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ABSTRACT

The awareness of using the polymer synthetic fibre in composite material has been an 

issue of environmental pollution. In the selection of material in low strength 

engineering application, the natural fibre is an alternative to replace the synthetic fibre 

in certain extent especially in automobile industry. In this research the mechanical 

properties of natural fibre, Donax Grandis mixed with unsaturated polyester is used to 

fabricate the specimen with fibre volume fraction of 0.6 and 0.4. Initially, specimen was 

prepared by manual lay up and hot pressing moulding. Standard method of ASTM 

D5528-94a was chosen to carry out the experiment and modified beam theory is used to 

determine the specimen interlaminar strain energy release rate with constant crosshead 

speed of 0.5 mm/min, using Instron testing machine. The crack surface is magnified at 

lOx by using digital optical microscope to examine the interplay region after 

delamination testing. The fibre volume fraction of 0.4 gave higher fracture toughness. 

The fibre bridging mechanism which is normal for the unidirectional fibre orientation 

was observed in the fibre volume fraction of 0.4. No fibre bridging mechanism is 

observed in the fibre volume fraction of 0.6 specimen. This shows the poor bonding on 

the surface between the interlaminar ply of the composite with increase in the fibre 

volume fraction.
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ABSTRAK

Penggunaan gentian semula jadi dalam bahan komposit dalam bidang kejuruteraan 

adalah semakin penting dalam usaha mengurangkan kesan pecemaran persekitaran. 

Terutamanya dalam bidang automobil, sesetengah komponen kereta telah menggunakan 

gentian semula jadi untuk menggantikan gentian buatan dalam pembuatan panel 

komposit. Kajian ini memberi tumpuan kepada menentukan nilai tenaga retakan dalam 

bahan komposit gentian Donax Grandis (bemban). Campuran poliester tak tepu dengan 

gentian Donax Grandis untuk menghasil specimen dengan isipadu gentian 0.4 and 0.6. 

Penyusunan gentian untuk menghasilkan lapisan lamina dilakukan secara tangan dan 

teknik pengacuan penekanan panas untuk membentuk komposit. Specimen yang 

disediakan telah diuji mengikut piawai ASTM D 5528-94a dengan menggunakan mesin 

Intron pada kadar 0.5 mm seminit untuk mendapatkan tenaga tegangan dengan jarak 

yang disesar. Permukaan retakan diperiksa di bawah kanta pembesar digital dengan 

faktor pembesaran sebanyak IOX. Tenaga pemambilalihan kritikal pembukaan dikira 

berdasarkan data yang dicatat. Pecahan isipadu gentian 0.4 memberi lebih tinggi tenaga 

retakan daripada pecahan isipadu gentian 0.6. Penyambungan gentian merentasi 

permukaan yang beretak diperhatikan pada bahagian belakang retakan penghujung, 

tetapi penyambungan gentian merentasi permukaan yang beretak tidak dikesan pada 

specimen dengan pecahan isipadu gentian 0.6. Ini telah menunjukkan pembentukan 

ikatan yang lemah di antara permukaan lamina dalaman pada pecahan isipadu gentian 

0.6.

V



ýteýit ýjakºr, znlat 
: ýdt. tljlh 

ý Jý1,:.. : 1. Aý' i1A ýr1KAWA1` l usat

LIST OF CONTENTS

CONTENT 

REPORT SUBMISSION FORM 

APPROVAL SHEET 

TITLE PAGE 

DEDICATION 

ACKNOWLEDGEMENT 

ABSTRACT 

ABSTRAK 

TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

NOMENCLATURE

CHAPTER I

CHAPTER 2

INTRODUCTION 

1.1 Introduction 

1.2 Scope and Objective

LITERATURE REVIEW 

2.1 Introduction 

2.2 Natural Fibres 

2.3 Polymer Matrices

2.3.1

2.3.2

Thermosetting

Thermoplastics

Page

i

ii

III

iv

V

vi

Ix

XI

xii

I

3

4

5

8

9

II

vi



2.4 Processing of Composite Laminates 13

2.4.1 Processing of Thermoset Composites 14 

2.5 Laminate Strength Analysis 18 

2.6 Mechanic of Delamination [Strain energy release rate 

analysis] 20 

2.7 The Factor that Affect the Delamination of Composite 

Material 21 

2.7.1 Effect of Matrix Material on Delamination 22 

2.7.2 Effect of Fibre-Matrix Adhesion 22 

2.7.3 Effect of Reinforcement Volume Fraction 23 

2.7.4 Effect of Bridging and Crack-Tip Splitting 24 

2.7.5 The Effect of Anisotropy and Fibre Orientation 25 

2.8 Double-Cantilever-Beam Test 26 

2.9 Data Reduction Methods 30

CHAPTER 3 METHODOLOGY 

3.1 Introduction 

3.2 Fibre Processing

34

34

3.2.1 Biological Method 35

3.2.2 Chemical Method 35 

3.3 Determination of Weight fraction of the Fibre. 36 

3.4 Autoclave Moulding of Thermosetting Composite 37 

3.5 Autoclave Processing of Thermoplastic Composites 41 

3.6 Test Preparation for Precaution during Cutting 42

VII



3.7 Hinge Attachment for Double-Cantilever-Beam 43 

3.8 Double-Cantilever-Beam Preparation and Test Procedure 45 

3.8.1 Sample Setup 46 

3.8.2 Observation 48

CHAPTER 4 RESULT AND DISCUSSION 

4.1 Introduction 51 

4.2 Density of Donax Grandis 51 

4.3 Data Analysis 52 

4.4.1 Plot Load as a Function of Crosshead Displacement 53 

4.4.2 Delamination Crack Growth Resistance Curve 56 

4.5 Discussion 57

CHAPTER 5 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

5.2 Recommendation

62

63

REFERENCES 65

APPENDICES 68

viii



LIST OF FIGURES

Figure Page

1.1 The three cracks - propagation modes. 

2.1 Dynamics of thermoset gelation and vitrification. 

2.2 Time - temperature transformation diagram. 

2.3 Polymer and perform pressurization and flow. 

2.4 Heat transfer laminate thickness. 

2.5 Cure cycle premature vitrification. 

2.6 DCB Mode I experiment. 

2.7 Fibre bridging in DCB testing. 

2.8 The DCB specimen for measuring opening mode critical

3

15

15

16

17

18

20

24

energy-release-rate. 26 

3.1 Donax Grandis fibres. 35 

3.2 Vacuum bag preparations for autoclave cure for thermoset 

matrix composite. 36 

3.3 Vacuum bag sequence and tool plate in an autoclave. 39 

3.4 Typical cure cycle for a carbon/epoxy prepreg. 40 

3.5 Vacuum bag preparations for autoclave processing of thermoplastic 41 

3.6 DCB specimen with hinges attached by bolting. 44 

3.7 Jig for alignment and mounting of hinges for DCB specimen. 44 

3.8 DCB setup. 46 

3.9 Hinge loading arrangement for the DCB specimen. 46

IX



3.10 Geometry dimension (millimetres), and lay-up for DCB. 47 

3.11 Schematic load-displacement records during crack growth for a DCB. 48 

4.1 The density determination of the Donax Grandis. 52 

4.2 Load versus crosshead displacement of fibre volume fraction of 0.4. 55 

4.3 Load versus crosshead displacement of fibre volume fraction of 0.6. 55 

4.4 Delamination resistance curve of fibre volume fraction of 0.4. 56 

4.5 Delamination resistance curve of fibre volume fraction of 0.4. 57 

4.6 Comparison of average mean G1c results for with different fibre 

volume fraction. 58 

4.7 Fracture surface under optical microscope with magnification I OX. 59 

4.8 Propagate plane surface for specimen with fibre volume fraction 0.6 

under magnification I OX. 59 

4.9 Failure on the surface of the test specimen. 60 

A Graph of Density Donax Grandis. 69 

C Modified beam theory. 74

X



LIST OF TABLES

Table Page

2.1 Relative proportions of the major constituents and properties of the 

common natural fibres. 6 

2.2 Properties of the synthetic fibres. 7 

2.3 Some typical properties of thermosets. 11 

2.4 Properties of thermoplastics. 12 

4.1 The single data set of the Gic of fibre volume fraction 0.4. 53 

4.2 The single data set of the Gic of fibre volume fraction 0.6. 53 

4.3 Summary of interlaminar fracture toughness energy. 57 

A Collected experiment data and least squares values for determine 

density 68 

B Table of fibre weight to composite weight ratio. 71 

C 1 Collected data from the experiment for fibre volume fraction of 0.6. 72 

C2 Least square fit values 73 

C3 Combination of the compliance and the Gic values. 75

XI



NOMENCLATURE

a - Delamination length. 

ao - Initial delamination length. 

b - Width of DCB specimen. 

C - Compliance, 8/P, of DCB specimen. 

da - Differential increase in delamination length. 

dU - Differential increase in strain energy. 

E - Modulus of elasticity 

G - Strain energy release rate. 

Gic - opening Mode I interlaminar fracture toughness. 

h - Thickness of DCB specimen. 

I - Moment of inertia. 

L - Length of DCB specimen. 

NL - Point at which the load versus opening displacement curve becomes 

non-linear. 

P - Applied load. 

U - Strain energy. 

of - Fibre volume fraction, % 

Vf - Fibre volume 

v,,, - Matrix volume fraction, %. 

V. - Matrix volume 

wf - Fibre weight fraction, %. 

Wt - Fibre weight
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WM - Matrix weight fraction, %. 

W. - Matrix weight 

6 - Load point deflection. 

A - Effective delamination extension to correct for rotation of DCB arms 
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CHAPTER 1

INTRODUCTION

1.1 Introduction

As the supply of traditional fibre (example carbon, glass and aramid) reinforced 

composites source have been reducing each year and desire to reduce the cost of 

petroleum-based composites, another alternative such as natural fibre has been given the 

attention to be used as the reinforced in composite material. The uses of natural fibre 

reinforce composite materials have been widely carry out by researcher. Natural fibre 

reinforced composite materials are the natural fibre imbedded, surrounds, and bond into 

a matrix instead of the conventional fibre (e. g, boron, carbon, glass and etc. ). O'Donnel 

et al (2003) suggest that natural fibre materials are recyclable and biodegradable can be 

used to replace the traditional fibre reinforced composite materials as they are 

environmentally friendly. Another advantage of natural fibres reinforced composites is 

to reduce the cost of traditional synthetic fibres as it is available in nature. Moreover, 

the retting process to get the fibre can also be done in an uncontrolled environment such 

as biological retting process that is exposed to environment without causing pollution to 

the environment compared to conventional synthetic fibre. Besides, it inherits the 

properties of low-density material yielding relatively light weight composites with high 

specific strength and corrosion resistance.
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Fibre composite materials often consist of many layers of fibres. In any case, 

cracking or delamination is the separation of laminate layers. As explained by Zulkifli 

et al (2002), delamination will affect the bending loads carriage as it shall decrease the 

bending stiffness and strength. When a laminate is subjected to out-of-plane stresses, 

failure is likely to develop in the relatively weak resin between the fibres or at the fibre- 

matrix interface, which is the weakest component of the composite.

There are three basic crack-propagation modes. Each will affect a different crack 

surface displacement. In mode I, also known as the opening mode, the displacements on 

the crack surfaces are perpendicular to the crack plane and open the crack. In mode II, 

or the shearing mode, the surfaces slide over each other in the direction parallel to the 

crack. Lastly, in mode III or the tearing mode, the surface slide over each other in the 

out-of-plane direction. Each mode is measured in terms of critical energy-release rates 

(fracture toughness).

Mode I Mode II Mode III

Figure 1.1 The Three Cracks - Propagation Modes. (Swanson, 1997)
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1.2 Scope and Objectives

In various engineering environmental, loading factors such as thermal and 

moisture effects, damage caused by accidental transverse impacts, and fatigue loads 

may influence the lamination strength. Thus, it is important to understand the fracture 

toughness or the interlaminar stress allowable before applying the use of the natural 

fibre reinforced composite in any engineering application. Hence, this paper studies the 

cracking behaviour of Donax Grandis in the polymer reinforced composite materials by 

demonstrating the American Society for Testing and Materials, ASTM D 5528-94a 

delamination test standard. The test will be carried out by using double-cantilever-beam 

(DCB) test to determine the fracture toughness energy and the influence of fibre 

volume fraction to the fracture toughness energy through various types of the 

thermoplastic and thermosetting materials.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter reviews the analysis of the laminate strength, fracture mechanic and 

the basic idea on deriving the fracture toughness energy, G1 that determines the 

delamination behaviour in the polymer composite material (PCM). It is important to 

know the factors that may influence the mechanical properties of both resins and natural 

fibres. Fibre length and the orientation in laminate have significant effect that influences 

the laminate's fracture toughness and may affect the mechanical properties.

2.2 Natural Fibres

According to Mathew and Rawling(1999), generally, the natural fibres used such as 

cotton, silk, wool, jute, hemp and sisal is common in the making of textiles, twine and 

rope throughout the world. The natural fibres are also being called as the organic fibres. 

In contrast, the latter natural fibres are micro-composites that consist of cellulose fibres 

in an amorphous matrix of lignin and hemicellulose. These fibres have high length that 

is of greater than 1000 to diameter ratio, which is termed as the aspect ratio. Somehow,
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the strength and the stiffness of these fibres are low compared to the synthetic fibres.

(Refer the data presented in Table 2.1 and 2.2)

Matthews and Rawlings (1999) have done a research on the relative proportion of 

the natural fibres and the properties of the synthetic fibres. The relative proportions of 

these major natural fibres are the density, the percentages of cellulos, hemicellulos and 

lignin. Table 2.1 shows the statistic of the proportions. The properties of the fibres are 

the Young's module, the strength of the tensile, the specific modulus and the specific 

strength for the fibres. On the other hand, Table 2.2 shows the properties of the 

synthetic materials that are the fibre's density, the position in Young Module, the 

strength of the textile, the strain failure and the specific module and strength of the 

fibres. The synthetic fibres are e-glass, alumina, boron, and polyethylene (S 1000) just 

to name a few.
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Table 2.1 Relative Proportions of the Major Constituents and Properties of the

Common Natural Fibres. (Matthew and Rawling, 1999)

Density Hemicellulose 
Cellulos (%) Lignin (%) 

(Mg/m3) (%) 

Wood 1.5 40 40 20 

Jute 1.3 72 14 14 

Hemp 71 22 7 

Sisal 0.7 74 - 26 

Specific Specific 
Young's 

Tensile modulus strength 
modulus 

strength (MPa) [(GPa/ [(MPa/ 
(GPa) 

(Mg/m3)) (Mg/m3)] 

Wood 500 333 

Jute 55.5 442 43 340 

Hemp 460 

Sisal 17 530 24 757
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Table 2.2 Properties of the Synthetic Fibres. (Matthew and Rawling, 1999)

Young's 
Density Tensile Failure strain 

modulus 
(Mglrn3) strength (MPa) (%) 

(GPa) 

E-glass 2.54 70 2200 3.1 

Aramid 
1.45 130 2900 2.5 

(Kevlar 49) 

SiC (Nicalon) 2.60 250 2200 0.9 

Alumina 3.90 380 1400 0.4 

Boron 2.65 420 3500 0.8 

Polyethylene 
0.97 172 2964 1.7 

(S 1000) 

Carbon (HM) 1.86 380 2700 0.7 

Specific Specific 

modulus strength 
Ef 1/2 

[(GPa/ [(MPa/ 

(Mg/m3)I (Mg1m3)] 

E-glass 27.6 3.29 866 

Aramid 
89.7 7.86 2000 

(Kevlar 49) 

SiC (Nicalon) 96.2 6.08 846
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Alumina 97.4 4.99 359 

Boron 158.5 7.73 1321 

Polyethylene 

(S 1000) 
177.3 13.5 3056 

Carbon (HM) 204.3 10.5 1452

2.3 Polymer Matrices

Matthew and Rawling (1999) had stated that most common matrix material for 

composites is polymeric. The reasons for this are twofold. First, in general the 

mechanical properties of polymers are inadequate for many structural purposes 

particularly their strength and stiffness are low compared to metals and ceramics. This 

means that there is a considerable benefit to be gained by reinforcing polymers and that 

the reinforcement, initially at least, does not necessary have the exceptional properties.

Secondly, the processing of PMCs does not involve high pressures and does not 

require high temperatures. The problems associated with the degradation of the 

reinforcement during manufacture are less significant for PMCs than for composites 

with other matrices. The equipment required for PMCs may be simpler. For these 

reasons PCMs develop rapidly and become the customary material used for structural 

applications.
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The PCM has three classes. They are Polymer thermosetting or thermosets, 

thermoplastic and rubbers. The thermosets and thermoplastic will be discussed in the 

following section.

2.3.1 Thermosetting

It has been estimated that over three-quarter of all matrices of PMCs are 

thermosetting polymer. Thermosetting polymers, or thermosets, are resins which readily 

cross-link during curing. Curing involves the application of heat and pressure or the 

addition of a catalyst known as a curing agent or hardener.

Matthews and Rawlings (1999) explained that cross-linking bonds are like the 

bonds in the polymer chain, covalent. The strong bonds of the cross-links have the 

effect of pulling the chains together. This restricts the movement of the polymer chains 

and so increases the glass transition temperature to above room temperature. 

Consequently thermosets are brittle at room temperature and have low fracture 

toughness values, Kic, of typically 0.5 tol. 0 MPa m1/2. Also, because of the cross-links, 

thermosets cannot be reshaped by reheating. Thermosets just degrade on reheating, and 

in some cases may burn, but do not soften sufficiently for reshaping. Matthews and 

Rawlings (1999) also discuss specifically the characteristics of thermoset such like 

polyester, epoxy and polyimides.
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Polyester consists of unsaturated linear polyesters dissolved in styrene. Polyester 

resins are relatively inexpensive and have low viscosities, which is beneficial in many 

fabrication processes. However the shrinkage which occurs on curing is high about 4 - 

8%.

Epoxy resins are more viscous than polyester resins making impregnation of 

woven fabrics more difficult. The shrinkage on curing is smaller than for polyesters, 

being typically 1 - 5%. The mechanical properties depend on the particular resin system 

and the curing; generally epoxies are stiffer and stronger, but more brittle than 

polyesters as can been from the typical values presented in table 2.3. Epoxies also 

maintain their properties to higher temperature than polyesters.

Polyimides are less widely used than polyesters or epoxies but can withstand 

relatively high service temperatures. The polyimide chain, which is rigid and heat 

resistant owing to the presence of ring structures, results in a high stiffness, a low 

coefficient of thermal expansion and a service temperature as high as 425°C for several 

hours and over 500°C for a few minutes (Table 2.4) However, like the other thermosets 

the polyimides are brittle.
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Table 2.4 Some typical properties of thermosets. (Matthew and Rawling, 1999)

Epoxy Polyester Phenolics Polyimides 

Density (Mg/m') 1.1-1.4 1.1-1.5 1.3 1.2-1.9 

Young's modulus (GPa) 2.1-6.0 1.3-4.5 4.4 3 - 3.1 

Tensile strength (MPa) 35 - 90 45 - 85 50 - 60 80 - 190 

Fracture toughness 

Kip (MPa m ) 0.6 - 1.0 0.5 

G,, (kJ/m) 0.02 0.3-0.39 

Thermal expansion 

(10-6K-I ) 
55- 110 100-200 45- 110 14-90 

Glass trans. Temp. (°C) 120 - 190

2.3.2 Thermoplastics

Matthews and Rawlings (1999) also stated briefly the characteristic for 

thermoplastic. Thermoplastics readily flow under stress at elevated temperatures that 

allow them to be fabricated into the required component in solid form and retain their 

shape when they are cooled to room temperature. These polymers can be repeatedly 

heated, fabricated and cooled and consequently scrap may be recycled, though there 

may be slight degradation in the properties due to the declination in molecular weight. 

Well known thermoplastics include acrylic, nylon (polyamide), polystyrene,
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