain

theoretical properties of composites [6] determined using the equations (8.1 to 8.10):

E
11
=Ef V f+EmV m

(8.1)

1

E22

=
V f

E f

+
V m

Em

(8.2)
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V f=

M f

ρf

M f

ρ f
+
Mm

ρm

(8.3)

V m=1−V f

(8.4)

E
11
=Ef V f+Em (1−V f )                                                                                                    (8.5)

1

E
22

=
V f

E f

+
(1−V f )

Em

(8.6)

ϑ
12
=ϑ f V f+ϑ mϑ V m

(8.7)

ϑ
23
=
E

22

E11

×ϑ
12

(8.8)

1

G
12

=
V f

Gf

+
(1−V f)

Gm

(8.9)

G
23
=

E
22

2(1+ϑ
23
)

(8.10)

The modified ROM for HBCs that is HROM used to obtain properties of the HBCs

determined using the equation (8.11 to 8.14):
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E11=EJ fV Jf+EBf V Bf+(1−V Jf−V Bf )                                                                        (8.11)

1

E
22

=
V Jf

EJf

+
V Bf

EBf

+
(1−V Jf−V Bf )

Em

(8.12)

ϑ
12
=ϑJf V Jf +ϑBf V Bf+ϑmV m                                                                                         (8.13)

1

G
12

=
V Jf

EJf

+
V Bf

EBf

+
(1−V Jf−V Bf )

Em

(8.14)

Where

E11 = Young’s Modulus in Longitudinal direction

E22 = Young’s Modulus in Transverse direction

Em = Young’s Modulus of the Matrix

G12 = In-plane Shear Modulus

G23 = Transverse Shear Modulus

Gm = Shear Modulus of Matrix

Vf = Volume Fraction of Fiber

Vm = Volume Fraction of Matrix

VJf = Volume Fraction of Jute Fiber

VBf = Volume Fraction of Banana Fiber

�12 = Major Poisson’s Ratio of Composites

�23 = Minor Poisson’s Ratio of Composites

�m = Poisson’s Ratio of Matrix

�Jf = Poisson’s Ratio of Jute Fiber
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�Bf = Poisson’s Ratio of Banana Fiber

8.2. Finite Element Analysis (FEA) of HBCs:

The FEA is the most powerful discretization approach used in structural mechanics.

The  primitive  theory  of  FEA is  that,  it  subdivides  the  mathematical  model  into  smaller

elements with no elements in common through shape function known as finite elements in

physical interpretation. The steps involved in FEA are:

i. Selection of appropriate elements and field variables

ii. Discretization

iii. Selection of Interpolation or Shape functions

iv. Determination of element properties

v. Arranging the element properties to obtain global properties

vi. Applying boundary conditions

vii. Solving the system equations to obtain nodal values

viii. Post calculations to obtain the expected values.

The  multilayered  composite  materials  with  high-end  properties  comprised  of

reinforcing phase like fibers, sheets or particles ingrained in matrix phase like polymeric

materials. These composite materials are cited as “laminates” and each layer is referred to as

a  “lamina”  or  “ply”.  These  days  numerous  FEA  software  is  economically  available

incorporated with the features  that  are useful  in  analyzing a composite  material.  For  the

present research work, ANSYS parametric design language code (APDL) version 16.2 has

used. ANSYS APDL is one of the most popular software used in industry.

ANSYS is available with different types of options such as facility to alter ply layup,

distinct material models and various elements used in composites analysis. The selection of

preferred element type depends on the expected results or the applications. Distinct finite

strain shell elements is selected based on number of composite layers, each layer thickness

and  desired  values  of  displacements  and  rotations.  Table  presents  the  different  types  of

elements for composites analysis.

Table 8.1: Element types available for composites analysis in ANSYS

Elemen
t Type Nodes

SHELL1 Structural Shell 4
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63
SHELL1

81 Finite Strain Shell 4
SHELL2

81 Finite Strain Shell 8
SOLSH

190
3D Layered Structural

Solid Shell 8
SOLID1

85
3D Layered Structural

Solid 8
SOLID1

86
3D Layered Structural

Solid 20

For modeling of HBCs in the present research, element type SHELL181 is selected

from the available element types. The characteristics of SHELL181 are: 

i. 4-Node structural shell,

ii.  4-Node 3D space and 

iii. DOF: UX, UY, UZ, ROTX, ROTY, ROTZ

Figure 8.1: Geometry of SHELL181 element
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Figure 8.2: Interface of SHELL181 Element

The figure shows the element SHELL181 defined by four nodes I, J, K and L with six

degrees of freedom each node. This element is suitable to analyze composite materials.

Figure 8.3: 3D Composite Geometry Modeled using SHELL181 Element
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8.3.      Steps in Modeling of HBCs in ANSYS:

8.3.1.   Orthotropic Properties of HBCs:

         For modeling of HBCs in ANSYS, orthotropic elastic properties are required. These

properties have obtained using ROM and HROM. The HBCs have modeled separately in

ANSYS  using  the  properties  obtained  from  ROM  and  HROM.  Table  8.2  shows  the

orthotropic properties for separate layer of jute and banana fibers determined using ROM and

Table 8.3 shows the orthotropic properties  of combined layers  of jute  and banana fibers

determined using HROM.

Figure 8.4: Orthotropic Elastic Properties Interface

54



Table 8.2: Orthotropic Properties for Separate Layer of Jute and Banana Fibers

Orthotro
pic

Propertie
s

Composite Samples

JBBJ-1 BJJB-1 JBBJ-2 BJJB-2

Jute
Fiber

Banan
a

Fiber

Jute
Fiber

Banan
a Fiber

Jute
Fiber

Banana
Fiber

Jute
Fiber

Banan
a Fiber

E11(MPa)
4861.

11
6634.

40
2733.3

3
2918.8

9
5046.9

8
6799.2

7
2923.7

3
3086.6

2

E22(MPa)
2988.

04
3308.

82
2731.7

9
2881.5

3
3207.3

1
3547.0

1
2918.6

6
3063.8

2

ʋ12 0.31 0.31 0.30 0.31 0.31 0.31 0.31 0.31

ʋ23 0.19 0.15 0.30 0.30 0.20 0.16 0.30 0.31

G12(MPa
)

1148.
54

1271.
27

1054.7
0

1102.4
1

1232.7
7

1362.6
8

1117.2
1

1171.7
6

G23(MPa
)

1256.
77

1433.
13

1048.7
1

1104.0
9

1341.7
9

1526.9
0

1118.4
3

1172.4
3

Table 8.3: Orthotropic Properties for Combined Layers of Jute and Banana Fibers

Orthotro
pic

Propertie
s

Composite Samples

JBBJ-1 BJJB-1 JBBJ-2 BJJB-2

E11(MPa)
8745.

51
2885.

91
8892.

25
3056.

36

E22(MPa)
3659.

60
2849.

16
3918.

63
3025.

82

ʋ12 0.32 0.31 0.32 0.31

ʋ23 0.13 0.31 0.14 0.31

G12(MPa
)

1404.
83

1086.
19

1504.
06

1151.
62

G23(MPa
)

1615.
68

1088.
53

1719.
36

1153.
94

         Figure 8.6 shows 3D geometry for tensile model and Figure 8.7 shows 3D geometry for

flexural model. These geometries have constructed using the above orthotropic properties.
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Figure 8.5: 3D Meshed Tensile Test Geometry

Figure 8.6: 3D Meshed Flexural Test Geometry
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         Layers in the geometry have created using lay-up editor available in ANSYS APDL. It 

allows editing the thickness and orientation of each layer.

Figure 8.7: Lay-up Editor

8.3.2.      Boundary Conditions:

              To obtain the desired result, it is must to restrict the number of degree of freedom

associated  with  the  body by limiting  the  count  of  field  variables.  These  counts  of  field

variables  are limited by imposing boundary conditions.  For  solving the above-mentioned

equations, different boundary conditions has imposed depending on the loading conditions. 

 For Tensile Strength determination boundary conditions used are:

at y=0,50,200→UX=0 ;UY=0 ;UZ=0 ; ROTX=0 ;ROTY=0 ; ROTZ=0

at y=250→UX=0 ;UY=F;UZ=0 ; ROTX=0; ROTY=0 ; ROTZ=0

  For Flexural Strength determination boundary conditions used are:

at x=0 ,60→UX=0 ;UY=0 ;UZ=0 ; ROTX=0 ; ROTY=0 ; ROTZ=0

at x=30→UZ=F
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Figure 8.8: Boundary Conditions Imposed on Tensile Test Geometry

Figure 8.9: Boundary Conditions Imposed on Flexural Test Geometry
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8.3.3.     Solving the Problem:

             This is the final step in FEA procedure. For all the geometries, Von Misses’ stresses

developed  in  HBCs  under  tensile  and  flexural  loading  conditions  have  analyzed.  These

results have compared with the actual experimentation values.

8.3.4.    General Post-processing:

             Further calculations have done in this step to obtain the actual shape of the geometry

caused due to  the deformation in  the geometry resulting from the loading and boundary

conditions  imposed.  This  step  also  allows  plotting  the  graphical  representation  of  the

deformation behavior of the body. 

8.4.     Algorithm:

i. Input – Discipline for the Graphical User Interface (GUI), Element type, Material

properties.

ii. Enter each ply thickness and angle of fiber orientation, plotting all the layers in GUI.

iii. Enter the co-ordinates of geometry.

iv. Assemble the co-ordinates to produce a 2D geometry.

v. Convert the geometry into area.

vi. Create ‘Nodes’ through ‘Meshing’ to impose loads and boundary conditions on the

geometry.

vii. Apply loads and boundary conditions on the geometry.

viii. Assemble the stiffness matrix for the complete structure.

ix. Solve the system equations.

x. General post-processing.
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Figure 8.10: Flow-Chart for the Steps in ANSYS
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CHAPTER-9

RESULTS AND DISCUSSIONS

The HBCs have subjected to different mechanical and physical characterizations as

explained in Chapter-7. The results obtained have detailed in this chapter. The chapter also

details the ANSYS simulation results for the various mechanical properties as explained in

Chapter-8.  Furthermore,  the  comparison  between  experimental  results  and  ANSYS

simulation results has carried out.

9.1. Experimental Results:

9.1.1 Tensile Properties of the HBCs:

The experimental tensile properties of the HBCs have detailed in Table 9.1.

Table 9.1: Experimental Tensile Properties of the HBCs

Compos
ite

Sample
s

Tensile
Strength

(MPa)

Tensile
Modulus

(MPa)

JBBJ-1 27.18 647.12

BJJB-1 20.85 550.62

JBBJ-2 20.54 544.45

BJJB-2 13.79 362.18

The  composite  sample  JBBJ-1  shows  the  maximum  TS  on  the  other  hand,  the

composite sample BJJB-2 shows the least TS among all the HBCs samples.

The  composite  sample  JBBJ-1  has  higher  TS compared  to  the  composite  sample

BJJB-1.  The composite  sample  JBBJ-1 shows TS of  27.18 MPa whereas,  the composite

sample BJJB-1 shows TS of 20.85 MPa.
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The composite sample JBBJ-2 shows better TS of 20.54 MPa compared to the TS of

13.79 MPa as shown by the composite sample BJJB-2. 
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Figure 9.1: Load-Displacement curve for the HBCs Sample JBBJ-1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.55.68
0

50

100

150

200

250

300

Displacement (mm)

Load (KG)

62



Figure 9.2: Load-Displacement curve for the HBCs Sample BJJB-1
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Figure 9.3: Load-Displacement Curve for the HBCs Sample JBBJ-2
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Figure 9.4: Load-Displacement Curve for the HBCs Sample BJJB-2

From the  load-displacement  curves  for  the  HBCs  samples,  it  also  clear  that  the

composite sample JBBJ-1 has the maximum load carrying capacity whereas, the composite

sample BJJB-2 has the least load carrying capacity.

The composite sample JBBJ-1 has the load carrying capacity of 423 KG whereas the

composite sample BJJB-1 has the load carrying capacity of 276 KG.

Similarly, the composite sample JBBJ-2 show better load carrying capacity of 325

KG compared to the composite sample BJJB-2 which has the load carrying capacity of 183

KG only.
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Figure 9.5: Comparison between Tensile Modulus of HBCs

Figure 9.5 shows the TM of the composite sample. The composite sample JBBJ-1 has

the maximum TM of 647 MPa compared to the TM of 550 MPa of the composite sample

BJJB-1. Similarly, the composite sample JBBJ-2 has higher TM of 544 MPa compared to

TM of 362 MPa as shown by the composite sample JBBJ-2 
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9.1.2. Flexural Properties of the HBCs:

Table 9.2 shows the experimental flexural properties of the HBCs.

Table 9.2: Experimental Flexural Properties of the HBCs

Composi
te

Samples

Flexural
Strength

(MPa)

Flexural
Modulus

(MPa)

JBBJ-1 80.48 647.12

BJJB-1 62.38 550.62

JBBJ-2 43.88 544.45

BJJB-2 52.94 362.18

The flexural testing reveals that the composite sample JBBJ-1 has the maximum FS

whereas, the composite sample JBBJ-2 has the least strength in bending.

The  composite  sample  JBBJ-1  shows  the  higher  FS  compared  to  the  composite

sample  BJJB-1.  The  composite  sample  JBBJ-1  has  the  FS  of  80.48  MPa  whereas,  the

composite sample BJJB-1 has the FS of 62.38 MPa.

Compared to the composite sample JBBJ-2, the composite sample BJJB-2 has better

FS. The composite sample JBBJ-2 has the FS of 43.88 MPa only. On the other hand, the

composite sample BJJB-2 has the FS of 52.94 MPa.

65



0

10

20

30

40

50

60

Deflection (mm)

Load (KG)

Figure 9.6: Load-Deflection Curve for the HBCs Sample JBBJ-1
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Figure 9.7: Load-Deflection Curve for the HBCs Sample BJJB-1
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Figure 9.8: Load-Deflection Curve for the HBCs Sample JBBJ-2
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Figure 9.9: Load-Deflection Curve for the HBCs Sample BJJB-2
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The load-deflection curves for the HBCs obtained reveals that the composite sample

JBBJ-1 has  the maximum bending load bearing  capacity whereas,  the composite  sample

BJJB-2 has the least bending load bearing capacity.

Compared to the composite sample BJJB-1, the composite sample JBBJ-1 has the

maximum bending load bearing capacity. The composite sample JBBJ-1 has the load bearing

capacity of 50 KG whereas, the composite sample BJJB-1 can bear the bending load of 28.67

KG.

Similarly,  the  composite  sample  JBBJ-2  has  the  maximum bending  load  bearing

capacity compared to the composite sample BJJB-2. The composite sample JBBJ-2 has the

bending load bearing capacity of 27 KG while the composite sample BJJB-2 has the bending

load carrying capacity of 24 KG only.
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Figure 9.10: Comparison between Flexural Modulus of HBCs
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Figure 9.10 shows the comparison between FM of HBCs. The composite sample 

JBBJ-1 has the maximum FM while the composite sample BJJB-2 has the least FM.

The composite  sample JBBJ-1 exhibits  maximum FM compared to the composite

sample  BJJB-1.  The  composite  sample  JBBJ-1  shows  the  FM  of  648  MPa  while  the

composite sample BJJB-1 shows the FM of 550 MPa.

Similarly, the composite sample JBBJ-2 has better FM compared to the composite

sample  BJJB-2.  The  composite  sample  JBBJ-2  shows  FM  of  544  MPa  whereas,  the

composite sample BJJB-2 shows the FM of 362 MPa only.

9.1.3. Impact Properties of the HBCs:

Table 9.3 reveals the IS of the HBCs. Three specimens of each composite sample

were tested to determine the IS of the HBCs and the average value for each sample gives the

IS of the HBCs.

Table 9.3: Impact Strength of the HBCs

Composi
te

Samples

Impact Strength (Joules) Average
Impact

Strength
(Joules)

Trial 1 Trial 2 Trial 3

JBBJ-1 7 10 8 8.33

BJJB-1 2 4 3 3.00

JBBJ-2 1 1 2 1.33

BJJB-2 0 1 1 0.67
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Figure 9.11: Comparison between Impact Strength of the HBCs

Figure 9.11 shows the comparison between the IS of the HBCs. The results reveal that

the composite sample JBBJ-1 has the maximum impact energy absorbing capacity. On the

other  hand,  the composite  sample BJJB-2 shows least  impact  energy absorbing capacity.

The composite sample JBBJ- 1 exhibits higher IS compare to the composite sample

BJJB-1.  The  composite  sample  JBBJ-1  has  the  IS  of  8  Joules.  On  the  other  hand,  the

composite sample BJJB-1 has the IS of 3 Joules.

Similarly,  the  composite  sample  JBBJ-2  has  better  IS  compare  to  the  composite

sample  BJJB-2.  The  composite  sample  JBBJ-2  has  the  IS  of  1.3  Joules  whereas,  the

composite sample BJJB-2 has the IS of 0.67 Joules only.

9.1.4. Hardness Properties of the HBCs:

Table  9.4  shows  the  hardness  properties  of  the  HBCs.  Three  specimens  of  each

composite sample have analyzed to evaluate the hardness properties of the samples.  The

average value of  all  the specimens gives  the hardness  value of the HBCs. The hardness

values of the HBCs have obtained on B-scale.

Table 9.4: Hardness Properties of the HBCs
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Compos
ite

Samples

Hardness Rockwell on B-
scale (HRB) Avera

ge
(HRB)Trial 1 Trial 2

Trial
3

JBBJ-1 60 85 55 66.67

BJJB-1 25 45 30 33.33

JBBJ-2 50 62 50 54.00

BJJB-2 59 52 55 55.33
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Figure 9.12: Comparison between Hardness Properties of the HBCs

 

Figure 9.12 gives the graphical comparison between the hardness properties of the

HBCs obtained on B-scale. The composite sample JBBJ-1 has the maximum hardness value

compared to the composite sample BJJB-1. The hardness values obtained in case of JBBJ-1

and BJJB-1 is 66.67 and 33.33 on B-scale.
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The composite  sample JBBJ-2 and BJJB-2 exhibits  appropriately similar  hardness

values.  The  composite  sample  JBBJ-2  shows  hardness  value  of  54  while  the  composite

sample BJJB-2 shows the hardness value of 55.33 on B-scale.

9.1.5. Water absorption Test:

For water absorption test, three specimens of each composite sample of equal size and

equal weight have prepared. The test has performed by recording the initial weight of the

specimens and recording the weight of the specimens after removal from water dipped for 72

hours.  It  has  observed  that  the  weight  of  the  composite  samples  is  same  in  both  the

conditions. 

This test result reveals that the composite samples are perfectly resistant to moisture

absorption.

9.2. ANSYS Simulation Results:

For evaluating the mechanical properties of the HBCs in ANSYS, orthotropic elastic

properties have obtained using theoretical ROM and HROM. In this section, the mechanical

properties of HBCs have evaluated using ROM and HROM separately. The deformed shape

of the geometry and Von Misses Stress developed in each case has presented.   

9.2.1 ANSYS Simulation of Tensile Properties:

Table  9.5  shows  the  Von  Misses  Stresses  developed  in  each  case  during  tensile

simulation using ROM.

Table 9.5: Von Misses Stress developed in Tensile Test Geometry using ROM

Composi
te

Samples

Von Misses
Stress
(MPa)
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JBBJ-1 32.11

BJJB-1 20.39

JBBJ-2 20.92

BJJB-2 15.61

Figure 9.13: Deformed Tensile Shape and Von Misses Stress developed in JBBJ-1 using ROM

73



Figure 9.14: Tensile Behavior of HBCs Sample JBBJ-1 using ROM

Figure 9.15: Deformed Tensile Shape and Von Misses Stress developed in BJJB-1 using ROM
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Figure 9.16: Tensile Behavior of HBCs Sample BJJB-1 using ROM

Figure 9.17: Deformed Tensile Shape and Von Misses Stress developed in JBBJ-2 using ROM
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Figure 9.18: Tensile Behavior of the HBCs Sample JBBJ-2 using ROM

Figure 9.19: Deformed Tensile Shape and Von Misses Stress developed in BJJB-2 using ROM
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Figure 9.20: Tensile Behavior of HBCs Sample BJJB-2 using ROM

Table 9.6 presents the value of Von Misses Stress developed in each case during 

tensile testing using HROM.

Table 9.6: Von Misses Stress developed in Tensile Test Geometry using HROM

Composi
te

Samples

Von
Misses
Stress
(MPa)

JBBJ-1 32.79

BJJB-1 21.19

JBBJ-2 23.98

BJJB-2 14.11
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Figure 9.21: Deformed Tensile Shape and Von Misses Stress developed in JBBJ-1 using HROM

Figure 9.22: Tensile Behavior of HBCs sample JBBJ-1 using HROM
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Figure 9.23: Deformed Tensile Shape and Von Misses Stress developed in BJJB-1 using HROM

Figure 9.24: Tensile Behavior of HBCs sample BJJB-1 using HROM
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Figure 9.25: Deformed Tensile Shape and Von Misses Stress developed in JBBJ-2 using HROM

Figure 9.26: Tensile Behavior of HBCs sample JBBJ-2 using HROM
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Figure 9.27: Deformed Tensile Shape and Von Misses Stress developed in BJJB-2 using HROM

Figure 9.28: Tensile Behavior of HBCs sample BJJB-2 using HROM
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9.2.2. ANSYS Simulation of Flexural Properties:

Table  9.7  details  the  Von  Misses  Stress  developed  in  each  case  during  flexural

simulation using ROM.

Table 9.7: Von Misses Stress developed in Flexural Test Geometry using ROM

Composit
e

Samples

Von
Misses
Stress
(MPa)

JBBJ-1 82.73

BJJB-1 64.75

JBBJ-2 45.65

BJJB-2 54.57

Figure 9.29: Deformed Flexural Shape and Von Misses Stress developed in JBBJ-1 using ROM
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Figure 9.30: Flexural Behavior HBCs sample JBBJ-1 using ROM

Figure 9.31: Deformed Flexural Shape and Von Misses Stress developed in BJJB-1 using ROM
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Figure 9.32: Flexural Behavior of HBCs sample BJJB-1 using ROM

Figure 9.33: Deformed Flexural Shape and Von Misses Stress developed in JBBJ-2 using ROM
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Figure 9.34: Flexural Behavior of HBCs sample JBBJ-2 using ROM

Figure 9.35: Deformed Flexural Shape and Von Misses Stress developed in BJJB-2 using ROM
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Figure 9.36: Flexural Behavior of HBCs sample BJJB-2 using ROM

Table  9.8  details  the  Von  Misses  Stress  developed  in  each  case  during  flexural

simulation using HROM.

Table 9.8 Von Misses Stress developed in Flexural Test Geometry using HROM

Compos
ite

Sample
s

Von
Misses
Stress
(MPa)

JBBJ-1 83.45

BJJB-1 64.39

JBBJ-2 45.9

BJJB-2 54.32
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Figure 9.37: Deformed Flexural Shape and Von Misses Stress developed in JBBJ-1 using HROM
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Figure 9.38: Flexural Behavior of HBCs sample JBBJ-1 using HROM

Figure 9.39: Deformed Flexural Shape and Von Misses Stress developed in BJJB-1 using HROM
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Figure 9.40: Flexural Behavior of HBCs sample BJJB-1 using HROM

Figure 9.41: Deformed Flexural Shape and Von Misses Stress developed in JBBJ-2 using HROM
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Figure 9.42: Flexural Behavior of HBCs sample JBBJ-2 using HROM

Figure 9.43: Deformed Flexural Shape and Von Misses Stress developed in BJJB-2 using HROM
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Figure 9.44: Flexural Behavior of HBCs sample BJJB-2 using HROM
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9.3. Comparison Between Experimental and ANSYS Results:

This  section details  the comparison between the experimental  results  and ANSYS

simulation results. Geometries for determining the tensile and flexural properties of HBCs

have modeled and analyzed in ANSYS APDL 16.2 using ROM and HROM separately. The

graphical comparison for the experimental values and ANSYS APDL values has presented in

the figures. 
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Figure 9.45: Comparison Between Experimental Values and ANSYS Values using ROM for

Tensile Properties
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Figure 9.46: Comparison Between Experimental Values and ANSYS Values using HROM for

Tensile Properties
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Figure 9.47: Comparison Between Experimental Values and ANSYS Values using ROM for

Flexural Properties
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Figure 9.48: Comparison Between Experimental Values and ANSYS Values using HROM for

Flexural Properties

The  results  reveals  that  the  experimental  values  are  in  good  agreement  with  the

ANSYS values evaluated for each property using ROM and HROM.

9.4. Determination of Percentage Error:

The percentage error is calculated using simple mathematical formula for determining

the approximation between the calculated values and the known values. Here, the ANSYS

values  are  the  calculated  values  and the  known values  are  the  experimental  values.  The

formula has modified as:

Error=
ANSYS Values−ExperimentalValues

ExperimentalValues
×100

                                              (9.1)

The percentage error for each case has detailed in this section.
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Table 9.9: Percentage Error in Experimental Results and ANSYS Results using ROM for

Tensile Properties

Composi
te

Samples

Experimen
tal Values

(MPa)

Von Misses
Stress
(MPa)

%
Error

JBBJ-1 27.18 32.11 18.14

BJJB-1 20.85 20.39 2.21

JBBJ-2 20.54 20.92 1.85

BJJB-2 13.79 15.61 13.20

 Table 9.10: Percentage Error in Experimental Results and ANSYS Results using HROM for

Tensile Properties

Compos
ite

Sample
s

Experime
ntal

Values

Von
Misses
Stress
(MPa)

%
Error

JBBJ-1 27.18 32.79 20.64

BJJB-1 20.85 21.19 1.63

JBBJ-2 20.54 23.98 16.75

BJJB-2 13.79 14.11 2.32

Table 9.11: Percentage Error in Experimental Results and ANSYS Results using ROM for

Flexural Properties

Composit
e

Samples

Experimen
tal Values

Von
Misses
Stress
(MPa)

%
Error

JBBJ-1 80.48 82.73 2.80

BJJB-1 62.38 64.75 3.80
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JBBJ-2 43.88 45.65 4.03

BJJB-2 52.94 54.57 3.08

Table 9.12: Percentage Error in Experimental Results and ANSYS Results using HROM for

Flexural Properties

Compos
ite

Samples

Experimen
tal Values

(MPa)

Von
Misses
Stress
(MPa)

%
Error

JBBJ-1 80.48 83.45 3.69

BJJB-1 62.38 64.39 3.22

JBBJ-2 43.88 45.9 4.60

BJJB-2 52.94 54.32 2.61

9.5. Summary of Results:

i. The  HBCs  sample  JBBJ-1  exhibits  maximum  tensile  and  flexural  properties  in

contrast  to  the  HBCs  sample  BJJB-1.  The  HBCs  sample  JBBJ-1  also  shows

maximum impact strength compared to HBCs BJJB-1. Similarly, the HBCs sample

JBBJ-1 has better hardness properties in contrast to HBCs sample BJJB-1.

ii. The HBCs sample JBBJ-2 shows better tensile and impact strength compared to the

HBCs sample BJJB-2. The HBCs sample BJJB-2 shows better hardness and flexural

strength  compared to  HBCs JBBJ-2.  However, the  HBCs sample  JBBJ-2  has  the

higher flexural modulus compared to HBCs sample BJJB-2.

iii. The HBCs sample JBBJ-1 shows maximum properties whereas, the HBCs sample

BJJB-2 shows least properties in each cases.

iv. The water absorption test reveals that all the HBCs samples are perfectly resistant to

water absorption. This in one of the important property since NFs composites has

distinct applications.

v. The experimental  results  for the mechanical  properties  of the HBCs in each case

show good agreement with ANSYS APDL simulation results.  This  is  possible  by
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using proper 
V f , which enables to determine the orthotropic elastic properties of

the HBCs in terms of quantity, quality and arrangement with the help of theoretical

ROM and HROM.

Table 9.13: Summary of the Experimental results

Composi
te

Samples

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)

Impact
Strength
(Joules)

Rockwell
Hardness (B-

Scale)

JBBJ-1 27.179 80.48 8.33 66.67

BJJB-1 20.85 62.38 3.00 33.33

JBBJ-2 20.544 43.88 1.33 54.00

BJJB-2 13.787 52.94 0.67 55.33

Table 9.14: Summary of the ANSYS Results

Composi
te

Samples

Tensile Strength
(MPa)

Flexural Strength
(MPa)

ROM HROM ROM HROM

JBBJ-1 32.11 32.79 82.73 83.45

BJJB-1 20.39 21.19 64.75 64.39

JBBJ-2 20.92 23.98 45.65 45.9

BJJB-2 15.61 14.11 54.57 54.32
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CHAPTER-10

CONCLUSION AND FUTURE SCOPE

10.1. Conclusion:

i. For the same 
V f , the HBCs samples of jute fibers oriented at 900 and banana fibers

oriented at 450  and -450 exhibits higher properties in each case compared to HBCs

sample of banana fibers oriented at 900and jute fibers oriented at 450 and -450.

ii. For  the  same  
V f  and  similar  orientation  of  jute  and  banana  fibers,  HBCs

fabricated with resin and hardener ratio of 100:10 exhibits maximum mechanical and

physical properties in contrast to the HBCs fabricated with resin and hardener ratio of

100:20.

iii. After  evaluation  of  the  properties  in  each  case  for  all  the  HBCs  samples,  it  has

observed that  the  composite  sample  JBBJ-1 performed maximum mechanical  and

physical properties in each case. Therefore, the optimal results are obtained with the

composite  sample  JBBJ-1,  that  is  the  HBCs  sample  fabricated  with  jute  fibers

oriented at 900 and banana fibers oriented at 450 and -450 with resin and hardener ratio

of 100:10.

iv. ANSYS is the powerful tool in structural analysis. The experimental results for the

mechanical properties of HBCs in each case show good agreement with the ANSYS

APDL results. 

10.2. Future Scope:

i. The use of appropriate advanced manufacturing techniques of HBCs for limiting the

presence of voids in the HBCs. This will improve the overall strength of the HBCs.

ii. The  use  of  coupling  agent  for  matrix  modification  since  matrix  modification

experiences better interfacial properties by improving the adhesion between NFs and

matrix compared to surface treatment of NFs using alkali treatment. This results in

overall enhancement of the properties of HBCs.
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5. Modeling

Create

Key points

In active CS

Enter key point number

Enter Location in active CS

Lines

Lines

Straight lines

Draw lines through key points

Areas

Arbitrary

By Lines
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Select lines

6. Meshing

Size Control

Manual Size

Areas

All Areas

Enter Element edge length

Mesh

Areas

Free

Click area

7. Solution

Analysis Type

New Analysis

Static

Define Loads

Apply

Structural

Displacement

On Nodes

Select Nodes

Force/Moment

On Nodes

Select Nodes
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8. Solve

Current LS

9. General Post processing

Plot results

Contour Plot

Nodal Solution

Stress

Von Misses Stress

Path Operations

Define Path

By Nodes

Select Nodes

Plot Path

Map onto path

Enter user label for item

Stress

Plot Path Item

On Graph

Enter Path item to be graphed 
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