
i 

 

 

 

 

 

 

 

  



 

 

 

 

 



iii  

 

 

 

 

 

 

 

 

© Ahmad Rafiq 

2014 

 

  

 

 

 

 

 



iv 

 

 

 

 

 

 

 

 

To those who fight to the very end. 

 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGEMENT  

All thanks to Almighty ALLAH for giving me the strength, knowledge and courage to 

undertake this research and for making things easy when they appeared difficult. I am 

grateful to my father for keeping me strong and my mother for her relentless prayers and a 

never ending faith in me.  

I would like to thank my advisor Dr. Nesar Merah whose guidance, support and 

encouragement led to timely completion of this work. I would also like to thank Dr. Muneer 

Al -Qadhi who always went out of his way to guide and help us. I would like to thank my 

committee members, Dr. Amro Al-Qutub and Dr. Abdul Samad for their input and 

guidance in this research work. 

I would like extend special thanks to my friends Mr. Farooq Riaz Siddiqui and Mr. Nauman 

Zafar who supported me in all matters throughout my stay at KFUPM. Mr. Yasir Ali  

deserves a special mention for helping me out in every aspect of research and whose 

presence made the gloomy hours in lab much more bearable.  

Finally, I would like to acknowledge the support provided by Mr. Lateef , Mr. Sadaqat , 

Mr. Sarafarz for various laboratory tasks and KFUPM as a whole for providing the facilities 

and means to carry out this research.  

 



vi 

 

1. TABLE OF CONTENTS  

ACKNOWLEDGEMENT  ............................................................................ v 

TABLE OF CONTENTS  ............................................................................ vi 

LIST OF FI GURES ................................................................................... viii  

LIST OF TABLES  ...................................................................................... xii  

ABSTRACT ................................................................................................ xiii  

ARABIC ABSTRACT  .................................................................................xv 

CHAPTER 1 INTRODUCTION  .................................................................. 1 

1.1. Background ...................................................................................................................... 1 

1.2. Nano-Composites ............................................................................................................. 2 

1.3. Objectives ........................................................................................................................ 4 

1.4. Motivation and Justification ............................................................................................ 4 

1.5. Research Methodology .................................................................................................... 6 

1.5.1. Literature Review ..................................................................................................... 6 

1.5.2. Development and Material Characterization ........................................................... 7 

1.5.3. Water Absorption ..................................................................................................... 7 

1.5.4. Mechanical Testing .................................................................................................. 7 

CHAPTER 2 LITERATURE REVIEW  ..................................................... 8 

2.1. Material Characterization ................................................................................................. 8 

2.1.1. Morphology: Intercalated and Exfoliated Nanocomposites ..................................... 8 

2.1.2. X-Ray Diffraction (XRD) ........................................................................................ 9 

2.1.3. Scanning Electron Microscope (SEM) .................................................................. 11 

2.1.4. Transmission Electron Microscope (TEM) ............................................................ 12 

2.2. GFRE Development ....................................................................................................... 13 

2.2.1. General Composite Manufacturing ........................................................................ 14 

2.2.2. Manufacturing Techniques .................................................................................... 15 

2.3. Mechanical Properties .................................................................................................... 18 

2.3.1. Flexural Properties ................................................................................................. 18 

2.3.2. Drop Weight Impact .............................................................................................. 22 

2.4. Water Uptake ................................................................................................................. 26 

CHAPTER 3 EXPERIMENTAL PROCEDURE  ....................................30 

3.1. Materials Used ............................................................................................................... 30 



vii  

 

3.1.1. Epoxy ..................................................................................................................... 30 

3.1.2. Curing Agent .......................................................................................................... 31 

3.1.3. Clay ........................................................................................................................ 32 

3.1.4. Fibers...................................................................................................................... 34 

3.2. Mold Design and Assembly ........................................................................................... 35 

3.3. Synthesis of Glass Fiber Reinforced Epoxy-Clay Nanocomposites .............................. 38 

3.4. Testing Program ............................................................................................................. 41 

    3.4.1. Sample Preparation .................................................................................................... 42 

3.4.2. Water uptake .......................................................................................................... 42 

3.4.3. Flexural Tests ......................................................................................................... 44 

3.4.4. Drop Weight Impact .............................................................................................. 44 

3.5. Characterization ............................................................................................................. 48 

3.5.1. X-Ray Diffraction (XRD) ...................................................................................... 48 

3.5.2. Scanning Electron Microscope .............................................................................. 49 

CHAPTER 4 RESULTS AND DISCUSSION ..........................................51 

4.1. Microstructure Examination .......................................................................................... 51 

4.2. Effect of Glass Fiber and Clay Loading on Flexural Properties .................................... 55 

4.2.1. Flexural Properties in Dry Conditions ................................................................... 55 

    4.2.2.     Material Morphology, Clay Agglomeration and Voids ......................................... 61 

4.2.3. Water Uptake of GFRE Nanocomposites .............................................................. 65 

4.2.4. Effect of water uptake on flexural properties ......................................................... 74 

4.3. Drop Weight Impact ...................................................................................................... 79 

4.3.1. Load, Energy and Displacement Responses .......................................................... 79 

4.3.2. Damage Characterization ....................................................................................... 93 

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS  ..........101 

5.1. Conclusions .................................................................................................................. 101 

5.2. Recommendations for Future Work ............................................................................. 105 

REFERENCES ..........................................................................................106 

VITAE  .........................................................................................................116 

 



viii  

 

2. LIST OF FIGURES 

Figure 1.1 Common classes of composites. ........................................................................ 2 

Figure 1.2 Scale comparison. .............................................................................................. 3 

Figure 1.3 GFRE pipe being produced using filament winding. ........................................ 5 

Figure 2.1 Morphologies of clay particles. ......................................................................... 9 

Figure 2.2 Typical XRD spectra showing the effect of mixing techniques  ..................... 10 

Figure 2.3 A typical SEM Image ...................................................................................... 12 

Figure 2.4 A typical TEM image  ..................................................................................... 13 

Figure 2.5 Hand Layup ..................................................................................................... 16 

Figure 2.6 VARTM Process ............................................................................................. 17 

Figure 2.7 Effect of water uptake on flexural strength of GFRE based clay nanocomposites 

with different clay types and loadings  ........................................................... 19 

Figure 2.8 Flexural Modulus and Flexural of DGEBA based nanocomposites. .............. 21 

Figure 2.9 Incipient and absorbed energy for different clay loadings  ............................. 23 

Figure 2.10 Typical water uptake behavior of GFRE clay nanocomposites as compared 

with other systems ....................................................................................... 27 

Figure 3.1 Chemical Structure of Bisphenol A. ................................................................ 31 

Figure 3.2 IPDA chemical structure. ................................................................................ 32 

Figure 3.3 Structure of montmorillonite clay. T: Tetrahedral, O: Octahedral. ................. 33 

Figure 3.4 ECR-glass chopped strand mat used in this work. .......................................... 35 

Figure 3.5 Drawings for mold fabricated for this work. ................................................... 37 

Figure 3.6 Exploded view of mold (a) Bottom Plate (b) Middle Plate (c) Top Plate. ...... 38 

Figure 3.7 Step-1: High Shear Mixing using L5M-A for uniform dispersion. ................. 39 



ix 

 

Figure 3.8 Step-2: Degassing using Shellab vacuum oven. .............................................. 40 

Figure 3.9 Mold completely closed after wet-layup. ........................................................ 41 

Figure 3.10 Samples immersed in water for ambient testing............................................ 43 

Figure 3.11 Samples immersed in water for high temperature testing. ............................ 43 

Figure 3.12 Flexural testing on Instron machine. ............................................................. 44 

Figure 3.13 Instron Dynatup 9520G machine used for drop weight impact test. ............. 45 

Figure 3.14 Drop Weight Impact Tests (a) Sample calibration (b) Fixture (c) Damage 

Identification. ............................................................................................... 47 

Figure 3.15 Bruker D8 Advance XRD used in this work. ................................................ 49 

Figure 3.16 Photograph of Jeol JSM-6460LV SEM. ........................................................ 50 

Figure 4.1 Optical micrographs for nanocomposites containing different clay loadingsé53 

Figure 4.2 XRD Spectra of epoxy clay nanocomposites. ................................................. 54 

Figure 4.3 TEM images of nanocomposites. .................................................................... 55 

Figure 4.4 Flexural strength as a function of clay loading for dry samples. ..................... 57 

Figure 4.5 SEM of flexural surfaces  ................................................................................ 59 

Figure 4.6 Flexural modulus as a function of clay loading for dry samples. .................... 60 

Figure 4.7 SEM showing morphology of (a) 0% (b) 1.5%, and (c) 3% epoxy clay 

nanocomposites. ............................................................................................ 63 

Figure 4.8 SEM image of nanocomposite having clay aggregate used for EDS analysis. 64 

Figure 4.9 Voids in nanocomposites containing (a) 2 wt% and (b) 3 wt% clay. .............. 65 

Figure 4.10 DGEBA structure highlighting hydrophilic groups. ..................................... 67 

Figure 4.11 Water uptake behavior of GFRE at 23°C with different nanoclay loadings. 68 

Figure 4.12 Maximum water uptake for different clay loadings at 23°C. ........................ 69 



x 

 

Figure 4.13 Water uptake behavior of GFRE at 23°C with different nanoclay loadings. 71 

Figure 4.14 Maximum water uptake for different clay loadings at 80°C. ........................ 71 

Figure 4.15 Water uptake behavior of GFRE at 23°C and 80°C for different nanoclay 

loadings. ....................................................................................................... 72 

Figure 4.16 Effect of water uptake on flexural strength of GFRE and GFRE nanoclay 

composites at 23°C and 80°C water exposure. ................................................................. 77 

Figure 4.17 Effect of water uptake on flexural modulus of GFRE and GFRE nanoclay 

composites at 23°C and 80°C water exposure. ................................................................. 78 

Figure 4.18 Load vs Time plots of samples impacted with (a) 10 J (b) 20 J (c) 35 J and (d) 

50 J ................................................................................................................ 83 

Figure 4.19 Energy profile with time for laminates impacted with (a) 10J (b) 20J (c) 35 J 

and (d) 50 J. ................................................................................................... 86 

Figure 4.20 Absorbed energy as a function of impact energy. ......................................... 88 

Figure 4.21 Absorbed energy as a function of impact energy. ......................................... 88 

Figure 4.22 Deflection profile with time for laminates impacted with (a) 10J (b) 20J (c) 35 

J and (d) 50 J. ................................................................................................ 90 

Figure 4.23 Peak deflection as a function of impact energy. ............................................ 92 

Figure 4.24 Impact duration as a function of impact energy. ........................................... 92 

Figure 4.25 Optical images of front side of composite laminates impacted at (a) 10 J (b) 20 

J (c) 35 and (d) 50 J. ...................................................................................... 95 

Figure 4.26 Optical images of back side of composite laminates impacted at (a) 10 J (b) 20 

J (c) 35 and (d) 50 J ....................................................................................... 96 

Figure 4.27 Damage area for different impact energies and clay loadings. ..................... 98 



xi 

 

Figure 4.28 SEM images of drop weight impact samples for (a) & (b) 0% and (C) & (d) 

1.5% showing delamination and matrix cracking. ...................................... 100 

3.   



xii  

 

4. LIST  OF TABLES 

Table 3.1 Araldite GY 6010 properties............................................................................. 31 

Table 3.2 Aradur 42 (IPDA) properties ............................................................................ 32 

Table 3.3 Nanomer I.30E Properties................................................................................. 34 

Table 4.1 Average properties of flexural properties of dry GFRE samples. .................... 56 

Table 4.2 Quantitative composition of spectrums in Figure 4.8 ....................................... 64 

Table 4.3 Improvement in water uptake with addition of clay in GFREnc ...................... 67 

Table 4.4 Improvement in water uptake with addition of clay in GFREnc ...................... 70 

Table 4.5 Rate of water diffusion in GFRE nanocomposites at different temperatures. .. 73 

Table 4.6 Average properties of flexural properties of dry GFRE samples. .................... 76 

Table 4.7 Initial and peak load for different laminates. .................................................... 82 

Table 4.8 Impact and absorbed energy for different GFRE nanocomposites. .................. 87 

Table 4.9 Deflection and impact durations for different laminates. ................................. 91 

Table 4.10 Damage area of GFRE nanocomposites at different impact loadings. ........... 98 

 

5.  

  



xiii  

 

6. ABSTRACT 

Full Name : Ahmad Rafiq 

Thesis title :   Development and characterization of hybrid glass fiber and epoxy 

clay nanocomposites. 

Major Field  : Mechanical Engineering 

Date of Degree : May, 2014  

 

In this work, electrical grade-corrosion resistant (E-CR) glass fiber mats are used to prepare 

glass fiber reinforced epoxy (GFRE) nanoclay composites using hand layup method 

followed by hot pressing. Hybrid GFRE nanoclay composites are manufactured using 0 to 

5 wt% loading of I.30E nanoclay. High shear mixing is used to prepare the epoxy/clay 

nanocomposite. XRD analysis of hybrid GFRE nanoclay composites reveal an 

exfoliated/disordered intercalated morphology. The effect of nanoclay on mechanical 

properties is investigated by carrying out flexural and drop weight impact tests. The test 

results show that addition of nanoclay up to 1.5 wt% improves the flexural strength and 

flexural modulus by 11% and 14%, respectively. However, these properties start 

deteriorating when the clay content increased beyond 1.5wt%, mainly due to clay 

agglomeration.  

Furthermore, the water barrier properties of GFRE nanoclay composites are studied at 23°C 

and 80°C. At 23°C there is a maximum of 1% water absorption while at 80°C the water 

uptake is seen to double. Addition of clay proves to be a good barrier. Subsequent flexural 

testing reveals that water uptake samples at 23°C cause a 7% decrease in strength and a 

5% decrease in stiffness for 1.5 wt% while at 80°C, the degradation is observed to be 36% 

for flexural strength and 13% for stiffness. The decrease in mechanical properties is 
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attributed to the plasticizing effect of water and matrix swelling which also reduces the 

interaction between epoxy-clay and glass fibers. 

Low-velocity impact is also studied for GFRE 0 wt% and GFRE nanoclay based 

composites for a range of energies between 10 to 50 J. It is observed that the addition of 

1.5 wt% nanoclay improves the impact properties by 23%. Energy absorption increases 

with increasing impact energy and 1.5 wt% samples are seen to absorb the least amount of 

energy due to uniform dispersion of nanoclay. The stiffness of samples is determined using 

deflection at peak load and total impact duration, both of which are lowest for samples 

containing nanoclay which means that nanoclay addition makes the samples stiffer. This 

stiffness is maximum for 1.5 wt% after which it starts decreasing due to defects introduced 

by clay agglomeration and voids. The results from drop weight impact results were found 

to be in agreement with those obtained from flexural modulus.   

The analysis of impact tested samples showed that damage occurred predominantly by 

delamination, matrix cracking, fiber buckling and fracture. Low impact energy resulted in 

delamination and matrix cracking with slight fiber breakage while samples subjected to 

higher impact energy went through complete perforation with a lot of fiber damage. 

Damage area increases with impact energy and is proportional to the amount of energy 

absorbed. The back side of impacted samples show the highest amount of damage as the 

damage proceeds towards the tensile direction. 

MASTER OF SCIENCE DEGREE 

KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS 

Dhahran, Saudi Arabia  
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1. CHAPTER 1 

INTRODUCTION  

1.1. Background 

Addition of nanoclay as a filler has attracted a lot of attention as it enhances mechanical, 

flame retardant and barrier properties of polymer composites [1-7]. These nanocomposites 

may find specific use in areas such as piping industry due to the improved resistance to 

water and oil uptake along with considerable light weight compared to conventional 

composites and materials with added corrosion resistance [2-3]. The improvement in 

properties is generally attributed to the strong interaction between fibers and the dispersed 

nano sized clay particles embedded in the matrix [4].  

For fiber reinforced composites, the improvement depends largely on the type of epoxy 

system, fibers, nano fillers and the processing technique employed [8-10]. During 

fabrication of fiber reinforced polymer composites the clay is first mixed with epoxy 

system using different methods such as mechanical, high shear mixing or ultra-sonication. 

This matrix is then reinforced with fibers using different techniques including hand layup, 

hot pressing and Vacuum Assisted Resin Transfer (VARTM) [2-3, 5-8]. 

Because of their improved properties, glass-fiber reinforced plastic (GFRP) have found an 

increasing application in industries related to oil and water handling and transportation, 

especially those for whom corrosion is a major concern. These materials, however, are 

prone to degradation by water absorption and low-velocity impacts which can occur in 

real-life scenarios by dropping tools etc during their service life.  
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1.2. Nano-Composites 

Composite materials are a result of bringing together two or more materials with different 

properties to produce a material with entirely new and desired properties. Shown in Figure 

1.1 are the common types of matrix namely metals, ceramics and polymers. There are a 

wide variety of reinforcements available which can be added to these matrix to get desired 

properties. The current work deals with polymer matrix composites with nanoclay and 

glass fiber fillers. The expressions óhybrid compositeô and óhybrid nanocompositeô will be 

used to describe the materials throughout this thesis. 

 

Figure 1.1 Common classes of composites. 

 

One of the most common matrix for Glass Fiber Reinforced Plastics (GFRP) is the epoxy 

resin which is a thermoset polymer. As mentioned before, these polymers exhibit very good 

mechanical and thermal properties but these properties are easily degraded in the presence 

of water laden atmosphere as the water acts as an efficient plasticizer [11-12]. Reinforcing 

epoxy/fiber system with layered silicate nanoclay is one way to improve the barrier 

properties. Nanoclay are considered suitable reinforcements due to their low cost and high 

aspect ratio [13]. The water absorption or permeability of such nanocomposites depends 






































































































































































































































