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ABSTRACT 

 

 

 The addition of carbon nanotubes into a variety of nano-composites permits the 

enhancement of properties like mechanical strength, conductivity and corrosion 

resistance thus making them more functional. In the present study, multi-wall carbon 

nanotubes (MWCNT) were incorporated into two different types of epoxy polymer in 

order to study the effect of carbon nanotubes on the mechanical properties of the 

polymer. 

 The thesis work involved fabrication of nano-composite films of epoxy and 

MWCNT using magnetic stir-bar mixing and open mold casting process. Nano-

composite films containing different weight percentages of carbon nanotubes (0.5% to 

2.0%) were prepared using the above method. Ethanol was used as the solvent to enable 

effective dispersion of the nanotubes into epoxy. Two different quantities of solvent 

(5gms and 10gms with a stirring time of 6 hrs and 12 hrs respectively) were used to 

evaluate the conditions required for a good dispersion of the nanotubes in the epoxy and 

hence to achieve a good improvement in mechanical properties of the nano-composite 

thus obtained. In each case the samples were subjected to uniaxial tensile testing. Finally, 

the design of experiments analysis was conducted which showed a substantial 

improvement in mechanical strength achieved with increasing weight percentages of 

nanotubes with the best result obtained at 12 hrs stirring of the solvent for both types of 

epoxy.  
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CHAPTER 1 

INTRODUCTION 

 

 
1.1 Nanotechnology 

  Nanotechnology is a science which deals with design, fabrication as well as 

applications of materials at nanometer levels. However, the scope or range of sizes of 

matter that can be classified as nanotechnology is still a heavily debated issue. Typically, 

nanotechnology covers a range from 1 to 100 nm as shown in figure 1. It is a 

multidisciplinary field, drawing from fields such as applied physics, material science, 

molecular chemistry, interface and colloidal science, device physics, robotics, chemical 

engineering, mechanical engineering, biological engineering and electrical engineering 

[1].  Nanotechnology is a new science which evolved as it was observed that materials 

displayed significantly different properties at nanometer sizes as compared to the 

properties of the same material at bigger particle sizes. Thus, manipulation of matter at 

nanometer levels opens up a completely new avenue for advancement of science and 

technology which could lead to the fabrication of miniature components which are a 

hundred times more efficient, stronger, lighter and more cost effective than the devices 

available today.  

 Guozhong Cao in his book Nanostructures and Nanomaterials [2] states that this 

drive towards miniaturization could lead to computers with infinitely great power that 

compute algorithms to mimic human brains, biosensors that not only warn us at the early 

stage of the onset of disease but also preferably at the molecular level target specific 

drugs that automatically attack the diseased cells on site, nanobots that can repair internal 

damage and remove chemical toxins in human bodies and nanoscaled electronics that 
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constantly monitor our local environment. Thus, to utilize the nanotechnology fully, a 

dedicated multidisciplinary approach is required.    

 

 

Figure 1. The scale of nanotechnology [3] 

 

 According to Guozhong Cao [2], in order to successfully utilize nanotechnology, 

the following challenges have to be overcome.  

Ø Novel methods and technologies for synthesis and processing Nanomaterials and 

nanostructures have to be developed 
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Ø Physical properties and chemical interactions of materials at nanometer scale have 

to be clearly understood 

Ø Nano-devices and  Macro products with nanomaterials as building blocks have to 

be developed 

Ø Measurement and evaluation tools and devices for characterization of 

nanostructures and Nanomaterials have to be developed 

  There are two main approaches used in nanotechnology. One is called as the 

bottom-up approach and the other one is called as top-down approach [2]. The first one is 

a spontaneous approach and the other is a forced approach. In bottom-up approach, 

materials and devices are built from molecular components using self-assembly 

techniques. It involves building up of materials atom-by-atom, molecule-by-molecule or 

cluster-by-cluster [2]. Top-down approach is essentially an extension of lithography. 

Attrition or milling is a typical top-down method of making nanoparticles, whereas 

colloidal dispersion is a good example of bottom-up approach in fabrication of 

nanoparticles. There are advantages and disadvantages in both methods. The biggest 

problem with the top-down approach is the imperfection of the surface structure. These 

imperfections alter the physical and surface properties of the materials significantly. For 

example, in case of fabrication of chips for the semi-conductor industry, these defects 

lead to reduced conductivity and in turn also lead to excessive heat generation. In 

comparison, bottom-up approach leads to less defects and more homogeneous chemical 

composition. Bottom-up approach is generally the preferred method for synthesis of 

nanostructures.  
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 Nanostructure fabrication and manipulation techniques that are mainly used have 

been summarized below: [2] 

1. Lithographic techniques 

• Photolithography 

• Phase shifting optical lithography 

• Electron beam lithography 

• X-ray lithography 

• Focused ion beam lithography 

• Neutral atomic beam lithography 

2. Nanomanipulation and nanolithography 

• Scanning tunneling microscope (STM) 

• Atomic force microscope (AFM) 

• Near-field scanning optical microscopy (NSOM) 

3. Soft lithography 

• Micro-contact printing 

• Molding 

• Nanoimprint 

• Dip-pen nanolithography 

4. Self-assembly of nanoparticles and nanowires 

• Capillary force induced assembly 

• Shear force assisted assembly 

• Dispersion interaction assisted assembly 

• Covalently linked assembly 
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• Electric-field assisted assembly 

• Gravitational field assisted assembly 

• Template assisted assembly 

5. Other methods for micro-fabrication 

• LIGA (German acronym) 

• Laser direct writing 

• Excimer laser micromachining 

 The applications of nanotechnology has only been increasing in the recent years, a 

survey by National Science Foundation estimated the usage of Nanomaterials as shown in 

figure 2. 

 

 

Figure 2. Applications of Nanotechnology [4] 

 

 As seen above, the highest potential application is in the field of materials, 

followed by electronics and medicine. Some of the potential applications of 

nanotechnology are as follows: [4] 

Ø Ultra-lightweight, high strength, precision formed materials 
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Ø Nano-composite polymers and thin protective coatings for structural and 

electronic applications 

Ø Filters for cost-effective desalinization of water 

Ø Barriers for thermal and optical applications 

Ø Miniaturized computers, non-volatile memory 

Ø Low voltage and high-brightness displays 

Ø Miniature thin film photovoltaic solar cells for cost effective power generation 

for applications ranging from laptop to automobiles 

Ø Faster, smaller and more efficient semiconductors and micro-processors 

Ø Highly effective drug compounds and perfectly targeted drug delivery 

Ø Micro sensors and diagnostics for more effective treatment 

Ø  Antibacterial dressings and coatings   

1.2 Carbon Nanotubes 

 Among the various discoveries in the field of nanotechnology, nothing has 

generated as much interest as the synthesis of carbon nanotubes (CNTs) by Iijima [5] in 

1991 by cathode arc discharge. CNTs hold a vast potential in a variety of applications 

because of their unique molecular structure and their extraordinary mechanical, thermal 

and electrical properties.  

 Carbon is a unique material; it can be an insulator when reacted with hydrogen, a 

wide band gap semiconductor in the form of a diamond and a good metallic conductor 

when it is in the form of graphite [2]. Similarly, carbon nanotubes, which can be 

visualized as a two dimensional graphene sheet rolled into a tube, can also behave as 

insulator, semiconductor and good conductor under different conditions. The name 
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“nanotubes” is derived from the size. The diameter of nanotubes is of the order of a few 

nanometers, which is 50,000 times smaller than human hair, and the length can be up to 

several micrometers.  

1.3 History of carbon nanotubes 

 Traditionally, graphite, with rings of six carbon atoms, diamond, which is the 

strongest known substance known to mankind and coal were the only known forms of 

carbon. Another arrangement of carbon atoms was discovered in 1985 by Kronto, 

Smalley and Curl. This arrangement was called as the fullerene (C60) or buckyball, 

which is as shown in Figure 3. This discovery can be described as the stepping stone 

which lead to the discovery of nanotubes. In fact, Smalley and others speculated that a 

single-walled carbon nanotube may be a limiting case of fullerenes. 

 

 

Figure 3. Fullerene or Buckyballs (C60) [1] 
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 Dr. Sumio Iijima started his work in 1987 at the NEC Research Laboratories in 

Japan in order to study the fullerenes. During his studies, he discovered small “needles” 

of carbon which formed along with the fullerenes. He used a High-Resolution 

Transmission Electron Microscope (HRTEM) for his studies. The study of these unusual 

formations resulted in the discovery of multi-wall carbon nanotubes in 1991 [5].  The 

connection between carbon nanotubes and fullerenes was further promoted by the 

observation that the terminations of the carbon nanotubes were fullerene-like caps and 

hemispheres [3]. Russian workers also reported the discovery of carbon nanotubes and 

nanotube bundles at the same time, but generally having a much smaller aspect ratio. 

During the initial experimentation, Iijima initially discovered the multi-wall carbon 

nanotubes (MWCNT) and then subsequently discovered the Single-walled nanotubes 

(SWCNT). Unique properties of nanotube include not only phenomenal strength but also 

as mentioned earlier, could act as semiconductor or conductor depending on their 

geometrical characteristics, namely their diameter and the orientation of the hexagons 

with respect to the nanotube axis. 

 

 

Figure 4. Carbon Nanotube [1] 
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1.4 Structure and Properties of Carbon Nanotubes 

 Understanding the structure of carbon nanotubes is of utmost importance in 

investigating the extraordinary properties of CNTs and materials with CNTs incorporated 

into it. As discussed earlier, carbon nanotubes can be visualized as a two dimensional 

graphene sheet rolled into a tube. A graphene sheet is a honeycomb lattice representing a 

single atomic layer of crystalline graphite which is as shown in figure 5.  

 

 

Figure 5. Graphene sheet [7] 

 

The chemical bonding is similar to that in graphite. It is composed entirely of sp2 bonds. 

This bonding structure, which is stronger than the sp3 bonds found in diamond, provides 

the molecules with their unique strength. Nanotubes naturally align themselves into 

"ropes" held together by Van der Waals forces [1]. In addition, high pressure, nanotubes 

can merge together, trading some sp² bonds for sp³ bonds. This provides us a great 

possibility for producing strong, unlimited-length wires through high-pressure nanotube 

linking. Most single-walled nanotubes (SWCNT) have a diameter of close to 1 nanometer 
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and a tube length that may be many thousands of times longer. The way the graphene 

sheet is wrapped is represented by a pair of indices (n,m) called the chiral vector.  In 

other words, the chiral vector which is represented by Ch = na1 + ma2 (a1 and a2 being unit 

vectors), connects two crystallographically equivalent sites. The integers n and m denote 

the number of unit vectors along two directions in the honeycomb crystal lattice of 

graphene. Another important parameter is the chiral angle θ, which is the angle between 

chiral vector Ch with respect to the zigzag direction (n,0). If m=0 (i.e. θ=00), the 

nanotubes are called "zigzag". If n=m (i.e. θ=300), the nanotubes are called "armchair". 

Otherwise (00< θ< 300), they are called “chiral”. This can be visualized from the figures 

5, 6 and 7.  

 

 

Figure 6. Nanotube Configurations [8] 
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Figure 7. Chiral Vector Diagram [6] 

 

The way in which the graphene sheet is rolled also determines its electrical conductive 

properties. All armchair SWCNTs are metals, those with n-m=3k are k is a non-zero 

integer are semiconductors with a tiny band gap and all others are semiconductors with a 

band gap that inversely depends upon the tube diameter [9]. The CNTs are considered to 

be ballistic conductors i.e., an electron injected at one end will emerge at the other end 

with certainty. As a result, single-walled exhibit important electric properties which are 

much better than those exhibited by the multi-wall carbon nanotube (MWCNT). 

However, SWCNTs are still very expensive to manufacture and this may be a factor to be 

considered in designing components using SWCNTs. Single-walled nanotubes are the 

most likely candidate for miniaturizing electronics beyond the micro electromechanical 

scale that is currently the basis of modern electronics [1]. One significant application of 

SWNTs is in the development of the first intramolecular field effect transistors (FETs). In 
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fact, production of the first intramolecular logic gate using SWCNT FETs has recently 

become possible as well. Multi-wall nanotubes (MWCNT) consist of multiple layers of 

graphite rolled to form a tube shape. There are two models which can be used to describe 

the structures of multi-wall nanotubes. In the Russian Doll model, sheets of graphite are 

arranged in concentric cylinders. In the Parchment model, a single sheet of graphite is 

rolled in around itself, resembling a rolled up newspaper or scroll of parchment. The 

interlayer distance in multi-wall nanotubes is close to the distance between graphene 

layers in graphite, approximately 3.3 Å (0.330 nm) [1]. Double-walled carbon nanotubes 

(DWCNT) must be emphasized here because they combine very similar morphology and 

properties as compared to SWNT, while improving significantly their resistance to 

chemicals. This is especially important when functionalization is required (this means 

grafting of chemical functions at the surface of the nanotubes) to add new properties to 

the CNT. In the case of SWNT, covalent functionalization will break some C=C double 

bonds, leaving "holes" in the structure on the nanotube and thus modifying both its 

mechanical and electrical properties. In the case of DWCNT, only the outer wall is 

modified.  It is interesting to note that in MWCNTs; the arrangement of the carbon atoms 

in the hexagonal network of the MWCNTs is usually helicoidal, resulting in the 

formation of chiral tubes. However, there is no particular ordering between the individual 

cylindrical planes forming the MWCNTs. In other words, a given MWCNT will be 

typically being composed of cylindrical tubes having different helicity or no helicity. 

Thus, each of the cylinders could be of any of the configurations discussed above. 

Generally, MWCNTs have an outer diameter of 2-20 nm, an inner diameter of 1-3 nm 

and a length of 1-100 nm. The inter-tubular distance is about 0.34 nm. 
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Figure 8. Multi-Wall Carbon Nanotube [10] 

 

The structure of carbon nanotubes is similar to other carbon materials in many ways, but 

it does possess a few unique differences that lead to its extraordinary properties. In many 

ways, nanotubes can be compared to carbon fibers. It is well known that the preferred 

orientation of the graphene planes is parallel to the fiber axis for all carbon fibers, thereby 

accounting for the high mechanical strength of carbon fibers [6]. Vapor grown fibers after 

a heat treatment of about 25000C bear a close resemblance to carbon nanotubes. At the 

hollow core of vapor grown carbon fiber, there is usually a MWCNT which is observed 

upon fracture of the fiber. It is well know that carbon fibers have been widely used as 

structural elements replacing traditional materials like steel in various applications. 

Typical strength of a carbon fiber is in the range o 1.4 GPa to 1.8 GPa [6], while its 

density is almost 5 times lesser than steel. The excellent mechanical properties of 

MWCNTs are closely related to the mechanical properties of carbon fibers though there 
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are notable differences. Experimental measurements have shown that nanotubes have a 

tensile strength as high as 53 GPa and a modulus as high as 1 TPa, which is quite high 

compared to carbon fibers and steel [1].  A comparison of the properties is shown in the 

table below.  

Table 1 

Comparison of Mechanical Properties [1] 

Comparison of Mechanical Properties 

Material 
Young's Modulus 

(TPa) 

Tensile Strength 

(GPa) 
Density (g/cm

3
) 

SWNT ~1 (from 1 to 5) 
13-53 

(Experimental) 
 

Armchair SWNT 0.94 (Theoretical) 126.2 (Theoretical) 1.33 

Zigzag SWNT 0.94 (Theoretical) 94.5 (Theoretical) 1.34 

Chiral SWNT 0.92   

MWNT 0.8-0.9 (Experimental) 150  

Stainless Steel ~0.2 ~0.65-1 7.8 

Kevlar ~0.15 ~3.5 1.44 

Kevlar(Theoretical) 0.25 29.6  
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However, in comparison to carbon fibers, MWCNTs have a better flexibility and good 

mechanical properties under compression.   

1.5 Synthesis of Carbon Nanotubes 

 Various techniques have been developed for producing carbon nanotubes in 

sizable quantities at reasonable cost. The earliest method of producing nanotubes that was 

used by Iijima [5] was arc-discharge evaporation. In fact, CNTs can be created by 

burning a candle or a fireplace. However, for producing high quality CNTs for research, 

certain advanced methods have to be used. In addition, the as produced CNTs produced 

by various methods are usually contaminated by unwanted elements such as metallic 

particles from the catalyst, other forms of carbon, substrate granules etc. and hence one 

may need to implement further purification. The various methods that have been widely 

used to produce nanotubes are as follows: 

Ø Arc-Discharge Evaporation 

Ø Laser Ablation 

Ø Chemical Vapor Deposition (CVD) 

Ø High pressure Carbon Monoxide (HiPcd) 

Ø Ball Milling 

Both arc-discharge and laser ablation methods involve the condensation of carbon 

atoms generated from the evaporation of solid sources. In both the above methods, the 

temperatures used are close to the melting temperature of graphite i.e. 3000-40000C. Arc-

discharge method was initially used for producing fullerenes. This method has been used 

successfully for producing both SWCNTs and MWCNTs. In arc-discharge method, 
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carbon atoms are evaporated by plasma of helium gas ignited by high currents passed 

through opposing carbon anode and cathode as shown in figure 9 and 10. 

 

 

Figure 9. Arc-Discharge Evaporation [11] 

 

 

Figure 10. Carbon Soot on Arc-Discharge electrode [11] 
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 The vacuum in the chamber is usually around 500 torr and a current of around 50 to 

100A is passed between the electrodes [11]. A soot forms on the cathode as shown in 

figure 10. This contains both SWCNTs and MWCNTs at the core. In order to have a 

higher yield of SWCNTs in the soot, usually, cobalt or nickel is added to the anode [11]. 

MWCNTs can be obtained by controlling the growth conditions such as the pressure of 

inert gas in the discharge chamber and the arching current. MWCNTs produced by arc-

discharge method are usually very straight which indicates their crystallinity [6]. The as-

grown nanotubes usually contain a few defects like pentagons and heptagons existing on 

the side walls of nanotubes. The as-grown nanotubes can be purified by heating the 

grown material in an oxygen environment to oxidize away the graphite particles [6]. The 

SWCNTs produced by this method contains fullerenes, graphitic polyhedrons with 

enclosed metal particles and amorphous carbon in the form of particles or over coating on 

the side walls of nanotubes. A purification method developed by Smalley and coworkers 

is now widely used by many researchers [6]. This method involves refluxing the as-

grown SWCNTs in a nitric acid solution for an extended period of time. This oxidizes 

away amorphous carbon species and removing some of the metal catalysts present with 

the nanotubes. Although, the above methods yield a satisfactory quality of nanotubes, 

some problems still exist with the electric arc-discharge method. The biggest problem 

with this technique is the overall cost. For production of SWNTs with this technique, 

high-purity graphite electrodes, high-purity He and Ar gases and high purity metallic 

mixtures are required. Other problems with this technique include very little control over 

the diameter of the nanotubes. In addition, there is always some amount of amorphous 
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carbon that is present within the "soot". This is highly undesirable and quite difficult to 

remove after the formation of nanotubes. 

 In the case of laser ablation, a graphite alloy target is vaporized by a strong laser in 

a high temperature reactor, while an inert gas is bled into the chamber to produce the 

CNTs. The nanotubes develop on the cooler surfaces of the reactor, as the vaporized 

carbon condenses. A water-cooled surface may be included in the system to collect the 

nanotubes. It was invented by Richard Smalley and co-workers at Rice University [1]. 

This technique can produce good yield but leads to defects. The main problem associated 

with this technique is that the maximum output of CNTs that can be formed is about 1.5 

g/hr. This makes the method very expensive. 

 Chemical vapor deposition (CVD) is a growth process which involves heating a 

catalyst-coated substrate to high temperatures in a tube furnace and allowing a 

hydrocarbon gas to flow over it through the tube for a long time as shown in figure 11. 

Materials grown over the catalyst are collected upon cooling the system to room 

temperature. The parameters which control the process include hydrocarbons, catalysts 

and growth temperature. 

 

 

Figure 11. Chemical Vapor Deposition [33] 
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 The active catalytic species typically consist of transition-metal nanoparticles formed on 

a support material like alumina [6]. The growth mechanism in this method involves the 

dissociation of hydrocarbon molecules catalyzed by the transition metal and also 

dissolution and saturation of the carbon atoms in the metal nanoparticles. The subsequent 

precipitation of carbon from the saturated metal particle leads to the formation of tubular 

carbon solids with the sp2 structure. For MWCNT growth, ethylene or acetylene is 

usually employed as the carbon feedstock. The growth temperature is usually in the range 

of 550-7500C [6]. Iron, cobalt or nickel nanoparticles are often used as catalyst. Among 

the various means for nanotube synthesis, chemical vapor deposition seems to be the 

most promising one for nanotube production on an industrial scale because of its 

price/unit ratio. There are additional advantages to the chemical vapor deposition method 

of synthesis of nanotubes such as 

Ø CVD is capable of growing nanotubes directly on a desired substrate, whereas the 

nanotubes must be collected in the other growth techniques. 

Ø Growth sites are controllable by careful deposition of the catalyst.  

Ø No other growth methods have been developed to produce vertically aligned 

nanotubes [28]. The alignment is primarily induced by the electrical self-bias field 

imposed on the substrate surface from the plasma environment. 

 The main disadvantage of this process is that a large number of defects exist in the 

structure of nanotubes produced.  It is essential to gain an understanding of the chemistry 

involving the catalyst and nanotube growth process to produce high quality and yield of 

nanotubes. For example, it has been found that by using methane as the feedstock, using 

reaction temperatures in the range of 850-10000C with suitable catalyst materials and 
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flow conditions, we can produce high quality SWCNTs [6]. In this case, it is found that 

the textural and chemical properties of the catalyst material determine the quality and 

yield of SWCNTs produced. The basis for catalyst optimization is that it should exhibit 

strong metal-support interactions; possess large pore volume and a high surface area. 

Various methods are thus being used to optimize this process to enable large scale 

nanotube production.  

1.6 Applications of Carbon Nanotubes 

 The remarkable properties of carbon nanotubes have attracted the attention of 

researchers. Its low density, high strength, electrical and thermal conductive properties 

bring up the possibility of novel structures with CNTs which possess extraordinary 

properties. The following are some of the most significant applications of carbon 

nanotubes: 

Ø High performance nanocomposites 

Ø Nano-Filters 

Ø Nanotube based field emitters 

Ø Nanocables for nanoelectronics 

Ø Fuel cell applications 

Ø Probes for Atomic Force Microscope and sensors 

Ø Nanotube based transistors 

Ø Vessel for drug delivery 

Ø Superconductors 

Ø Nanotube based coating materials for corrosion protection 

Ø Nanostructure films for X-ray sources and gas discharge tubes 
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 Recent improvements in the synthesis and processing of nanotubes have made the 

practical application of nanotubes a reality. Structural and electrical applications have 

generated the most interest. 

  A number of factors are responsible for the interest generated by carbon 

nanotubes. The helicity (local symmetry), along with the diameter of the nanotube 

introduces significant changes in the electronic density and hence results in a unique 

electronic character for the nanotubes. Mechanical properties are also a result of its 

unique structure. The closed nature of individual nanotubes makes certain aspects of the 

anisotropy of graphite disappear and thus makes the structure of carbon nanotubes 

remarkably different from graphite. The combination of size, topology and structure 

gives the nanotubes high stability, strength, stiffness, low density and elastic 

deformability.  

 Carbon nanotubes have been described as the ultimate carbon fiber ever made [6]. 

Carbon fibers have a very high specific strength and are excellent load-bearing 

reinforcements in composites. Carbon fibers have been used as reinforcements for a 

range of products from spacecrafts, aircraft body to tennis racquets. Thus, a nanotube 

with strength which is several times higher than carbon fibers seems to be excellent 

candidates to be used as reinforcements in composites. Research has shown that 

nanotubes have the stiffest structure ever made. Theoretical predictions suggest that 

SWCNTs have a modulus of elasticity as high as 1TPa [6]. Although the theoretical 

estimate for tensile strength of individual SWCNTs is about 300GPa [6], the 

experimental values indicate a value of about 50GPa, which is still much higher than the 

strength of carbon fibers. Nanotubes also are capable of sustaining large strains in tension 
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without fracture. Thus, nanotubes when used in a structural polymer composite will 

increase the toughness of the composite by absorbing energy due to their highly flexible 

behavior. This has proved to be an important factor especially in nanotube-based ceramic 

composites. In comparison to carbon fibers, the low density of carbon nanotubes is a 

clear advantage in composites. Nanotubes also offer additional properties such as 

increased electrical conduction to the composites. Also as mentioned earlier, nanotubes 

perform better than carbon fibers under compressive loading. Nanotube filled polymers 

could also be useful in Electromagnetic Induction (EMI) shielding applications where 

carbon fibers have been used successfully.  

 CNTs also hold a lot of promise in the field of vacuum electronics. Field emission 

is a phenomenon where electrons are emitted when materials are subjected to a 

sufficiently high electric field. Electron field emission materials have been extensively 

used in applications such as flat panel displays, electron guns in electron microscopes and 

microwave amplifiers [12]. Carbon nanotubes have the right combination of properties 

such as structural integrity, nanometer size diameter, high electrical conductivity and 

chemical stability which are essential for good electron emitters. [6]. SWCNTs generally 

have a better structural perfection than MWCNTs and hence are better candidates for 

field emitters. Although nanotubes have some clear advantages, the application of 

nanotubes is limited by the factor that they have a low emission site density i.e. the 

number of functional emitters per unit area is too low for high resolution display 

applications.  

 Carbon nanotubes are also being considered as good materials for energy 

production and storage. Graphite and carbon fiber electrodes have been used successfully 
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in several electrochemical applications such as fuel cells and battery [6]. For carbon 

electrodes, the efficiency of fuel cells depends on the rate of electron transfer. This in 

turn depends on factors such as structure and morphology of the carbon material used at 

the electrodes. When compared to conventional electrodes, it is seen that electron transfer 

kinetics takes place fastest on nanotubes [6]. Hence, they seem to be excellent candidates 

for fuel cell applications.  

 The nanotubes with their extremely uniform dimensions, small size, flexibility, 

high conductivity and high mechanical strength are excellent candidates for use in 

nanoprobes. These probes can be used in applications such as nano-lithography, high 

resolution imaging, drug delivery, nano-electrodes, field emitters and sensors. Single 

MWCNT has been used for imaging at the end of a scanning probe microscope [13]. 

Since MWCNT tips are conducting, they can be used in AFM, STM and other scanning 

probe instruments like electrostatic force microscope. CNT tips have a distinct advantage 

of being small in size. Hence, it can be used to image small variations which are 

impossible using the larger probes like silicon or other metal tips.  Also, as the nanotubes 

have high elasticity, the tips do not crash on contact with the substrates. An impact on 

contact will lead to the buckling of the nanotube which is generally reversible. However, 

the main challenge faced in this application is attaching the individual nanotubes to the 

conventional tips of scanning probe microscopes. In addition, it has also been found that 

nanotubes can be used for surface manipulation. It has been shown that if a pair of 

nanotubes can be positioned appropriately on an AFM tip, they can be used as tweezers 

to pick up and release nano-scale structures on surfaces. Research has also shown that 

electrical resistivities of SWCNTs changes on exposure to certain gases. The change in 
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resistance can be used to detect the presence of these gases i.e. the nanotube can be used 

as a sensor.  

1.7 Challenges in Nanotube Applications 

 Though a lot of progress has been made in producing carbon nanotube based 

materials, there exist a lot of challenges that need to be overcome to realize the full 

potential of nanotubes. However, in comparison to fullerenes, nanotubes based 

applications have advanced significantly. A lot of money is being invested in research all 

over the world to exploit the extraordinary properties of nanotubes.  

 The main challenge seems to be at the very basic stage of preparation of 

nanotubes. The growth mechanism of nanotubes still remains to be fully understood. 

Hence, it is not possible to grow these structures in a controlled way. The successful 

growth of nanotubes of the required diameter is still many times done by trial and error. 

For electronic applications, the lack of control of helicity in the nanotubes poses a great 

challenge. However, for the nanocomposites application in this study, the helicity is not a 

significant factor. But still, there are challenges which need to be faced in large scale 

production of nanocomposites with CNTs as filler. The practical problems related to the 

practical realization of CNT based nano composites are as follows: 

Ø The requirement of carbon nanotubes for nanocomposites application would be 

huge. Carbon nanotubes would be required in large quantities. Till date there are 

no available techniques that can be used to produce nanotubes of reasonable 

purity in kilogram quantities 

Ø The carbon nanotubes presently are very expensive which prevents them from 

being used for any commercial application 
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Some of the other challenges faced during fabrication of the nano composites are as 

follows:  

Ø Determination of preprocessing of nanotubes as per requirement 

Ø Selection of  appropriate materials for the nano composites including resin, curing 

agent and nanotubes 

Ø Determination of optimal curing conditions 

Ø Selection of a suitable method for both uniform dispersion of the nanotubes in the 

polymer matrix as well as achieving alignment of the nanotubes  

Ø Achieving a good bonding at the carbon nanotube-polymer interface 

Ø Quantification of the composites by mechanical testing 

Ø Use of appropriate methodologies for sample preparation by observation using 

appropriate equipments like Scanning Electron Microscope, Transmission 

Electron Microscope, etc. 

Ø Developing appropriate models for numerical analysis of the nano composite 

behavior 

Ø Improvement of the characteristics of the nanocomposites to make it viable for 

large scale commercial production of nanotubes based structures.   

 This study aims to overcome few of the above challenges and develop a cost 

effective method for synthesis of carbon nanotubes-epoxy composites and also achieve a 

significant improvement in mechanical properties by controlling the dispersion of the 

nanotubes.  
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CHAPTER 2 

 

LITERATURE REVIEW  

 
 
 As discussed earlier, due to the remarkable mechanical and electrical properties of 

carbon nanotubes, many structural and smart applications of nanotubes have been 

proposed by researchers. The possible applications include tiny electronic devices, 

quantum devices and electronic emitters as a result of its extraordinary electrical 

properties. However, the most important and promising application seems to be in 

designing nanotubes based materials which are lighter, stronger, stiffer and possess 

various other properties which makes it suitable for various applications especially in the 

aerospace industry. Thus, quite a large number of researchers in the past few years have 

come up with various methods of developing nanocomposites. Some studies have tried to 

include carbon nanotubes into metals [14]. But, the most important improvement seems 

to be the addition of nanotubes into polymers, especially epoxy polymer which is 

presently being used for fabricating carbon fiber composites. However, some challenges 

still need to be overcome before carbon nanotubes based nanocomposites can be used at 

an industrial level. The research has generally been towards eliminating the main two 

problems in developing high performance nanocomposites namely homogeneous 

dispersion of the nanotubes in the polymeric matrix and weak bonding between the 

nanotubes and the polymer matrix. Both MWCNTs and SWCNTs have been used as 

structural elements with various polymeric matrices.  

 The idea of incorporation of nano sized particles has not been limited to just 

carbon nanotubes. R.Asmatulu et al. incorporated nano-sized silica particles into an 
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epoxy matrix to prepare good corrosion resistance coating material [15]. They 

incorporated nano-sized (~100nm) silica particles into epoxy polymer. The positively 

charged silica particles were first dispersed into a solution before adding this to the 

epoxy. The mixture was then stirred for 30 minutes at 200 rpm. An acrylic based epoxy 

supplied by Dow chemical was used in this case. The coating material thus obtained was 

sprayed on molybdenum treated Al coupons (2024 T3) by a nozzle spray unit at different 

thickness. The results showed that the nanocomposite coating was highly effective and 

corrosion was reduced by a significant amount. The results were attributed to the barrier 

effect of positively charged silica particles in the epoxy. This study shows a method of 

achieving a good dispersion of a nano particle in epoxy polymer.  

 In their paper, Teanxi Liu et al. [16] have discussed the interesting properties of 

one such nanocomposite. Multi wall carbon nanotubes were combined with nylon-6. 

Different percentages of MWCNTs were incorporated into the nylon-6 using melt 

compounding method. Despite the advantages of SWCNTs compared to MWCNTs, a 

problem associated with the fabrication of polymer composites using SWCNT is that 

during loading of the composite, the individual tubes tend to pull out from the bundles of 

nanotubes in the composite, thus making load transfer difficult [16]. However, MWCNTs 

produced by arc-discharge method are defect free and crystalline and hence do not adhere 

to the polymers firmly. But, on introduction of defects oxidation using strong acids or by 

using pyrolytically grown nanotubes with defects, the tube surface may be strongly 

bonded to the polymer. In fact, refluxing CNTs with concentrated nitric acid creates acid 

sites on CNTs such as carboxylic, carbonyl and hydroxyl groups [6]. These reactive 

groups greatly enhance the bonding of the CNTs with the polymer, thus improving the 
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mechanical strength of the nanocomposites. Side wall functionalization in CNTs with 

organic chains or functional groups is another way to improve the dispersion [16]. In this 

study, Nylon-6 (PA6) pellets (Grade SF 1080A) supplied by Ube Industries were used. 

The MWCNTs were prepared by chemical vapor deposition of methane on Co-MgO 

catalysts. The obtained MWCNTs were then purified by dissolving the catalyst in 

hydrochloric acid which was followed by refluxing in 2.6 M nitric acid for increasing the 

number of carboxylic and hydroxyl groups.  PA6 composites containing MWCNTs from 

0 to 2 % by weight were prepared via melt-compounding using a Brabender twin-screw 

mixer at 2500C for 10 min with a screw speed of 100 rpm. Film samples were prepared 

by compression molding. The conditions used for molding were a temperature of 2500C 

and a pressure of 150 bar. This was followed by quenching in an ice cold water bath. A 

field emission scanning electron microscope (SEM) (JEOL JSM 6700F) was used to 

observe the nanotubes and also the failure surfaces after testing. The composite films 

were punched into a dogbone shape using a CEAST hollow die punch. The tensile tests 

were conducted using Instron Universal Testing Machine at room temperature with a 

gauge length of 25 mm. A crosshead speed of 5 mm/min was used. In addition, 

nanoindentation tests were performed on MTS Nano Indenter XP.  

 The SEM images obtained showed that the acid-treated MWCNTs were loosely 

entangled together without any impurities. The CNTs contained a few impurities which 

are characteristic of nanotubes produced by CVD method. These defects provide the most 

active location for functionalization of the CNTs. The results of this research by Tianxi 

Liu et al are quite interesting. The tensile properties of the composites significantly 

increased with increasing weight percentage of MWCNTs. Upon addition of 2 % 
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MWCNTs, the elastic modulus is improved by about 214 % from 396 MPa to 1242 MPa. 

The yield strength also showed an improvement. It increased by about 162 % i.e. from 18 

to 47 MPa.  

 All research in this area; both experimental and numerical approaches are aimed 

at translating the unique properties of nanotubes exhibited at microscopic level to 

macroscopic level. Various other studies have used different types of stirring methods to 

achieve uniform dispersion into a matrix material. Most of the methods used usually 

require the dispersion of the CNTs in a solvent or a polymer fluid/melt by sonication or 

shear mixing which is then followed by further mixing. This results in a good dispersion 

which is essential to enhance the strength of the composite. However, it should be noted 

that the mixing process tends to break the CNTs into shorter segments [17]. This reduces 

their aspect ratio and hence results in a loss of its properties. Hence, a balance has to be 

achieved between a good dispersion and the energy input to achieve this dispersion. 

Some of the methods used use some kind of pretreatment such as acid treatment, 

oxidation or chemical functionalization of the CNT surface or use of surfactants to 

improve the bonding between the nanotubes and the polymer. 

 Rajdip Bandyopadhyaya et el. used a novel method for achieving the dispersion 

of nanotubes [18]. Typically, nanotubes are found as ropes in solution. Each rope is 

composed of around 100 to 500 tubes. The amount of aggregation was found to affect the 

mechanical as well as electrical behavior of the nanotubes [19]. In addition chemical 

treatments used to avoid aggregation tend to damage the structure of nanotubes. The 

method used by Rajdip Bandyopadhyaya et el. does not use a chemical method. The 

method makes use of physical adsorption of a water soluble polymer called Gum Arabic, 
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which is a natural polysaccharide. This method can be used for both SWCNTs and 

MWCNTs. Initially, 0.5 wt% to 15wt% of Gum Arabic was dissolved in water. A powder 

of nanotubes was then sonicated under very mild conditions (50W, 43 KHz) for 20-30 

minutes in the polymeric solution. The mixture may be dried and re-dispersed in pure 

water. It was found that the resultant dispersions were stable for months. The 

aggregations were observed using wide angle x-ray scattering (WAXS) and transmission 

electron microscope (TEM). The observations suggested that the ropes of nanotubes had 

separated out into individual nanotubes. This type of stabilization can be classified as 

steric stabilization in colloidal science. This is a result of repulsion of polymer chains in 

solution. The polymer when adsorbed on the polymer surface leads to the separation of 

the tubes. 

 Michael J. O’ Connell et al. [20] used a vigorous sonication method which was 

followed by centrifugation to achieve the dispersion of nanotubes. In this process, the 

nanotubes were initially dispersed in a solution of aqueous sodium dodecyl sulfate 

surfactant by high-shear mixing using Polyscience X-520 for 1 hour. This resulting 

dispersion was then sonicated in Cole Palmer CPX-600 cup-horn sonicator for 10 min at 

a power level of 540 W. This was followed by centrifugation using Sovall 100S 

Discovery Ultracentrefuge with Surespin 630 swing bucket. At 122,000g for 4 hours. The 

upper layer which is about 75-80% is then decanted. This upper layer contains single 

nanotubes. At the bottom, a solution of sodium dodecyl sulfate (SDS) coated bundles of 

nanotubes is left out. This separation in layers is a result of centrifugation and different 

specific gravities of the layers. This method resulted in a uniform dispersion. However, 

typical tube diameter measured using an atomic force microscope were found to be 80 to 
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200 nm with a length of 130 nm. The small length was assumed to be a result of 

sonication, which induces cutting of the tubes.  

 Dumonteil et al. used an ultrasonic bath to obtain a stable dispersion of nanotubes 

in phenyl ethyl alcohol [21]. The as-prepared MWCNTs were initially purified with 

concentrated sodium hydroxide to remove alumina, followed by treatment to dissolve the 

metals with hydrochloric acid. The nanotubes were then washed with water to achieve a 

neutral pH. In addition, DWCNTs were prepared and purified similarly with hydrochloric 

acid followed by air oxidation treatment. The length, diameter and aggregation were 

observed using TECNAI 10 (Phillips) transmission electron microscope. The treated 

nanotubes (3 mg) were dispersed in phenyl alcohol (100 ml) using an ultrasonic bath for 

fifteen minutes.  

 It was noted that the separation of MWCNT aggregates was easier than separation 

of SWCNT aggregates. The bundle diameters observed using TEM showed that the 

average diameter the SWCNTs bundle reduces after the treatment. It was concluded that 

phenyl ethyl alcohol results in the good dispersion due to the π – π interactions.  

 Zhengtao Yang et al. studied the effect inclusion of MWCNTs into a polymer 

matrix [23]. They incorporated the CNTs into both rigid and flexible type of epoxy 

polymer. They studied the improvement in the glass modulus using Rheometrics Solids 

Analyzer (RSA-3) as well as the improvement in the mechanical strength of the polymer. 

They also investigated the influence of the CNTs on the matrix strain as MWCNTs have 

a high strain to failure. They studied the above parameters at 1% and 4% inclusion of the 

nanotubes by weight. Dynamic mechanical tests using a three-point bending geometry 

was used to investigate the effect on glass transition. SEM images were also studied to 
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investigate the mechanism of fracture in the samples. The epoxy used was a diglycidal 

ether of bisphenol A with a trade name of EPON 828. The low strain samples were 

obtained using the curing agent, JEFFAMINE D-230 while the high strain samples were 

obtained using JEFFAMINE D-2000 supplied by Huntsman Corporation. The MWCNTs 

were provided by Nanotechnology Gateway LLC. The ratio of curing resin to resin was 

1:3.125 in case of rigid samples and 2.73:1 in case or flexible matrix. The samples were 

cured in an oven for 24 hours at 900C and then cured at 1500C for 4 hours. Finally all the 

samples were kept at 250C for 48 hours before tensile testing. For the analysis with the 

Rheometrics Solids analyzer, a temperature range of 800C to 500C with a ramp rate of 

1.50C was chosen along with a frequency of 1 Hz and strain of 0.05% for D2000 cured 

epoxies. Similarly, for the D230 cured epoxies, the temperature range was 300C to 1500C 

with a ramp rate of 0C/min and the frequency used was 1 Hz and strain of 0.007%. For 

the tensile tests using MTS810 system, the test speed was 5 mm/min for rigid samples 

and 10 mm/min for flexible samples.  

 The results of the study showed that the glass transition temperature was slightly 

higher for the 4% weight inclusion of MWCNTs. Tensile tests showed that the modulus 

increased by 3% and 6% respectively with 1% and 4% inclusion for the rigid samples and 

almost 22% for the flexible samples. A substantial increase was also seen in the both the 

flexible and rigid samples. The strength increased from ~58 MPa for plain epoxy to ~61 

MPa for 4% inclusion in rigid samples. Also the increase in strength was 0.82 MPa to 

1.11 MPa for flexible samples. Clearly, this study shows an improvement in properties by 

addition of MWCNTs. 
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 Peng Guo et al. also used a sonication method to prepare MWCNTs – epoxy 

nanocomposite [24]. It is interesting to note that this method of fabrication of the 

nanocomposite does not require the use of a solvent. MWCNTs obtained by CVD method 

having a diameter of about 5-60 nm and a length of 0.5-500 µm were used. The epoxy 

resin used was E-51 which is a type of diglycidal ether of bisphenol-A. This was used 

with the hardener, 2-ethylic-4-methyl imidazole, EMMZ. This was supplied by Tianjin 

Chem. Reagent Co. Initially, 1 gm of crude MWCNTs were purified by 150 ml of 20 

wt% dilute nitric acid in water bath at 400C for 24 hrs in order to remove unwanted metal 

catalyst and amorphous carbon. This was followed by a chemical modification process. 

The MWCNTs were suspended in 80 ml of 1:3 mixture of sulfuric acid (67%) and nitric 

acid (67%) and sonicated for 5 hrs at room temperature. The MWCNTs were then 

washed with water to get a neutral pH. This was followed by drying at 800C in a vacuum 

oven. The MWCNTs thus purified and treated were mixed into the epoxy resin for 4 hrs 

in a high power ultrasonic machine. During the final 10 minutes of mixing, the hardener 

was added to the mixture. The mixture was then de-gassed for 3 hours in a vacuum oven 

and subsequently cast into dog bone shaped stainless steel molds. The samples were then 

cured at 1200C in an oven for 4 hours at atmospheric pressure.  

 The mechanical properties were tested using an INSTRONTM 1185 machine at 

room temperature with a loading rate of 2 mm/min. The dispersion state was observed 

using HRSEM, FEI XL-30 high resolution scanning electron microscope. The 

observations of the crude and treated MWCNTs showed that the acid treated MWCNTs 

were not aggregated. This was attributed to the increased polarity from the functional 

groups obtained using the chemical treatment. Tests with unmodified MWCNTs showed 
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a decrease in tensile strength and modulus of the epoxy by about 10-20%. For the 

modified MWCNTs, the nanocomposite showed an increase in strength reaching a 

maximum strength of 69.7 MPa at MWCNTs weight percentage of 8% in the epoxy. This 

improvement was attributed to the combination of chemical functionalization and high 

energy sonication.  

 A similar study was carried out by A.Allaoui et al. [25]. However, they used a 

solvent to achieve the dispersion of the CNTs. They not only investigated the 

improvement in mechanical properties of the nanocomposite but also studied the 

improvement in electrical properties. The epoxy polymer matrix consisted of 15 parts by 

volume of epoxy resin (Bisphenol A-epichlorohydrine) mixed with 2 parts of aromatic 

hardener (triethylenetetraamine). The MWCNTs used were prepared by CVD. The 

morphology of the nanotubes was studied using JEOL JEM 1200EX TEM operating at 

120kV. The CNTs obtained had a diameter range of 15-400 nm and length of a few 

hundred microns. The observations of as-obtained MWCNTs showed that they were 

highly entangled and randomly organized. They also contained traces of amorphous 

carbon and catalyst particles. The MWCNTs were initially dispersed in methanol solution 

using magnetic agitation. After complete evaporation of the solvent, the MWCNT 

powder was added to the resin-hardener mixture. This was then injected into the molds. 

Tensile tests were conducted at room temperature, at a loading rate of 1 mm/min using an 

Instron testing machine. The strain was measured an extensometer with a gauge length of 

12.5 mm.  

 The results in this case showed that the yield strength and young’s modulus 

increased by 2 times for a CNT addition of 1 wt% and increased by 4 times for a CNT 
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addition of 4 wt%. Microscopic observation showed in this case that there was an 

increase in porosity with increase in CNT percentage in the matrix. This resulted in the 

premature failure of some samples with 4 wt% inclusion. Another interesting observation 

in this study was the improvement in electrical conductivity. MWCNTs were chosen 

because unlike SWCNTs, MWCNTs are always conductive. On addition of up to 4% 

wt% of nanotubes, AC and DC conductivity improvement of nine orders of magnitude 

was observed. The results showed that the threshold for a change from insulator to a 

conductor of the composite lies somewhere in the range of 0.5 to 1.0 wt% of MWCNT. 

However, with a 0.5% addition, though there is an increase in conductivity, the sample 

still behaves largely as an insulator. It was also concluded that in addition to good 

dispersion, a good orientation of the nanotubes was also required in order to achieve a 

high electrical conduction.  

 Anwar Aglan et al. investigated the incorporation of MWCNTs into an epoxy 

polymer as well as a vinyl chloride/vinyl acetate copolymer, which were then used as 

coating materials [26]. However, in addition to corrosion resistance of steel substrates, 

they also tested thin film samples of the nanocomposite for improvement in strength. The 

concept of addition of nanotubes to coatings has been of interest in recent times. Chen et 

al. studied the effect of nickel coating with carbon nanotubes on the corrosion resistance 

of steel [27]. It was found that nanotubes in NaCl added to the nickel coating performed 

better than the pure nickel coating. They concluded that nanotubes acted as a physical 

barrier by filling the micro-flaws and holes in the pure coating. Anwar Aglan et al. [26] 

investigated the inclusion of nanotubes into metals to find if it has a similar effect. As 

discussed earlier, two polymers were tested in their study. The first one consisted of resin 
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and hardener in the ratio 2:1. Resin used was alkyd glycidl ether and the hardener used 

was isophorone diamine. The second polymer was Union carbide’s VYHH a vinyl 

chloride/vinyl acetate copolymer. The MWCNTs used were supplied by Ahwahnee 

technology. The diameter of the tubes was in the range of 2-15 nm and the length was in 

the range of 1-10 µm. The dispersion of the nanotubes in the polymers was obtained 

using centrifugal mixing. The thin film samples of the coating for tensile testing were 

obtained by casting and subsequently dog bone specimens were cut out of the cured 

samples. The coating material was applied on cleaned and polished steel substrates which 

were cleaned in acetone by dipping.  

 It was found that the cast films of brittle epoxy with the nanotubes had a better 

ultimate tensile strength and strain to failure. It was also observed that the toughness of 

the epoxy improved on addition of nanotubes. Similarly, the nanotubes reinforced VYHH 

also showed an improvement in yield strength. However, an interesting observation was 

that the strain to failure decreased with the inclusion of the MWCNTs in case of the 

VYHH which was ductile in comparison to the epoxy sample. The tests were carried on 

the samples both before and after immersion in NaCl which was the solution used for 

studying the effect of corrosion on the steel substrates. The results were similar in both 

cases. The visual and optical observations of the coated steel samples showed that after a 

period of 20 days, the nanotubes reinforced coatings performed better than the one 

without nanotubes. The improvement achieved was with an inclusion of nanotubes as low 

as 1 %wt. 

 Kin-tak lau et al. studied the effect of coiled nanotubes on the mechanical 

properties of epoxy polymer [28]. Coiled nanotubes can be produced by periodic 
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incorporation of heptagon and pentagon pairs in the carbon framework which 

predominantly consists of hexagons. Volodin et al. [29] showed that the coiled nanotubes 

have a modulus which is higher than that of straight nanotubes. Kin-tak lau et al. used 

them as reinforcement in epoxy polymer to investigate the improvement by using coiled 

nanotubes. It was expected that the coiled nanotubes would make a better reinforcement 

material not only because of its higher modulus, but also because it may be able to 

provide a better interfacial bonding with the polymer as compared to the straight 

nanotubes. Thus, it may reduce the failures due to pull-out of the tubes. The coiled 

nanotubes were produced using CVD. The epoxy used was a low viscosity one with the 

commercial name ARALDYTE GY 251 epoxy DGEBA (diglycidyl ether of bisphenol 

A) was used with CIBA HY 956 ethane-1, 2-diamine hardener in the ratio 5:1. Coiled 

nanotubes were initially dispersed in ethanol using strong sonication for 1 hour in order 

to achieve a good dispersion. The required amount of resin was then added and the 

mixture was again sonicated for 1 hour. The mixture was heated on a hot plate to 

evaporate the solvent completely and this was followed by degassing in vacuum for 4 

hours. The hardener was then added to initiate curing. The mixture was then cast into a 

polypropylene mold. A similar sample was also prepared using SWCNTs for comparison.  

 Vickers’s hardness test and three-point bending tests were conducted on the 

samples after polishing them with sand paper. The crosshead speed used for the three-

point bend test was 1.3 mm/min. A Leica Streoscan 440 SEM was used to observe the 

fractured surfaces. The test results showed a hardness improvement of 19% with addition 

of 2 wt% of SWCNTs, while the improvement was as high as 54% with addition of 2 

wt% of coiled nanotubes. The results also showed that the coiled nanotube composites 
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had a 14.1% higher flexural strength than the SWCNT composites. The SEM images 

showed that the fracture of the SWCNT nanocomposite was mainly due to fiber pull-out, 

while the failure in case of coiled nanotube nanocomposite was due to the breaking of the 

coiled nanotubes near the fracture surface. At higher magnification, it was also seen that 

the interfacial bonding was better in case of coiled nanotube nanocomposite, indicating a 

better load transfer between the epoxy polymer and nanotube in case of the coiled 

nanotubes. It was concluded that coiled nanotubes provide a better improvement in 

properties due to the mechanical interlocking between the nanotubes and the epoxy 

matrix. 

 It is known in the aerospace industry carbon fiber based composites are widely 

used. M.C. Weisenberger et al. in their study incorporated carbon nanotubes into carbon 

fibers to investigate the possibility of using MWCNT reinforced carbon fibers in 

composites [30]. Initially, MWCNTs were produced using CVD. In addition to as-

obtained nanotubes, two treated forms of nanotubes were also used. In one, CN groups 

were covalently bonded to the nanotube surface to enhance the adhesion to the carbon 

fibers. In another process, the nanotubes were graphitized by heating to 28000C under a 

He atmosphere. This was done to remove residual catalyst and anneal the defects out 

from the nanotube structure.  The nanotubes were dispersed in the solvent (DMAc) using 

Fisher Scientific 550 Ultrasonic Dismemberator. Homopolymer polyacrylonitrile was 

added to the nanotube dispersion. This forms a 20 wt% suspension of PAN in the DMAc. 

This mixture was vigorously stirred and transferred to a glass syringe. This was then 

heated to 1400C for about 35 min to obtain a homogeneous mixture of PAN solution 

containing the dispersed nanotubes. The procedure was used with each type of treated 
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and untreated MWCNTs at 1, 3 and 5 wt%. This mixture was then cooled to 1000C to 

1150C and then spun into fibers. The results showed that at higher concentrations of 

MWCNT, more ultrasonic energy is required to achieve good dispersion. PAN carbon 

fibers with axially aligned MWCNTs were successfully produced using this method. The 

most significant improvement was achieved with composite fibers containing 1.8 % 

graphitized MWCNTs. The improvements achieved include an increase of 31% in break 

strength, 36% in initial modulus and 46% in yield strength.  

 Jonathan N. Coleman et al. [31] in their paper have summarized the various 

methods used for the fabrication of carbon nanotube-polymer composites. They have also 

discussed the improvements in strength, modulus and toughness obtained by various 

methods. Some of the most important observations cited in their work have been 

discussed below. According to Jonathan N. Coleman et al, there are four main 

requirements for effective reinforcement of nanotubes into a polymer matrix. They are 

large aspect ratio of the nanotubes, interfacial stress transfer, good dispersion and 

alignment. Probably, the most important of the factors is that external stress applied to the 

composite should be effectively transferred to the nanotube which requires a good 

interfacial bonding between the polymer-nanotube interfaces. A lot of computational 

work has been conducted to predict the interfacial shear strength of various nanotube-

polymer nanocomposites. Frankland et al. used molecular dynamics simulation and 

estimated the interfacial strength for both amorphous and crystalline polyethylene to be 

around 2.5 MPa [32]. Wong et al. obtained a value of 138 MPa for epoxy-nanotube 

nanocomposites [33]. We see that the interfacial shear strength is estimated to be quite 

high in case of epoxy-nanotube composite. The bonding between the nanotube and 



 

 40

polymer in all the above cases is non-covalent. Frankland et al. also suggested that the 

interfacial shear strength will be higher when the nanotubes are covalently attached to the 

matrix [32]. The method frequently used for nanocomposite preparation involves the 

initial dispersion of the nanotubes in some kind of a solvent. However, in some cases, the 

polymer used may be insoluble in the solvent. In such cases, a different approach has to 

be used to prepare the nanocomposite. Jonathan N. Coleman et al.[31] based upon their 

study have suggested various methods which include melt processing, in situ 

polymerization processing and covalent functionalization and polymer grafting of 

nanotubes.  

 The properties of the nanocomposites prepared by various methods usually 

depend on a lot of parameters such as mixing type and intensity, percentage of nanotubes, 

etc. This results in a lot of statistical data which need to be interpreted using suitable tools 

to accurately evaluate the effect of the parameters. Design of Experiments (DOE) has 

been a widely used technique to analyze statistical data in many industries. In this study, 

DOE approach has been used to interpret the data. However, such an approach requires 

careful planning before conducting the experiment. David E Coleman et al. [34] in their 

paper have suggested a set of tools in order to systematize the planning process.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

 

3.1 Introduction 

 The main objective of this thesis was to evaluate the effect of various weight 

percentage inclusions of MWCNTs on the mechanical properties of epoxy polymer. 

However, this study required an in depth study to determine various parameters for the 

sample preparation as well as the testing. Some of the challenges involved in the 

preparation of the samples for testing were as follows: 

1. Selection and procurement of appropriate epoxy matrix materials 

2. Selection and procurement of suitable type of carbon nanotubes for reinforcement 

3. Selection of a suitable solvent for dispersion of the nanotubes 

4. Selection of the levels of reinforcement of the nanotubes in the epoxy matrix 

5. Selection of the quantity of solvent required for adequate dispersion 

6. Selection of a suitable dispersion method 

7. Selection of a suitable casting method which included selection of the material, 

shape, size and material of the mold, selection of suitable release agent on the 

mold and determining the casting conditions 

8. Finally preparation of dog bone specimens for testing 

The testing method also involved the selection of various parameters which include: 

• Selection of test speed 

• Selection of suitable method for strain measurements 

• Selection of number of test samples for each configuration to get a good 

approximation of the properties of the nanocomposite 
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3.2 Determination of Materials and Test Parameters 

 As discussed in the previous section, it is very critical to determine the materials 

and various test parameters. Their selection and the basis for the same are discussed 

below. 

 Two different types of epoxy polymers were chosen to evaluate the effect of the 

nanotubes. Both the epoxy polymers were quite flexible and found to be good candidates 

for the experiment. The epoxy polymers are designated as Epoxy 1 and Epoxy 2 in this 

thesis. The chemical composition of the two epoxy polymers is as shown in Table 2 

below. The ratio of resin to hardener is indicated in the parentheses.  

Table 2  

Chemical Composition of Epoxy Polymers 

Epoxy Polymer Designation Chemical Composition 

Epoxy 1 

Resin (5 parts) 
epoxy resin, alkyl glycidyl ether, 

and acrylic ester 

Hardener 

 (1 part) 

diethylenetriamine and  2-

hydroxyethylenetriamine 

Epoxy 2 

Resin (15 parts) epoxy resin and epichlorhydrin 

Hardener 

 (2 parts) 
triethylenetetramine 

 

 Epoxy 1 was supplied by Buehler Inc. and Epoxy 2 was supplied by Fisher 

Scientific. The testing of plain epoxy samples showed that the epoxy 1 had a lower 

strength as compared to epoxy 2.  
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 MWCNTs were used as the preparation of nanocomposites using MWCNTs is 

more economically viable than preparation of the nanocomposites using SWCNTs. The 

MWCNTs used were supplied by MER Corporation. The nanotubes were produced by 

chemical vapor deposition (CVD) with a purity > 90%. The nanotubes had a diameter of 

140 +/- 30 nm and a length of 7 +/- 2 microns. It is to be noted that though nanotubes 

with higher could have been procured, the addition of such nanotube could prove to be 

expensive though it might lead to increased enhancement of properties. The improvement 

of properties by the usage of such nanotubes along with the increase in cost has to be 

evaluated before determining which type of nanotube would be the best form of 

reinforcement. 

 Ethanol was used as the solvent for dispersion of the MWCNTs. Ethanol was used 

as the solvent as the epoxy polymers were found to have a good solubility in ethanol. 

Two different quantities of the solvent (5gms and 10gms) were used to see the effect of 

the solvent quantity on the strength properties of the composite. This in turn determines 

the mixing time required for the complete evaporation of the solvent from the mixture. 

The mixing time required was 6 hours and 12 hours respectively for 5gms and 10gms of 

solvent.  

 The levels of reinforcement selected were 0.5, 1.0, 1.5 and 2.0 wt% of MWCNTs. 

It was found that the viscosity of epoxy polymers increases with increase in 

reinforcement. Hence higher forces would be required for dispersion of the nanotubes. In 

addition, the samples or uniform thickness also could not be obtained using the casting 

procedure used in this study.  
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 Magnetic stir-bar mixing was used to disperse the MWCNTs in the solvent and 

then subsequently in the mixture of solvent and epoxy polymer. Various studies as 

discussed earlier have used different methods for dispersion such as sonication. In 

comparison, magnetic utilizes lower shear forces for mixing. It was expected that this 

would reduce the cutting of the nanotubes which is caused by sonication. This would 

result in tubes of smaller length which would in turn lead to a lower strength of the 

nanocomposite.  

 Aluminum (AL 2024-T3) was used to prepare the molds for casting the 

nanocomposite samples. Aluminum was chosen due to its availability and also due to its 

ease of machining. The preparation of the molds has been discussed in detail in the next 

section. Release agent supplied by Buehler Inc. (20-8185-008) was used on the aluminum 

mold surface to permit easy removal of the cured specimen.  

 The dimensions of the molds were determined to prepare specimens as per ASTM 

D-412 standards for tensile testing of thin film specimen. The final dog bone specimens 

as per the standards were required to have the dimensions of 12.7 mm width x 60 mm 

gage length and 140 mm overall length. The thickness of the samples was 2.0 ± 0.2 mm 

as per the standards.  

 All the samples were cured for 48 hours at room temperature. This curing time 

was based on observations from testing of plain epoxy samples which showed a 

negligible change in properties after a time period of 48 hours. Cured samples were then 

cut into dog bone shape using a dog bone profile cutter.  

 The test parameters for tensile testing selected were a test speed of 1 mm/min 

with a data acquisition rate of 10 Hz. This was as per the ASTM standards. In addition, 
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this low speed resulted in sufficient data points to visualize the behavior of the 

nanocomposite samples. 

3.3 Experimental Setup and Procedure 

 The following section gives a detailed description of the various equipments and 

methods used for the sample preparation and testing of the cured nanocomposite 

specimen. 

3.3.1 Mold Preparation 

 The determination of the various parameters required for sample preparation has 

been described in the previous section. The following section describes the detailed 

procedure for the preparation of mold and the samples. A similar procedure was used for 

preparation of samples using both epoxy 1 and epoxy 2. All the samples were prepared at 

room temperature and pressure. The main steps involved in mold preparation were as 

follows: 

1. The mold, shown in figure 12, was initially machined out of an Al 2024-T3 plate. 

The machining was done on the milling machine, shown in figure 13 at the 

Research Shop located at the Wichita State University 

 

Figure 12. Aluminum Mold Used For Fabrication of Nanocomposites 
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Figure 13. Milling Machine Used for Mold Fabrication 

 

2. The mold consisted of rectangular slots which were open at both ends. This 

permits easy removal of the specimen on curing. After machining on the milling 

machine, the mold was then polished using emery papers of reducing sizes to get 

an even and smooth surface finish. 

3. The mold was then cleaned using soap and water and wiped dry using soft wipes. 

4. A thin layer of Buehler release agent was then applied using a cotton swab and 

then allowed to dry.  

5. The ends of the mold were then sealed using a tape and commercially available 

wax. This was essential as any leak from the ends resulted in the samples having a 
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non-uniform thickness. Steps 4 and 5 were repeated for each set of sample 

preparation. 

3.3.2 Sample Preparation 

 The mixtures which were poured into the mold, which is prepared using the above 

steps, usually required a time of 6 hours or more. Hence the mold preparation was usually 

done about 10 to 15 min before the samples were actually poured into the molds. About 

30gms of resin-hardener mixture was usually required to prepare 3 samples. The 

preparation of the nanotube-epoxy polymer mixtures was done using various 

configurations for epoxy 1 as well as epoxy 2 as shown in table 3.  

 

Table 3 

Sample Preparation Configurations 

Epoxy 1 / Epoxy 2 

5gms ethanol  

(6 hours stirring) 

0.5 wt% CNT 

1.0 wt% CNT 

1.5 wt% CNT 

2.0 wt% CNT 

10gms ethanol 

(12 hours stirring) 

0.5 wt% CNT 

1.0 wt% CNT 

1.5 wt% CNT 

2.0 wt% CNT 

 

 The procedure followed for preparation of the samples as per the configurations 

shown in table above is as follows:  
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1. Initially, samples of plain epoxy without the nanotube reinforcement were 

prepared for reference. The ratio of resin to hardener used was 5:1 and 15:2 

respectively for epoxy 1 epoxy 2. For the plain sample preparation, the required 

amount of resin and hardener for the preparation of 3 samples were accurately 

weighted using Ohaus Adventurer Pro weighting unit which has an accuracy of 

0.0001gms. The resin and hardener were mixed in a beaker using magnetic stir-

bar equipment, shown in figure 14, for about 15 minutes to get a uniform mixture. 

This was then poured into the prepared mold and cured for 48 hours. 

 

 

Figure 14. Magnetic Stir-bar Equipment Used for Mixing 

 

2. For preparation of the nanotube reinforced epoxy samples, initially the required 

amount of resin, hardener, MWCNTs and ethanol for each configuration as per 

table 3 were weighted separately. The nanotubes were dispersed into the ethanol 

using the magnetic stir-bar equipment for about 15 minutes.  
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3. The resin was then added drop-wise into this mixture. The mixture was then 

stirred till the ethanol evaporated completely, leaving behind a mixture containing 

resin with well dispersed MWCNTs. The amount of evaporation of ethanol was 

periodically checked using the loss of weight of the mixture in the beaker. As per 

observations, the time required for 5gms of ethanol to evaporate was about 6 

hours and that for 10gms of the same was about 12 hours.  

4. During the last 15 minutes of the stirring, the hardener was added drop-wise to the 

mixture.  

5. The resultant mixture were then cast into the open molds and cured for 48 hours 

to obtain rectangular specimens as shown in figure 15 

6. The above steps were repeated for each configuration in table 3. 

 

 

Figure 15. Rectangular Plain Epoxy and Nanocomposite Samples 
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3.3.3 Testing  

 The samples prepared using the method described in the previous section were 

subjected to uniaxial tensile testing. The various steps involved in the test sample 

preparation and testing were as follows: 

1. The rectangular samples after curing for 48 hours were removed from the mold 

and checked for uniform thickness. 

2. The samples were then labeled indicating the sample number, MWCNT wt% and 

the amount of solvent used for preparation. 

3. Dog bone specimens were then obtained using the dog bone profile cutter shown 

in figure 16. Usually, about 3 samples were cut at a time by stacking them 

together. In addition, two aluminum strips were added on each side of the epoxy 

stack to provide stiffness.  

 

 

Figure 16. Dog Bone Profile Cutter Used for Dogbone Sample Preparation 
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4. The mid point on the length of the reduced portion of dog bone samples were 

marked out to provide a reference for placement of the extensometer. 

5.  The dog bone samples thus obtained were subjected to uniaxial tensile test using 

a Q-TEST MTS tensile testing machine of 20 kip capacity, shown in figure 17, 

which was connected to a computer for data acquisition. The test speed was set at 

1 mm/min and the data acquisition rate used was 10 Hz. The software used for 

setting the test parameters was Test Works 4, version 4.08 B. The figures 18 and 

19 show a plain epoxy and MWCNT reinforced specimen respectively subjected 

to tensile test. 

6. The strain measurements were done using MTS – 632-11F-20 extensometer with 

a gage length of 25 mm.  

 

 

Figure 17. Complete Test Setup Used for Tensile Testing 
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Figure 18. Tensile Testing of Plain Epoxy Sample 

 

 

Figure 19. Tensile Testing of MWCNT Reinforced Epoxy Sample 
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 The results obtained using the testing above yielded in a lot of data. Some type of 

a statistical tool was required for a clear interpretation of the results as the process 

involved the interaction of different factors namely epoxy type, MWCNT weight 

percentage and the amount of solvent. Hence, design of experiments (DOE) method was 

used to interpret the results. The results of the tests have been discussed in the following 

chapter. 
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CHAPTER 4 

RESULTS AND DOE ANALYSIS 

 

 

4.1 Experimental Results 

 The tensile tests conducted earlier brought up some interesting results. The results 

showed no predictable increase in ultimate tensile strength (UTS) and modulus of 

elasticity were obtained using 5gms of solvent i.e. 6 hours of mixing. However, a 

significant improvement in modulus and ultimate tensile strength were obtained for 

samples with 10gms of solvent i.e. 12 hours of mixing. The stress-strain curves for epoxy 

1 and epoxy 2 with various weight percentage inclusion of MWCNTs were as shown in 

figures 20 and 21 respectively. 

 

 

Figure 20. Stress-Strain Curves for Epoxy 1 
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Figure 21. Stress-Strain Curves for Epoxy 2 

 

 The stress-strain curves shown above clearly indicate an increase in the ultimate 

tensile strength as well as modulus of elasticity with increase in weight percentage 

addition of MWCNTs into the epoxy polymer matrix for both epoxy 1 and epoxy 2. 

 However, it can be observed that as the stiffness of the epoxy increases with 

increase in reinforcement, the strain to failure reduces. However the stress-strain curves 

obtained for 6 hours of mixing do not show promising results. Hence, it was found more 

appropriate to discuss the results obtained for 6 hour stirring in comparison to the results 

obtained using DOE analysis.  
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 The average ultimate tensile strength and modulus of elasticity of epoxy 1 and 

epoxy 2 with various weight percentage inclusions of MWCNTs has been summarized in 

table 4.  

 

Table 4 

UTS and Modulus Improvement in Epoxy 1 and Epoxy 2 

 Epoxy 1 Epoxy 2 

MWCNT     
Percentage 

Average 
UTS 

(N/mm2) 

Average 
Modulus 
(N/mm2) 

Average 
UTS 

(N/mm2) 

Average 
Modulus 
(N/mm2) 

0.0 % 25.3 1337.1 32.7 1558.1 

0.5 % 34.0 1897.9 42.8 2085.9 

1.0 % 37.3 2313.2 45.2 2296.5 

1.5 % 42.5 2608.4 47.8 2425.6 

2.0 % 45.3 3018.6 51.4 2535.6 

 

 It can be seen from table 4 that there is an improvement in UTS and modulus for 

both epoxy 1 and epoxy 2. It was seen from the tests on the plain epoxy samples that the 

UTS as well as the modulus of un-reinforced epoxy 2 was higher than that of epoxy 1. 

However it is interesting to note that at 2 wt% addition of reinforcement, while epoxy 2 
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still had a higher strength, the modulus of epoxy 1 was higher than that of epoxy 2 

suggesting a greater improvement in properties in case of epoxy 1. However, to get a 

better idea of the improvement in properties, the percentage increase in strength and 

modulus has been tabulated below. 

 The improvement in strength and modulus with 12 hour stirring for epoxy 1 and 

epoxy 2 has been summarized in table 5 and table 6 respectively which show the average 

percentage increase of modulus and UTS with the addition of MWCNTs in increments of 

0.5 wt% as well as overall percentage increase in modulus and strength. 

. 

Table 5 

Percentage Improvement in Properties of Epoxy 1 

MWCNT     
Percentage 

Percentage 
Increase in 

UTS 

Percentage 
Increase in 
Modulus 

Overall 
Percentage 
Increase in 

UTS 

Overall 
Percentage 
Increase in 
Modulus 

0.0 % 0.0 0.0 0.0 0.0 

0.5 % 34.6 41.9 34.6 41.9 

1.0 % 9.6 21.9 47.5 73.0 

1.5 % 14.2 12.8 68.4 95.1 

2.0 % 6.4 15.7 79.1 125.8 
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Table 6 

Percentage Improvement in Properties of Epoxy 2 

MWCNT     
Percentage 

Percentage 
Increase in 

UTS 

Percentage 
Increase in 
Modulus 

Overall 
Percentage 
Increase in 

UTS 

Overall 
Percentage 
Increase in 
Modulus 

0.0 % 0.0 0.0 0.0 0.0 

0.5 % 30.6 33.9 30.6 33.9 

1.0 % 5.7 10.1 38.1 47.4 

1.5 % 5.7 5.6 46.1 55.7 

2.0 % 7.4 4.5 56.9 62.7 

 

 Considering the improvement in UTS, from table 5 and 6, we see that an 

improvement of 79.1 % was obtained for epoxy 1 as compared to an improvement of 

56.9 % for epoxy 2. For modulus, the improvement obtained for epoxy 1 was as high as 

125.1 % as compared to epoxy 2 for which the improvement was 62.7 %.  

 It can also be observed from table 5 and 6 that most part of improvement in 

modulus and UTS for both epoxy polymers is obtained with the addition of 0.5 wt% of 

MWCNTs. Subsequently, though there is an increase in properties, it is not as large. This 

can be attributed to the ease of dispersion for low concentrations of MWCNTs. For 

higher weight concentrations of MWCNTs, a higher quantity of solvent may give a better 

improvement in properties.  
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4.1 DOE Analysis 

 Since a large amount of data was generated, it was inevitable to use a statistical 

tool for analysis. The DOE analysis was used mainly to visualize the effect of the amount 

of solvent used or the stirring time. For the DOE analysis of both epoxy 1 and epoxy 2, 

the factors selected and their levels were as follows: 

1. Stirring time at 2 levels i.e. 6 hours and 12 hours. 

2. MWCNT weight percentage at 5 levels i.e. 0 %, 0.5 %, 1.0 %, 1.5 % and 2.0 % 

 The response variables selected were ultimate tensile strength and modulus of 

elasticity as these properties give a good idea of the improvement in properties of the 

epoxy polymer matrix with addition of nanotubes. The sample preparation as well as the 

tests was randomized. The following assumptions were made in the experiment: 

1. The specimen is straight and has a uniform thickness 

2. The void content in the cured epoxy sample has negligible effect on the strength 

and modulus of the samples. 

3. The mixing with solvent does not result in any chemical changes i.e. it does not 

effect the properties of the epoxy polymer. 

4. There is no residual solvent in the cast samples of epoxy nanocomposite. 

5. Release agent used does not affect the strength properties of the nanocomposite. 

6. The operator skill does not have an effect on the experiment. 

4.1.1 DOE Analysis for Epoxy 1 

 The experiment was conducted using the design matrix shown in table 7. The data 

is analyzed using Design Expert software, version 6.0.6. The factor stirring factor may 
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also be interpreted as solvent content used during mixing. The design matrix for epoxy 1 

is shown below. 

 

Table 7 

Design Matrix for Epoxy 1 

      Factor 1 Factor 2 
Response 

1 Response 2 

Std Run Block 
A:Stirring 
Time B:Concentration UTS Modulus 

      hrs % N/mm2 N/mm2 

1 10 Block 1 6 0 25.4 1286.3 

2 4 Block 1 6 0 26.23 1395.7 

3 27 Block 1 6 0 24.176 1329.4 

4 26 Block 1 12 0 25.4 1286.3 

5 1 Block 1 12 0 26.23 1395.7 

6 17 Block 1 12 0 24.176 1329.4 

7 30 Block 1 6 0.5 33.89 1765.2 

8 18 Block 1 6 0.5 34.39 1814.2 

9 12 Block 1 6 0.5 33.15 1754 

10 8 Block 1 12 0.5 33.8 1846.8 

11 7 Block 1 12 0.5 34.04 1968.4 

12 14 Block 1 12 0.5 34.17 1878.5 

13 15 Block 1 6 1.0 34.56 1986.7 

14 11 Block 1 6 1.0 36.33 2028.2 

15 16 Block 1 6 1.0 34.91 2377.9 

16 25 Block 1 12 1.0 37.92 2256.7 

17 28 Block 1 12 1.0 36.75 2401.8 

18 24 Block 1 12 1.0 37.11 2281 

19 23 Block 1 6 1.5 34.96 2319.3 

20 2 Block 1 6 1.5 36.27 2400.3 

21 19 Block 1 6 1.5 37.86 2549.7 

22 6 Block 1 12 1.5 41.36 2575.5 

23 22 Block 1 12 1.5 43.64 2628.3 

24 21 Block 1 12 1.5 42.63 2621.5 

25 5 Block 1 6 2.0 38.023 2872.2 

26 3 Block 1 6 2.0 38.83 2772.5 

27 13 Block 1 6 2.0 38.4265 2822.35 

28 29 Block 1 12 2.0 44.36 2904.3 

29 20 Block 1 12 2.0 45.26 3090.3 

30 9 Block 1 12 2.0 46.16 3061.2 
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 Initially, the effect of the factors on the ultimate tensile strength of the epoxy 

polymer is evaluated. The various results are as shown below for the improvement in 

ultimate tensile strength of epoxy 1. 

Table 8 

Percentage Contribution Table for UTS in Epoxy 1 

Term DOF SumSqr MeanSqr F Value Prob>F % Contribtn 

Intercept             

A 1.000 69.314 69.314 84.688 
< 

0.0001  6.128 

B 4.000 981.302 245.325 299.741 
< 

0.0001  86.762 

AB 4.000 64.036 16.009 19.560 
< 

0.0001  5.662 

Lack Of Fit 0.000 0.000       0.000 

Pure Error 20.000 16.369       1.447 

Residuals 20.000 16.369 0.818   
< 

0.0001    

 

 As seen from the above table, the variation in ultimate tensile strength for epoxy 1 

is mainly due to the factor B which is the percentage of MWCNTs. The contribution of 

this factor is as high as 86.7 % followed by stirring time, which is 6.12 % and then 

interaction between the two factors which has a percentage contribution of 5.66 %. 

 This ANOVA shown in table 9 below confirms the significant effect of the 

factors. We can also see that the P values are low; hence this confirms that there is no 

noise involved.  

 We further use various plots to confirm the adequacy of the model. The plots 

include outlier plot, normal plot of residuals, residuals vs. predicted plot, residuals vs. run 

number plot and the plot of residuals vs. the factors.  
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Table 9 

ANOVA for UTS Epoxy 1 

  Sum of   Mean F     

Source Squares DF Square Value 
Prob > 
F   

Model 1114.65142 9 123.8501577 151.3214 
< 

0.0001 significant 

A 69.31352001 1 69.31352001 84.68798 
< 

0.0001   

B 981.301603 4 245.3254007 299.7411 
< 

0.0001   

AB 64.0362967 4 16.00907418 19.56005 
< 

0.0001   

Pure Error 16.3691525 20 0.818457625       

Cor Total 1131.020572 29         

 

 

Figure 22. Outlier Plot For UTS in epoxy 1 

The outlier plot (Figure 22) shows that there are no outliers in observed in the 

experiment. 
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Figure 23. Normal Plot of Residuals for UTS in Epoxy 1 

The normal plot (Figure23) shows that there is no serious violation of the 

ANOVA normality assumptions regarding the distribution of the experimental errors. 

 

Figure 24. Residuals vs. Predicted for UTS in Epoxy 1 
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From the Residual Vs Predicted plot (Figure 22) it is observed that the residuals 

are scattered without any specific pattern and no funnel shape is found. Hence, there are 

no violations of constant variance and independency assumptions of the ANOVA 

procedures. 

 

Figure 25. Residuals vs. Run for UTS in Epoxy 1 

 

The Residual Vs Run Number plot (Figure 25) shows that the residuals of the 

observations do not follow any trend with the time order of the observations and hence 

the model does not have a time dependency. 

We further investigate the plots of residual vs. the factors to evaluate if there is 

any trend that can be observed in the values.  
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Figure 26. Residuals vs. Concentration for UTS in Epoxy 1 

 

 

Figure 27. Residuals vs. Stirring for UTS in Epoxy 1 
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Figure 28. Interaction Plot for UTS in Epoxy 1 

It can be seen from the interaction plot that at for a low percentage of MWCNT 

(0.5wt %) addition, the stirring for both 6 hours and 12 hours have the same effect. 

However, as the percentage of reinforcement increases, the improvement in UTS 

achieved is far better in case of 12 hours stirring time. This indicates a better dispersion 

in case of the 12 hours stirring.  

We now evaluate the effect of the various factors on the change in modulus of 

elasticity.  The adequacy of the model is also shown as in case of UTS using a set of 

plots.  
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Table 10 

Percentage Contribution Table for Modulus in Epoxy 1 

  Term DOF SumSqr MeanSqr F Value Prob>F 
% 

Contribtn 

Require Intercept             

Model A 1.00 140322.60 140322.60 15.54  0.0008 1.51 

Model B 4.00 8936466.47 2234116.62 247.48 
< 

0.0001 96.11 

Model AB 4.00 40420.66 10105.16 1.12  0.3752 0.43 

Error 
Lack Of 

Fit 0.00 0.00      0.00 

Error 
Pure 
Error 20.00 180546.78      1.94 

  Residuals 20.00 180546.78 9027.34      

 

As seen from the above table, the variation in modulus for epoxy 1 is mainly due 

to the factor B which is the percentage of MWCNTs. The contribution of this factor is as 

high as 96.11 % followed by stirring time, which is 1.51 % and then interaction between 

the two factors which has a percentage contribution of 0.43 %. 

 This ANOVA shown in table 11 below confirms the significant effect of the 

factors. We can also see that the P values are low; hence this confirms that there is no 

noise involved.  

We further use various plots to confirm the adequacy of the model. The plots 

include outlier plot, normal plot of residuals, residuals vs. predicted plot, residuals vs. run 

number plot and the plot of residuals vs. the factors. 
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Table 11 

ANOVA for Modulus in Epoxy 1 

  Sum of   Mean F     

Source Squares DF Square Value Prob > F   

Model 9117209.72 9.00 1013023.30 112.22 < 0.0001 significant 

A 140322.60 1.00 140322.60 15.54 0.0008   

B 8936466.47 4.00 2234116.62 247.48 < 0.0001   

AB 40420.66 4.00 10105.16 1.12 0.3752   

Pure 
Error 180546.78 20.00 9027.34       

Cor Total 9297756.50 29.00         

 

 

 

Figure 29. Outlier Plot for Modulus in Epoxy 1 

 

The outlier plot (Figure 22) shows that there are no outliers in observed in the 

experiment. 
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Figure 30. Normal Plot of Residuals for Modulus in Epoxy 1 

 

The normal plot (Figure 30) shows that there is no serious violation of the 

ANOVA normality assumptions regarding the distribution of the experimental errors. 

 

 

Figure 31. Residuals vs. Predicted for Modulus in Epoxy 1 
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From the Residual Vs Predicted plot (Figure 31) it is observed that the residuals 

are scattered without any specific pattern and no funnel shape is found. Hence, there are 

no violations of constant variance and independency assumptions of the ANOVA 

procedures. 

 

 

Figure 32. Residuals vs. Run for Modulus in Epoxy 1 

 

The Residual Vs Run Number plot (Figure 32) shows that the residuals of the 

observations do not follow any trend with the time order of the observations and hence 

the model does not have a time dependency. 

We further investigate the plots of residual vs. the factors to evaluate if there is 

any trend that can be observed in the values.  
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Figure 33. Residuals vs. Concentration for Modulus in Epoxy 1 

 

 

Figure 34. Residuals vs. Stirring for Modulus in Epoxy 1 
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Figure 35. Interaction Plot for Modulus in Epoxy 1 

 

It can be seen from the interaction plot that at for all percentage of MWCNT 

addition, the stirring for 12 hours consistently produces better result. However, unlike the 

ultimate tensile strength, the difference in modulus between 6 hours and 12 hours stirring 

is not much. 

4.1.1 DOE Analysis for Epoxy 2 

 The experiment was conducted using the design matrix shown in table 12. The 

data is analyzed using Design Expert software, version 6.0.6. The factor stirring factor 

may also be interpreted as solvent content used during mixing. The design matrix for 

epoxy 2 is shown below. 
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Table 12 

Design Matrix for Epoxy 2 

      Factor 1 Factor 2 
Response 

1 Response 2 

Std Run Block 
A:Stirring 
Time B:Concentration UTS Modulus 

      Hrs % N/mm2 N/mm2 

1 17 Block 1 6 0 32.24 1564.6 

2 12 Block 1 6 0 32.86 1588.5 

3 26 Block 1 6 0 33.076 1521.1 

4 19 Block 1 12 0 32.24 1564.6 

5 25 Block 1 12 0 32.86 1588.5 

6 18 Block 1 12 0 33.076 1521.1 

7 28 Block 1 6 0.5 38.6 2027.2 

8 3 Block 1 6 0.5 37.94 1809.5 

9 16 Block 1 6 0.5 35.58 1680.4 

10 21 Block 1 12 0.5 41.96 2029 

11 27 Block 1 12 0.5 42.58 2088 

12 5 Block 1 12 0.5 43.72 2140.8 

13 29 Block 1 6 1.0 37.3 2252.9 

14 8 Block 1 6 1.0 36.78 2227.6 

15 6 Block 1 6 1.0 38.5 2240.25 

16 14 Block 1 12 1.0 45.54 2295.7 

17 20 Block 1 12 1.0 44.23 2278.2 

18 22 Block 1 12 1.0 45.84 2315.5 

19 30 Block 1 6 1.5 41.31 2347.7 

20 11 Block 1 6 1.5 42.91 2384.1 

21 9 Block 1 6 1.5 40.8 2485.6 

22 2 Block 1 12 1.5 49.24 2496.5 

23 7 Block 1 12 1.5 46.7 2346.4 

24 13 Block 1 12 1.5 47.45 2434 

25 10 Block 1 6 2.0 38.2 2433.7 

26 24 Block 1 6 2.0 38.77 2460.5 

27 23 Block 1 6 2.0 38.48 2447.1 

28 4 Block 1 12 2.0 51.87 2574.3 

29 1 Block 1 12 2.0 50.82 2510.8 

30 15 Block 1 12 2.0 51.364 2521.6 
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 Initially, the effect of the factors on the ultimate tensile strength of the epoxy 

polymer is evaluated. The various results are as shown below for the improvement in 

ultimate tensile strength of epoxy 2. 

Table 13 

Percentage Contribution Table for UTS in Epoxy 2 

  Term DOF SumSqr MeanSqr F Value Prob>F 
% 

Contribtn 

Require Intercept             

Model A 1 308.12 308.12 363.45 
< 

0.0001 29.50 

Model B 4 590.95 147.74 174.26 
< 

0.0001 56.59 

Model AB 4 128.31 32.08 37.84 
< 

0.0001 12.29 

Error 
Lack Of 

Fit 0 0.00      0.00 

Error 
Pure 
Error 20 16.96      1.62 

  Residuals 20 16.96 0.85      

 

 As seen from the above table, the variation in ultimate tensile strength for epoxy 2 

is mainly due to the factor B which is the percentage of MWCNTs. The contribution of 

this factor is about 56.6 % followed by stirring time, which is 29.5 % and then interaction 

between the two factors which has a percentage contribution of 12.29 %. 

 This ANOVA shown in table 14 below confirms the significant effect of the 

factors. We can also see that the P values are low; hence this confirms that there is no 

noise involved.  

 We further use various plots to confirm the adequacy of the model. The plots 

include outlier plot, normal plot of residuals, residuals vs. predicted plot, residuals vs. run 

number plot and the plot of residuals vs. the factors.  
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Table 14 

ANOVA for UTS Epoxy 2 

  Sum of   Mean F     

Source Squares DF Square Value 
Prob > 
F   

Model 1027.382 9 114.1536 134.6511 
< 

0.0001 significant 

A 308.12229 1 308.1223 363.4491 
< 

0.0001   

B 590.94766 4 147.7369 174.2647 
< 

0.0001   

AB 128.31208 4 32.07802 37.83798 
< 

0.0001   

Pure 
Error 16.955459 20 0.847773       

Cor 
Total 1044.3375 29         

 

 

Figure 36. Outlier Plot For UTS in epoxy 2 

 

The outlier plot (Figure 36) shows that there are no outliers in observed in the 

experiment. 
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Figure 37. Normal Plot of Residuals for UTS in Epoxy 2 

The normal plot (Figure37) shows that there is no serious violation of the 

ANOVA normality assumptions regarding the distribution of the experimental errors. 

 

 

Figure 38. Residuals vs. Predicted for UTS in Epoxy 2 
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From the Residual Vs Predicted plot (Figure 38) it is observed that the residuals 

are scattered without any specific pattern and no funnel shape is found. Hence, there are 

no violations of constant variance and independency assumptions of the ANOVA 

procedures. 

 

 

Figure 39. Residuals vs. Run for UTS in Epoxy 2 

 

The Residual Vs Run Number plot (Figure 25) shows that the residuals of the 

observations do not follow any trend with the time order of the observations and hence 

the model does not have a time dependency. 

We further investigate the plots of residual vs. the factors to evaluate if there is 

any trend that can be observed in the values.  
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Figure 40. Residuals vs. Concentration for UTS in Epoxy 2 

 

 

Figure 41. Residuals vs. Stirring for UTS in Epoxy 2 
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Figure 42. Interaction Plot for UTS in Epoxy 2 

It can be seen from the interaction plot that the for the addition of various 

percentages of MWCNTs into epoxy 2, the 6 hours stirring produces unpredictable 

results without a clear trend. Though the effect of reinforcement of MWCNTs is good 

with 6 hours of stirring at low weight percentages of MWCNTs (0.5wt %), as the 

reinforcement is increased, the stirring for 6 hours seems to be inadequate. On the other 

hand, the 12 hour stirring produces a clear improvement in UTS as seen from the graph. 

We now evaluate the effect of the various factors on the change in modulus of 

elasticity of epoxy 2.  The adequacy of the model is also shown as in case of UTS using a 

set of plots.  
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Table 15 

Percentage Contribution Table for Modulus in Epoxy 2 

  Term DOF SumSqr MeanSqr 
F 

Value Prob>F 
% 

Contribtn 

Require Intercept             

Model A 1 50779.10 50779.10 10.40 0.0042 1.36 

Model B 4 3516515.75 879128.94 180.08 
< 

0.0001 94.46 

Model AB 4 57730.35 14432.59 2.96 0.0453 1.55 

Error 
Lack Of 

Fit 0 0.00      0.00 

Error 
Pure 
Error 20 97639.25      2.62 

  Residuals 20 97639.25 4881.96      

 

As seen from the above table, the variation in modulus for epoxy 2 is mainly due 

to the factor B which is the percentage of MWCNTs. The contribution of this factor is as 

high as 94.46 % followed the interaction of A and B, which is 1.55 % and then lastly A 

which has a percentage contribution of 1.36 %. 

 This ANOVA shown in table 16 below confirms the significant effect of the 

factors. We can also see that the P values are low; hence this confirms that there is no 

noise involved.  

We further use various plots to confirm the adequacy of the model. The plots 

include outlier plot, normal plot of residuals, residuals vs. predicted plot, residuals vs. run 

number plot and the plot of residuals vs. the factors. 
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Table 16 

ANOVA for Modulus in Epoxy 2 

  Sum of   Mean F     

Source Squares DF Square Value 
Prob > 
F   

Model 3625025.20 9.00 402780.58 82.50 
< 

0.0001 significant 

A 50779.10 1.00 50779.10 10.40 0.0042   

B 3516515.75 4.00 879128.94 180.08 
< 

0.0001   

AB 57730.35 4.00 14432.59 2.96 0.0453   

Pure 
Error 97639.25 20.00 4881.96       

Cor 
Total 3722664.45 29.00         

 

 

 

Figure 43. Outlier Plot for Modulus in Epoxy 2 

 

The outlier plot (Figure 43) shows that there are no outliers in observed in the 

experiment. 
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Figure 44. Normal Plot of Residuals for Modulus in Epoxy 2 

 

The normal plot (Figure 44) shows that there is no serious violation of the 

ANOVA normality assumptions regarding the distribution of the experimental errors. 

 

 

Figure 45. Residuals vs. Predicted for Modulus in Epoxy 2 
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From the Residual Vs Predicted plot (Figure 45) it is observed that the residuals 

are scattered without any specific pattern and no funnel shape is found. Hence, there are 

no violations of constant variance and independency assumptions of the ANOVA 

procedures. 

 

 

Figure 46. Residuals vs. Run for Modulus in Epoxy 2 

 

The Residual Vs Run Number plot (Figure 46) shows that the residuals of the 

observations do not follow any trend with the time order of the observations and hence 

the model does not have a time dependency. 

We further investigate the plots of residual vs. the factors to evaluate if there is 

any trend that can be observed in the values.  

 

 



 

 84

 

 

Figure 47. Residuals vs. Concentration for Modulus in Epoxy 2 

 

 

Figure 48. Residuals vs. Stirring for Modulus in Epoxy 2 
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Figure 49. Interaction Plot for Modulus in Epoxy 2 

 

The observations of modulus are probably the best improvement in properties 

obtained using a 6 hour stirring. It can be seen from the interaction plot that at for all 

percentage of MWCNT addition, the stirring for 12 hours consistently produces better 

result. However, unlike the ultimate tensile strength, the 6 hour stirring produces a good 

improvement in modulus which is very close to the improvement obtained using the 12 

hour stirring. 
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CHAPTER 6 

SUMMARY, CONCLUSION AND FUTURE WORK 

 

 

6.1 Summary 

 Nanocomposite samples of epoxy polymer with various weight percentages of 

multi-wall carbon nanotubes have been successfully fabricated and tested to evaluate the 

improvement in mechanical properties of the epoxy sample due to the reinforcement 

effect of the carbon nanotubes. 

 In Chapter 1, various components of this thesis were discussed and reasons for 

using these components and their advantages and disadvantages were listed. 

 In Chapter 2, a literature review of the various methods used in the preparation of 

carbon nanotube-polymer nanocomposites, especially multi-wall carbon nanotube-epoxy 

polymer nanocomposites was presented. The properties of carbon nanotubes investigated 

in various studies were discussed. The improvements in mechanical strength and other 

properties such as electrical conductivity achieved by the various methods of 

nanocomposite preparation were discussed. It was established that, the dispersion of the 

nanotubes in the epoxy sample was the most important aspect for achieving a good 

reinforcement and hence a good improvement in the properties of the polymer. Some of 

the other factors which were important were type of nanotube used and purity of 

nanotubes. 

 In Chapter 3, the methodology used for selection of materials was discussed. The 

methodology for selection of various parameters used in the preparation of samples and 

testing were also explained. The experimental setup used for sample preparation and 

testing was also discussed. 
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 In Chapter 4, the experimental results obtained were discussed. The improvement 

in the mechanical properties of the epoxy polymer which was obtained by the variation of 

the various parameters such as nanotube concentration in the polymer and quantity of 

solvent, used was discussed. The evaluation of the improvement in properties was 

illustrated using the experimental results as well as using DOE techniques.  

6.2 Conclusions 

 The experimental results showed that the magnetic stir-bar mixing method used in 

the study along with ethanol as the solvent showed a significant improvement in the 

ultimate tensile strength and modulus of elasticity of both types of epoxy polymers. Both 

the modulus and ultimate tensile strength of the epoxy increased with increase in the 

weight percentage of multi-wall carbon nanotubes used as reinforcement.  

 The DOE analysis showed that though the magnetic stir-bar method was useful in 

improving the strength properties, it required a significant quantity of solvent and 

sufficient stirring time to achieve the improvement. 

 The main disadvantage of this process seems to be that it is time consuming. 

However, the use of heat along with stirring may help in faster evaporation of the solvent.  

6.3 Future Work 

 The following recommendations are made for future studies 

• Use of vacuum during the dispersion as well as curing of the composite could be 

used to reduce micro-voids in the nanocomposite.  

• Sonication method could be used to compare and evaluate the efficiency of 

magnetic stir-bar mixing.  

• High aspect ratio multi-wall nanotubes could be used to make a cost evaluation in 

comparison to the strength improvement 
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• Magnetic stir-bar mixing could be used with other solvents to investigate the 

possibility of a faster means of dispersion of the nanotubes 

• Heating could be used during dispersion to reduce the time required for 

evaporation of the solvent. However, in this case, the effect of the heating on the 

properties of the epoxy polymer would also have to be determined 

• Curing time for the composites could be reduced by curing the samples with the 

application of heat 

• SEM observations of the fractured surfaces could be conducted to observe the 

failure mechanism as well as to observe the interfacial bonding of the nanotubes 

with the epoxy polymer matrix 
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