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ABSTRACT 
 
Since the discovery of nanomaterials in early ninety’s, a remarkable progress in the 

synthesis of nanocomposites has been reported looking for a new better material with 

improved physical and chemical properties for a variety of applications in almost all 

fields. The science and technology of nanocomposites has created great excitement 

and expectations in the last decade too. In addition to that, researches in this area 

have been focusing on the nanoscale second phase embedded in the polymeric matrix 

that gives physical and chemical properties that cannot be achieved by ordinary 

material synthesis methods. Researchers have also discovered that incorporating the 

right amount of nanoparticles into a polymer matrix pose a remarkable strength and 

flexibility and that industries should be able to integrate the outcome of their 

researches widely in high performance applications in the field of biomedical 

engineering, aerospace, marine, high speed parts in engines, packaging and sports 

gadgets. With the new methods of synthesis and tools for characterisation, 

nanocomposite science and technology is now experiencing explosive growth. 

Taking advantage of the need and the properties of the nanomaterials, through this 

research a new nano-enhanced composite is developed through addition of nanofiller 

into epoxy matrix to cater for varied applications. 

 
The physical and mechanical properties of the identified nanomaterial reinforced 

polymer composite were characterised by experimentation in order to ascertain the 

improvement in tensile, compressive and flexural properties as well as the adhesion 

of the matrix to the substrate. Also, while addressing potential enhancements like 

improved mechanical strength, better dimensional stability, higher thermal stability, 

better abrasion resistance, hard and wear resistance, better chemical properties like 

better flame retardance, anticorrosive and antioxidation, adequate importance was 

given to easy and bulk processability and most importantly the commercial viability 

as well.  

 
This nano-enhanced nanocomposite was then optimised. Based on these results, it 

has been established that epoxy reinforced with 1% percent of nanoclay can 

significantly improve the mechanical properties without compromising the weight or 

processability of the composite. Thus, a futuristic and much promising nano-

enhanced epoxy composite has been successfully made ready for commercialisation. 
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Chapter 1  

Introduction and Literature review 

1.1 Introduction 

Since the discovery of nanomaterials in early nineteen’s, tremendous progress in the 

synthesis of nanocomposites has been reported looking for better physical and 

chemical properties towards various applications. An increasing amount of research 

has resulted in many nanocomposite polymers being applied in a larger extent to 

industrial, biomedical and electronic consumer products.  

 

While taking advantage of the advanced processing techniques available from 

synthesis through characterisation to commercialisation, this research project is 

aimed at identifying, establishing, developing and characterising a nano-enhanced 

composite to suit a variety of applications. Also, through this research, a detailed 

understanding about the properties of potential nanofillers, matrices, possible 

processing techniques and compositing methods were established through in-depth 

study adopted with utmost care at every stage to identify an optimal solution. In the 

latter part, the results were discussed in correlation with different bonding theories to 

substantiate the conclusions made.  

1.2 Background  

Composites are becoming common in the polymer science. The term composite often 

refers to a specific category of advanced material prepared by combining or 

compositing different materials of required properties to suit particular niche 

applications. Thus, these composites have emerged primarily as a result of the need 

where enhanced strengths and performances were required. For example, many 
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conventional materials that we use in our day-to-day life like plywood and reinforced 

concrete are composites since they consist of combination of materials. Whereas, the 

newly developed nano-enhanced composites meet not only the above said demand 

but are also capable of resisting fatigue, corrosion and vibration besides offering 

improved physical, mechanical and electrical properties [1]. These nano-

enhancements are normally done using reinforcement of nanofillers like nanocarbon, 

nanoclay, carbon nanotubes, nanometals and metal oxides etc into the polymer 

matrix. These composites can also be moulded into any shapes to suit varied 

applications where less weight, good strength and high flexibility are basic needs. 

These nanocomposites take advantage of the unique properties of the added 

nanofillers that are developed to optimise the mechanical and electrical properties, 

besides cutting down the cost of the end product as well. Some of the specific 

applications using these nanocomposites include structural materials, high 

performance coatings, catalysts, electronic and photonic components, magnetic 

materials, biomedical materials, grinding wheels, underground electrical cables, 

super conducting ribbons and sports materials [2]. 

 

As mentioned earlier, nanoparticle reinforced composites consist of nanoparticles 

dispersed in a matrix of a polymer material. The prefix of the word ‘nano’ indicates a 

scale factor of 10-9. A particle of nano size has at least one linear dimension in the 

range of nanometers. Since it requires about 3 atoms to 10 atoms, depending upon 

the element, to span one nanometer, a few hundred atoms are about the limit of the 

dimension of a nanoparticle. But being of a nano size is not what attracts such great 

interest in nanomaterials, it is their properties. These nanoparticles may have any 

shape and size but are mostly spherical, ellipsoidal or polyhedral in shape. In this 

research, spherical nanocarbon and nanoclay were used to reinforce the epoxy resin 

matrix. These nanofillers weigh less, mould more easily, process dramatically faster 

and produce better properties. Also, it is important to note that the properties of these 

nanofillers are different from those of the same material at the macro scale. While 

these nanofillers possess excellent mechanical properties to play the role as 

reinforcement by imparting strength and toughness, nanofiller reinforced composites 

could ultimately provide the foundation for a new class of strong and lightweight 

materials with mechanical and electrical properties which were not available in the 

conventional composites. While nanocomposites have been widely reported to 
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enhance polymers, both mechanically and physically, at this time, there are only a 

few structural applications, despite a large number of reports claiming improved 

mechanical properties. However, limited studies in the synthesis and lack of 

processing technique to uniformly distribute these nanoparticles in a resin base 

hinder the development of new composites.  

 

Nanotechnology is anticipated to lead a wide range of technical innovations in the 

near future. Nano-science seeks to gain knowledge and understanding of nano scale 

phenomena, while nanotechnology employs this knowledge in the development of 

new products. These products can be materials like nanocomposites with enhanced 

strength, wear resistance, corrosion resistance or high temperature endurance as 

discussed earlier. But in general, they are the materials with enhanced performance. 

On the whole, nanocomposite materials are going to provide novel opportunities in a 

wide range of technical fields.  

 

In this research, we have included earlier research results reported so far in the 

literature and work from then on towards synthesising and characterising a nano-

enhanced epoxy composite. Therefore the entire preliminary research process is 

carried out in three steps. They are as follows.  

 

• Study of possible nanofillers for their properties 

• Study of possible resins for their properties 

• Analysis of the market demand and applications 

1.3 Study of possible nanofillers for their properties 

A good deal of research work has being carried out on few of the chosen 

nanoparticles and their contribution in the field of plastics. While we look at the 

applications, they demonstrate that just a small portion of these tiny particles can cut 

weight compared to higher loadings of conventional fillers. And at the same time, 

they do not compromise the benefits such as improved mechanical properties, scratch 

resistance, barrier properties, fire resistance and dimensional stability. Researchers 

have found that, carbon nanotubes possess such a remarkable flexibility and strength 
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which industries should be able to incorporate them into high performance sports and 

aerospace materials [3]. Carbon fibre composites using graphite are already been 

used in manufacturing tennis rackets and other products because of their strength and 

lightness.  

 

While selecting and studying nanofillers for their properties towards the proposed 

research, besides considering the application and the availability, more weight has 

been given to the market demand and the commercial aspect of the end product in 

order to ensure that the outcome of the research would certainly become a value 

added product. This also ensures the easy processability and marketability of the 

final nano-enhance composite. Some of the below stated nanofillers considered for 

this research are substantiated on the grounds of their properties and the end 

applications. They are: 

 

• Carbon nanotubes 

• Nanoclay  

• Nanocarbon 

• Aluminium oxide nanopowder 

1.3.1 Carbon nanotubes  

In 1991, long and thin cylinders of carbon nanotubes (CNT) were discovered by             

S. Iijima [3]. After the discovery, there has been a phenomenal growth in the 

synthesis of various composites using these carbon nanotubes. Most syntheses were 

aimed at enhancement of the matrix properties in order to meet special needs and 

applications. A carbon nanotube is what result if a single graphite sheet is rolled into 

a long thin tube. It is basically a large molecule of unique size and shape and entirely 

made-up of carbon atoms, with interesting and remarkable properties. However, the 

carbon nanotubes vary in size and are not always perfectly cylindrical. They are 

similar to the structure of graphite. 

 

There are two types of carbon nanotubes defined according to the structure. They are 

single-walled nanotubes (SWNT) and multi-walled nanotubes (MWNT). SWNTs 

have only one wall, so they are like a single sheet rolled up into a tube. MWNTs are 
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a bundle of SWNTs arranged in a concentric fashion to look like an expandable 

telescope. The former one has a typical outside diameter of 1 nm to 2 nm as shown 

below while the latter one has an outer diameter of 8 nm to 12 nm [3]. They can 

range in length from the typical 10 microns to as much as 100 microns and have at 

least a 1000:1 aspect ratio [3].  

 

 
Figure 1.1: Layout of a Single Walled Carbon nanotube [3]   

 

 
Figure 1.2: Structure of a Single Walled Carbon nanotube [3] 

 

Table 1.1: Properties of carbon nanotubes [4] 

Properties of carbon nanotubes 

Young’s Modulus 1250 GPa 

Tensile breaking strength 11- 63 GPa 

Elongation to failure 20% - 30% 

Density 1.33 g/cm3 - 1.40 g/cm3 

Size 5 nm - 50 nm Diameter 

 

A nanotube thread is extremely light in weight and extremely strong because each 

nanotube has a very strong molecular structure. Recent studies have suggested that 

single-wall carbon nanotubes have a tensile strength upto 50 GPa to 100 GPa and a 

modulus of 1 TPa to 2 TPa [5]. Carbon nanotubes have 50 times the tensile strength 

of stainless steel and 5 times the thermal conductivity of copper [5]. When 

Diameter will be 

as low as 1nm 
Length can be few µm 
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incorporated into a polymer matrix, they have the potential to boost the electrical and 

thermal conductivity over those with traditional fillers like carbon black or metal 

powders [6].  

 

The addition of low volume i.e. less than 5% by weight of carbon nanotubes to 

plastic will make it electrically conductive. This interesting property of carbon 

nanotubes has resulted in the development of electrostatic paints. These types of anti-

static coatings are used in the shipping and storing of electronic goods to prevent 

damages to any of its sensitive electronic components. Also, static dissipative 

compounds containing carbon nanotubes protect disc read or write heads [6]. 

Similarly, low loading of carbon nanotubes would increase the speed of thermal 

dissipation from the coating of resin, resulting in a much faster curing time. This 

would clearly be of interest in automated processes where the speed of curing limits 

the rate of production, to save cost on production. Also, carbon nanotubes possess 

excellent mechanical properties such as reinforcement, for imparting strength and 

toughness. These carbon nanotubes can be dispersed to develop nano-enhanced 

composites using two methods. They are by physical mixing or ultrasonic dispersion 

techniques [6]. 

 

However, the physical properties are still being fully discovered and disputed, and 

the market for these carbon nanotubes has already started growing in finding niche 

applications. There are still some major barriers to overcome in processing nanotubes 

for nano-enriched composites. Currently, investigations are carried out to find 

creative ways to catalyse the production of nanotubes from carbon, besides 

compositing them. It is has been confirmed that identifying the optimum operating 

parameters and right processing techniques can only produce high-yielding nanotube 

composites. While optimising the operating parameters, what makes it so difficult is 

that the property of nanotubes exhibiting a very broad range of electronic, thermal 

and structural properties for every little change in its diameter, length and twist [7]. 

And the lack of processing techniques to uniformly distribute these carbon nanotubes 

has restricted further studies. Also limited knowledge about the toxicity of carbon 

nanotubes also kept researchers in dispute for long [7]. All these factors at large 

contribute to the cost of the carbon nanotubes. 
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1.3.2 Nanoclay  

Nanoclay is usually a layered material with a thickness in the order of 10 A° and with 

a width extending up to 1000 nm. One gram of powdered material can have billions 

of nanoparticles with a surface area of many square meters [8].  The particle size is 

one of the most important aspects of nanoclay and the knowledge of knowing not 

only the average size but also understanding how the sizes are distributed would be 

of great importance in nano-compositing. Nanoclay increases stiffness, strength and 

heat resistance but decreases moisture absorption, flammability and permeability to 

gas and water. This in turn can result in significant weight reduction, which is of 

obvious importance in various military, boat building and aerospace applications. 

Here in this research, some of the vital properties of nanoclay with relevance to their 

applications in the advancement of nano-science are discussed in detail. 

 

Currently, polymer barrier technology is one of the areas getting a boost from 

nanoclays. Mitsubishi and Honeywell are both using Nanocor's nanoclays in nylons 

as barrier layers, in multi-layer PolyEthylene Terephthalate (PET) bottles and films 

for food packaging. Honeywell has launched its Aegis nylon-6 nanocomposites 

initially with PET bottles for beer. The U.S. military and National Aeronautics and 

Space Administration (NASA) in conjunction with Triton Systems Inc., are looking 

into nanoclay as a barrier enhancer in long shelf-life packaging up to 3 years to 5 

years without refrigeration, besides taking advantage of its good clarity, 

processability and recyclability [9].  

 

Extensive research at National Institute of Standards and Technology (NIST) has 

established the effectiveness of nanoclay as flame-retardant synergists. According to 

their research report, loading of nanoclay level up to 2% and 5% in nylon6 reduces 

the rate of heat release by 32% and 63% respectively [10]. Specialty compounder 

Foster Corporation is the first company to introduce flame retardant nylon-12/nano-

clay compounds for tubing and film making in 2001. Germany's Sud-Chemie also 

has offered a modified nanoclay called Nanofil as flame-retardants. It has been found 

that, in general, loading of 1% to 5% nanoclay into a polymer matrix improves 

flame-retardency [11]. Also, the ability of nanoclay incorporation to reduce the 

flammability of polymeric materials was the major theme of the paper presented by 
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Gilman of the National Institute of Standards and Technology in the US. In his work, 

Gilman demonstrated the extent to which flammability behaviour could be restricted 

in polymers such as polypropylene with as little as 2% nanoclay loading [12]. Also, 

by increasing to 8% nanoclay, it reduces the heat distortion temperature (HDT) to 

nearly 30% per degree Centigrade. This led to potential utilisation as housings on 

vehicles, door handles, engine covers and timing belt covers.  

 

Among its many other virtues, nanoclay can work as a nucleating agent to control 

foam cell structure and enhance properties of polymeric foams for applications in 

insulation and packaging. According to a study in chemically foamed Low Density 

Polyethylene (LDPE)/wood-fibre compounds by The University of Toronto's 

Department of Mechanical and Industrial Engineering, addition of 5% nanoclay to 

the mix would decrease the cell size but increase the cell density to facilitate foam 

expansion. During one of their experiments, when they burned the foam, it showed 

good char formation [13]. Similar results were obtained in LDPE/nano-clay foam 

blown with CO2 gas. Researchers at Ohio State University's Department of Chemical 

Engineering have found that when Polymethyl methacrylate (PMMA) is surface 

coated with small amount of nanoclay, reduces cell size and increase cell density in 

microcellular Polystyrene foamed with CO2 [14]. Another study showed that smaller 

cell size and higher density could be achieved with 5% nanoclay in polyurethane 

foams blown with pentane or water.  

 

While clays are distinguished from other small particles present in soils by their size 

or layered shape, their affinity towards water and the tendency toward plasticity are 

high. Clay is plastic when it is wet which means it can easily be shaped and when it 

dries, it becomes firm. Also, when it is subjected to high temperatures such as firing, 

permanent physical and chemical reactions occur which cause the clay to be 

converted into a ceramic material. In addition to that, water-laden atmospheres have 

always been considered as one of the most damaging and difficulty environments to 

the growth of polymeric nanocomposites in such applications. In this situation, the 

ability to minimise the water absorbtion could be of great advantage. Data provided 

by Beall from Missouri Baptist College indicate that a significant volume of 

incorporation of nanoclay into a polymer matrix can reduce the extent of water 

absorption. Thus, applications in which contact with water or moist environments 
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involved is likely to be benefited by incorporating nanoclay as fillers in hygroscopic 

polymers [15].   

 

Nanoclay particles are one of the most widely used nanofillers in many structural 

applications because they are abundant in nature and thus are inexpensive and 

moreover they have high in-plane strength and stiffness.  Nanoclay composites are 

usually used to provide various rheological characteristics to solvent based or oil 

based formulations. Also, in-comparison with conventionally filled polymers, 

incorporation of nanoclay into a polymer matrix has shown a significantly improved 

transparency besides reducing haze. Apart from the above-discussed applications of 

nanoclay in composites, these are some of the more general applications currently 

being considered as impellers and blades for vacuum cleaners; power tool housings; 

mower hoods and covers for portable electronic equipment such as mobile phones, 

pagers, laptops etc. 

 

One of the few disadvantages associated with nanoparticle incorporation is concern 

about toughness and impact performance. Louisiana State University's Mechanical 

Engineering Dept. reports that 4% to 5% nanoclay increases the flexural strength and 

elongation of epoxy syntactic foams, when used as core material for composites in 

structural applications [16]. At the same time, the most discussed benefit of nanoclay 

is its impact modulus balance. Data provided by Hartmut Fischer of Netherlands 

Organization for Applied Scientific Research (TNO) relating to polyamide 

montmorillonite nanocomposites indicate tensile strength improvements of 

approximately 40% and 20% at temperatures of 23°C and 120°C respectively and 

modulus improvements of 70% and remarkable 220% at the same temperatures [17]. 

Similar mechanical property improvement like increase in stiffness was also noticed 

with Polymethylmethacrylate/nanoclay composites while reducing the warp to 

control shrinkage. During this research, the importance of complete exfoliation of 

nanoclay in epoxy matrix was stressed as the key performance requirement to 

achieving nano-enhanced properties because complete exfoliation will enhance the 

physical property modulus. The physical property modulus is the indication of 

reinforcing effect with the aspect ratios. 
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While there are a handful of fully compounded, nanocomposite materials in the 

market, there are also highly loaded nanoclay master batch materials available which 

can provide the processor the ability to truly tailor an existing material to the 

requirements needed for various applications. 

1.3.3 Nanocarbon  

Carbon is widely distributed in nature as an element of prehistoric discovery, which 

can exist as black graphite, colourless gem diamond or as fullerenes. Carbon is found 

in abundance in the sun, stars, comets and atmospheres of most planets. It is found in 

hydrocarbons like methane gas, oil and coal and also as carbonates like limestone 

and dolomite. Carbon is unique among other elements by the variety of compounds it 

can form. Mostly with the combination of hydrogen, oxygen and nitrogen it forms 

very large numbers of compounds because of its unique ability to form chains are 

thought to be the most important reason for the dependence of life on this element. It 

is also an indispensable source for various everyday products.  

 

Carbon is more essential to life, because only carbon forms strong single bonds to 

itself that are stable enough to resist chemical attack under ambient conditions [18]. 

This gives carbon the ability to form long chains and rings of atoms as shown in 

figure 1.3. These long chains and rings of atoms become the structural basis for 

many compounds that comprise the living cell, of which the most important is the 

DNA [18]. There are several million known carbon compounds, many of which are 

vital to organic and life processes as above.  

 

Carbon oxides exist in several allotropic forms such as amorphous, graphite and 

diamond. While graphite is used in lubricants, diamond is one of the hardest known 

materials. This difference is purely because of the arrangement of atoms in each of 

the two forms. In graphite, hexagonal rings are joined together to form sheets, and 

the sheets lie one on top of the other. In diamond, the atoms are arranged tetrahedral 

in a tetrahedrally continuous array [19]. 
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Figure 1.3: Molecular structure of nanocarbon [18] 

 

But carbon nanoparticles occur in five different basic forms. They are diamond, 

graphite, fullerenes, nanotubes and nanocones. Most of the research activities in 

nanocarbon are focussed on the last two, which are of the most interest for new 

technological applications because of their enormous tensile and compressive 

strength.  
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Table 1.2: Properties of nanocarbon [20] 

Properties of nanocarbon 

Atomic Number 6 

Melting Point 3652°C 

Boiling Point 4827°C 

Density 2.2 g/cm3 at 20°C 

Size 10-9 m (1 nm) 

Atomic radius 0.077 nm 

Heat of fusion 100 kJ·mol−1 

Crystal structure Hexagonal 

Thermal conductivity 300 K for graphite 

Mohs hardness 1-2 for graphite 

 

Nanocarbon is known for its self-lubricating and dry lubricating properties. It is 

unique in its chemical properties because it forms a number of components greater 

than the total of all the other elements in combination with each other. Nanocarbons 

are sold to the tune of 1 million tonnes annually worldwide because they are far less 

expensive than carbon nanotubes. This adds the advantage of being used as the most 

widely adopted nanofiller for many advanced industrial applications. 

1.3.4 Aluminium oxide nanopowder  

Aluminium oxide, commonly referred as alumina with the chemical formula Al2O3. 

As indicated, it is a chemical compound of aluminium and oxygen with strong ionic 

interatomic bonding, giving rise to its desirable material characteristics. This can 

exist in several crystalline phases, which can be reverted to the most stable 

hexagonal alpha phase at elevated temperatures. Alpha phase alumina is the strongest 

and the stiffest of the oxide ceramics. Its high hardness, excellent dielectric 

properties and good thermal properties make it the material of choice for a wide 

range of applications [20]. It is also known for its excellent size and shape 

capabilities with high strength and stiffness too. Annual world production of 

aluminium oxide is approximately 65 million tonnes, over 90% of which goes to the 

manufacture of aluminium metal. 
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Aluminium oxide nanopowder with an average particle size of 40 nm to 50 nm holds 

a specific surface area of 35 m
2

/g to 45 m
2

/g [21]. It has twice as many particles per 

kg but approximately 50% less dense than the metallic media. Aluminium oxide is 

also known for its resistance to weathering and its resistance to strong acids and 

alkalis, even at elevated temperatures [22].  

 

Table 1.3: Physical and Chemical properties of Aluminium oxide [20] 

Physical and Chemical properties of Aluminium oxide 

Odour Odourless 

Solubility Insoluble in water 

Boiling Point 2980°C  

Melting Point 2000°C  

Stability Stable under ordinary conditions 

Hazardous Polymerisation Will not occur 

Incompatibilities Chlorine trifluoride, Ethylene oxide 

Conditions to Avoid Incompatibles 

Water Absorption Nil 

Crystal structure Cubic 

Average Particle Size  10 nm - 50 nm 

Specific Surface Area 35 m2/g - 45 m2/g 

Colour Ivory 

 

It has been found that the thermo-mechanical characteristics of nanocomposite using 

nanoaluminium oxide can also be improved by controlling the nanostructure. Melting 

points and sintering temperatures can be reduced up to 30%, if the material is made 

of nanoaluminium oxide powders [23]. Such materials are investigated as 

alternatives for titanium in components of liquid propelled rocket engines, since they 

are lighter and less susceptible to the embrittlement by hydrogen.   

 

 

 

 

 



 25

Table 1.4: Mechanical, Thermal and Electrical properties of Aluminium oxide [24] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aluminium oxide grit powder has a wide variety of applications ranging from 

cleaning engine heads, valves, pistons and turbine blades in the aircraft industry to 

lettering-in monument and marker inscriptions. It is also commonly used for matt 

finishing as well as cleaning and preparing parts for metallising, plating and welding. 

Mechanical  Units of Measure SI/Metric 

Density g/cm3 3.89 

Porosity % 0 

Flexural Strength MPa  379 

Elastic Modulus GPa  375 

Shear Modulus GPa  152 

Bulk Modulus GPa  228 

Poisson’s Ratio — 0.22 

Compressive Strength MPa  2600 

Hardness Kg/mm2 1440 

Fracture Toughness KIC MPa•m1/2 4 

Maximum Use Temperature  °C  1750 

Thermal    

Thermal Conductivity W/m°K  35 

Coefficient of Thermal 

Expansion 
10–6/°C  8.4 

Specific Heat J/Kg•°K  880 

Electrical    

Dielectric Strength kv/mm  16.9 

Dielectric Constant @ 1 MHz 9.8 

Dissipation Factor @ 1 kHz 0.0002 

Volume Resistivity ohm•cm >1014 
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As an angular durable blasting abrasive, aluminium oxide can be recycled many 

times. It is the most widely used abrasive in blast finishing and surface preparation 

because of its cost, durability and hardness. It is harder than other commonly used 

blasting materials and can penetrate and cut even the hardest metals and sintered 

carbide. Therefore, it is very widely used as an abrasive as a significantly less 

expensive replacement for industrial diamonds. Many types of sandpaper use 

aluminium oxide crystals. The major uses of speciality aluminium oxides are in 

refractories, ceramics, polishing and abrasive applications. Aluminium oxide is used 

in certain CD and DVD cleaning kits. This can polish the media surface, leaving it 

clean and relatively scratch free. Aluminium oxide is the best choice for preparing a 

surface for painting. 

 

Nanoaluminium oxide is one of the most cost effective and widely used materials in 

composite industry too. With an excellent combination of properties at an attractive 

price, it is no surprise that this research has included nanoaluminium oxide towards 

very wide range of applications in biomedical engineering as well.  

1.4 Study of possible resin matrix for their properties 

Considering the processability and the market potential, the following resins were 

considered for the synthesis process. While doing so, maximum emphasis was given 

to accommodate the above-discussed nanofillers towards the enhancement aimed at. 

 

• Thermoset resins 

o Epoxy  

• Thermoplastic resins 

o Polymethyl methacrylate (PMMA)  

o Polyvinylidene dietheylene fluoride (PVDF) 

o Polyurethane 

1.4.1 Thermoset resins 

Looking at the versatile nature of epoxy, it has been considered to have a greater 

advantage with regard to the future prospects of this research in extending the 
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outcome of this research, in developing functional applications and in biomedical 

engineering. In fact, epoxy can be developed to meet a wide range of applications 

because of its superior matrix properties.  

1.4.1.1 Epoxy  

Epoxy resins, both monomers and oligomers, can be powders or they can be thick 

and clear or yellow liquids with strong and unpleasant odours. They are known for 

their excellent adhesion, chemical and heat resistance, excellent mechanical and 

good electrical insulating properties. Moulding a fibre reinforced epoxy composite is 

much easier compared to other thermoset resins [25]. The typical applications of 

epoxy are in adhesives, electrical parts, coating and lamination process, 

moulds/dies/tools and in military, biomedical and automotive fields.  

 

 
Figure 1.4: Typical structure of epoxy molecule (Courtesy: 3D Chem) [26] 

 

Epoxy being a thermoset polymer, during the process of curing, when mixed with a 

curing agent or a hardener, polymerises and cross-links. In other words, this curing 

agent reacts with epoxy resin monomers to form an epoxy product. The curing agent 

selection will determine to a large extent the performance of the final epoxy 
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composite. Polyester thermosets typically use a ratio of at least 10:1 of resin to 

hardener, whereas epoxy composites use as low as from 5:1 to 1:1 [26]. Epoxy 

composites tend to harden somewhat more gradually while polyester materials tend 

to harden quickly.  

 

Table 1.5: Properties of Epoxy [25] 

Properties of Epoxy 

Density 1.54 g/cm3 

Tensile Modulus, E 3.5 GPa 

Poisson’s ratio, ν 0.33 

Shear Modulus, G 1.25 GPa 

Longitudinal Tensile Strength, σ 60 MPa 

Longitudinal Thermal Expansion, α 57.5×10-6 K-1 

 

Fillers add bulk and body to epoxy products and thus epoxies can be modified. These 

fillers are usually powders such as silica, clay, alumina and calcium carbonate and 

fibres like fibreglass and asbestos. Normally, during industrial applications, 

machinability of the epoxy-based end product can be improved by adding powdered 

aluminium, copper, calcium carbonate or calcium silicate to the epoxy resin base. 

Similarly abrasion resistance can be improved by adding aluminium oxide, flint 

powder, carborundum, silica or molybdenum disulfide. Impact strength can be 

improved by adding chopped glass or other fibrous materials. Electrical properties 

can be improved by adding mica, silica or powdered or flaked glass. Thermal 

conductivity can be improved by adding metallic fillers or coarse sand or alumina. 

Finally, anti-settling or flow properties can be improved by adding colloidal silica or 

clay. Thus, epoxy resin exhibits its versatile nature in accommodating various fillers 

to develop a variety of end products to suit various applications. Epoxy composites 

can be developed to meet almost any application. Also, during an epoxy 

composition, the addition of fillers, flexibilisers, viscosity reducers, colorants, 

thickeners, accelerators and adhesion promoters can lower the costs, reduce 

exotherm, extend pot life, improve processing convenience and achieve greater 

improvement what this research is actually looking for [27]. 
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In addition, epoxy resins are the major part of the class of adhesives called 

‘structural’ adhesives. These high performance adhesives are normally used in the 

construction of aircraft, automobiles, bicycles, golf clubs, skis, snowboards and other 

applications where high strength bonds are required. Also, they are exceptional 

adhesives for wood, metal, glass, stone and some plastics. Epoxy resins can be made 

flexible or rigid, transparent, opaque or coloured and fast setting or extremely slow 

setting. Further, epoxy adhesives are almost unmatched in heat and chemical 

resistance among common adhesives. Usually epoxy requires heat curing for 

maximum performance [28]. Therefore epoxy adhesives cured with heat will be 

more heat and chemical resistant than those cured at room temperature. Also, the 

peak adhesion strengths achievable for epoxy/metal interfaces depends greatly on the 

types and sequences of wet chemicals used to treat the surface. For all these reasons, 

they are used in high performance and decorative flooring applications too. Whereas, 

in the aerospace industry, epoxy reinforced with fibre is used as a structural matrix 

material. 

 

Epoxy coatings are also widely used as primers to improve the adhesion of 

automotive and marine paints especially on metal surfaces where corrosion 

resistance is important. However, they are not used in the outer layer of a boat as 

they can deteriorate when exposed to ultra violet light. But they are often used during 

boat repair and assembly and also over-coated with conventional paints or marine 

varnishes which can provide ultra violet protection [29]. Also, metal cans and 

containers are often coated with epoxy to prevent rusting especially for foods like 

tomatoes, which are acidic in nature.  

 

Epoxy resin is an excellent electrical insulator too. It helps to protect electrical 

components from short-circuiting due to dust and moisture. Hence, epoxy resins are 

important in the electronic industry, finding application in motors, generators, 

transformers, switchgears, bushings and insulators. Also, in the electronic industry, 

epoxy resins are the primary resin used in moulding integrated circuits, transistors 

and hybrid circuits. The cured epoxy is an insulator and a much better conductor of 

heat than air. Using epoxy in transformers and inductors, greatly reduces hot spots 

which in turn give the component a stable and longer life than unpotted products 
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[30]. Normally, wet chemical surface synthesis reactions are employed on thin epoxy 

layers for usage as a build-up layer in microelectronics.  

 

Another interesting property of epoxy is that it does not stick to mould release 

compounds like paraffin wax, polyethylene sheeting, sandwich bags and the non 

glued side of packaging tape which is of great use during lay-ups and also during the 

manufacturing of precision parts.  

 

Though they are more expensive than polyester resins, in brief, the purpose of 

selecting epoxy as the base resin for this research is because of its unmatching high 

chemical and thermal resistance, good adhesion to various materials, compatibility 

with various substrates and other additives, low shrinkage, availability of solvent free 

formulations, light in colour, easy to control viscosity and low vapour pressure 

besides holding good to excellent mechanical properties and very good electrical 

insulating properties.  

1.4.2 Thermoplastic resins 

Thermoplastic resins for their reversible property besides being easy to process find 

wider applications in nano-science too. With these advantages in the background, 

during this research an attempt has been made to develop nano-enriched polymer 

composites. Some of the thermoplastic resins considered for this research are 

discussed below for their properties.  

1.4.2.1 Polymethyl methacrylate (PMMA) 

Polymethyl methacrylate (PMMA) was developed in 1928 in various laboratories but 

was then first brought to the market during 1933 by a German company called Rohm 

and Haas (GmbH & Co. KG). PMMA is a clear and rigid plastic and often used as an 

alternative to glass. It is a low dense plastic and its density can range between 1150 

kg/m3 to1190 kg/m3, which is less than half the density of glass. PMMA has higher 

impact strength than glass. So it does not shatter but instead breaks into large pieces 

during high impacts. On the other hand, PMMA is softer and can be more easily 

scratched than glass. But this can be overcome by using a scratch-resistant coating. 

PMMA is typically processed at a lower temperature than glass, i.e. around 240°C to 
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250°C which is one of the good reasons for its wider market than glass. PMMA does 

not filter ultraviolet (UV) light. PMMA transmits UV light down to 300 nm. PMMA 

allows infrared light up to 2800 nm wavelength to pass but aids as a resistance in the 

electron beam lithography process [31]. 

 

Table 1.6: Properties of Polymethyl methacrylate (PMMA) [31] 

Properties of Polymethyl methacrylate (PMMA) 

Density 1.19 g/cm3 

Refractive index 1.492 (λ=589.3 nm) 

Specific gravity 1.18 

Melting point 130°C - 140°C 

Boiling point 200°C 

Tensile strength  70 MPa 

Flexural modulus  2.9 GPa 

Maximum operating temperature  55°C 

 

Since PMMA is basically a clear material it can take a very good glossy finish. 

PMMA windows can be made as thicker as 33 cm, and still they remain transparent. 

This makes it a right material for making large aquariums, whose windows must be 

thick in order to contain the high pressure due to a large volume of water. PMMA 

glasses are used in viewing ports and even in the complete hulls of submersibles. 

Polycast stretched acrylic sheet is the most widely used material in aircraft windows 

[32]. PMMA are also employed in domed skylights, swimming pool enclosures, 

aircraft canopies, instrument panels, spectator protection in ice hockey stadia and 

luminous ceilings. PMMA is also occasionally used as a glass substitute in picture 

framing for cost saving reasons besides being light in weight and its shatter-

resistance. Also it can be ordered in larger sizes than standard picture framing glass 

[32]. 

 

PMMA can also be easily polished to restore cut edges to full transparency and 

hence it finds greater applications in lighting and glazing. PMMA is used in the 

lenses of exterior lights of automobiles. Motorcycle helmet visors and glasses in 

police vehicles used for riot control often have the acrylic glass to protect the 
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occupants from thrown objects. Many other products like electric guitars and drums 

are sometimes made with acrylic glass to get a transparent look.  

 

In the field of medicine, PMMA has a high degree of compatibility with human 

tissue, so it can be used for replacement of intraocular lenses in the eye, when the 

original lenses are removed during the treatment of cataracts [33]. In orthopaedics, 

PMMA bone cement is used to affix implants and to remodel lost bones. Dentures 

are often made of PMMA and can be colour matched to the patient's teeth and gum 

tissue. In cosmetic surgery, tiny PMMA microspheres suspended in some biological 

fluid are injected under the skin to reduce wrinkles or scars permanently [33].  

 

Apart from the above-discussed applications of PMMA with regard to its properties, 

here are some of the varied ranges of other applications. Acrylic paints essentially 

contain PMMA suspended in water. PMMA can be joined using cyanoacrylate 

cement, which is commercially called Superglue to dissolve the plastic at the joint, 

which then fuses and sets to form almost an invisible weld.  

1.4.2.2 Polyvinylidene fluoride (PVDF) 

Polyvinylidene fluoride (PVDF) is a highly non-reactive and thermoplastic 

fluoropolymer. It was developed primarily for applications demanding excellent 

chemical resistance, high levels of purity and superior mechanical properties. PVDF 

is often used as a lining or protective barrier in chemical industry applications. 

Compared to other fluoropolymers, it has relatively low melting point which in-fact 

enables easier melt processing [34]. It can also be injection moulded and welded and 

hence it is commonly used in the chemical, semiconductor, medical and defence 

industries. Also it has a relatively low density and it is of low cost too.  

 

 

 

 

 

 

 

Table 1.7: Properties of Polyvinylidene fluoride (PVDF) [34] 
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PVDF is a ferroelectric polymer too and hence it can exhibit efficient piezoelectric 

and pyroelectric properties. These particular characteristics of PVDF make it useful 

in sensor and battery applications. Thin films of PVDF are used in some newer 

thermal camera sensors [35]. 

 

PVDF is also used as a principal ingredient in many high-end paints for metals. 

These PVDF paints have extremely high gloss look and good colour retention too.  

 

The main purpose of including PVDF in this research is because it is known for its 

excellent resistance to creep and fatigue, excellent thermal stability, excellent 

radiation resistance, superior tensile properties and impact strengths, excellent 

resistance to reduce high dielectric strength over a wide temperature ranges.  

1.4.2.3 Polyurethane 

Polyurethane is a polymer consisting of a chain of organic units joined by urethane 

links. The German chemist, Friedrich Bayer in the year 1937, initiated research in the 

chemistry of polyurethane materials. Polyurethanes are light in weight and have a 

high degree of stretchability, which makes them good for applications in sports 

Properties of Polyvinylidene fluoride (PVDF) 

Density 1.76 g/cm3 

Coefficient of expansion, α 0.18×10-6 K-1 

Appearance Whitish or translucent solid 

Solubility in water Not soluble in water 

Melting point 134°C - 169°C 

Thermal conductivity 0.18 W m-1 K-1 

Specific gravity 1.77 

Percentage of elongation 300 to 450 

Tensile strength 4500psi - 6200psi 

Flexural strength 8600psi - 9500psi 

Compressive strength 11,600psi 

Tensile elastic modulus (Young's modulus) 160,000psi 

Flexural modulus 90,000psi ~ 168,000psi 
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apparels. Though the properties of the polyurethane are determined mainly by the 

choice of polyol and to some extent by the di-isocyanate, the curing rate is influenced 

by the functional group. And the molecular shape influences the mechanical 

properties. But the existence of di-isocyanate affects the stability of polyurethane 

when exposed to light [36].  

 

As polyurethane products have many uses, some of the relevant ones are discussed 

here. Over three quarters of the global consumption of polyurethane products is in 

the form of flexible and rigid foams, roughly equal in market size. Rigid foams are 

usually inside the metal and plastic walls of most refrigerators and freezers or behind 

other surface materials in the case of thermal insulation panels in the construction 

sector. The precursors of expanding polyurethane foam are available in many forms 

for the use in insulation, sound deadening, flotation, packing material and even in 

upholstery padding. Since they adhere to most surfaces and automatically fill voids, 

they have become quite popular in these applications [37]. As an adhesive, 

polyurethane is also used to glue windshields into automobiles. Polyurethane is used 

as an adhesive, especially as woodworking glue for its main advantage of being 

water resistant over more traditional wood glues.  

 

In addition, polyurethane has many characteristics that make them useful in a much 

wider variety of applications. Polyurethane is also used in making solid tyres. 

Microcellular foam variants are widely used in tyres of wheelchairs and bicycles. It 

is widely used in high performance adhesives and sealants, gaskets, condoms, carpet 

underlay and hard plastic parts. These foam types are also widely used in car steering 

wheels and other interior and exterior automotive parts including bumpers and 

fenders due to its unique property of good stretchability and also in places where 

tight grips are needed [37]. Polyurethane ensures grip and wraps neatly. Polyurethane 

has been used to make tennis overgrips. It is used on the bottom of some mouse pads 

too. 

 

With additives like nanofillers, polyurethane can improve its fire resistance and 

stability difficult chemical environments besides, as well as other physical and 

mechanical properties to suit the need of the desired end product [38]. The following 

Table 1.8 show where polyurethanes are used.  
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Table 1.8: Applications of polyurethane during 2006 (US Chemical data Inc., 2006) 

Application 
Amount of polyurethane used 

(Millions of pounds) 
Percentage of total 

Building and Construction 1,298 23.8 

Transportation 1,298 23.8 

Furniture and Bedding 1,127 20.7 

Appliances 278 5.1 

Packaging 251 4.6 

Textiles, Fibres and Apparel 181 3.3 

Machinery and Foundry 178 3.3 

Electronics 75 1.4 

Footwear 39 0.7 

Other uses 558 10.2 

Total 5,444 100 

 

Polyurethanes are considered for this research for their excellent electrical properties, 

excellent adhesion, impact strength and low temperature flexibility, besides being 

cheap and easily available in the market, making a commercial project viable in the 

latter stage.  

1.5 Analysis of the market demand and applications 

The purpose of carrying out a detailed market survey is to understand the overall 

market demand and growth rate in the field of nanocomposites, in order to ascertain 

the target segment towards capitalising the outcome of this research. Apart from that, 

this market survey provided adequate information to develop a product, which will 

be viable in terms of commercial aspect. In short, the market survey gave an overall 

picture of the global trend in the nanocomposite industry, which is vital at this 

juncture.  
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Nanoparticle reinforced polymers have already entered the market in automotive, 

packaging and structural applications in a low profile manner and slower than had 

been anticipated. But that pace is expected to speed up considerably as indicated by 

the enthusiasm of researchers and marketers. Though the nano-researches are still in 

the early stage, if the forecasts are right, nanocomposites would become the biggest 

little thing to hit plastics in decades. Polymers reinforced with as little as 2% to 5% 

of these particles exhibit dramatic improvements in thermo-mechanical properties 

and electrical properties, which are really promising.  

 

 
Figure 1.5: IC Forecasts (Courtesy:  Nanotech) [39] 
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Figure 1.6: Predicted demand of nanofillers in the composite industry [40, 43, 45] 
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Figure 1.7: Expected share of nanotechnology in the market by 2011. [41, 42, 44] 

 
Reports from a market research firm Business Communications Co. Inc. (BCC), 

Norwalk, say that the total worldwide market for nanocomposites were around 26 

million kgs during the recent years which is valued at US$ 90.8 million. The firm 

projects the market to grow at an average annual rate of 18.4% to reach USD 211.1 

million by 2011. Even if these nano-developments hit some technical hitches, BCC 

also says that some of the applications like construction, packaging and automotives 

will grow more than 20% each year [40, 41].  

 

Table 1.9: Predicted growth of nanocomposite industry by 2011 [40,41,42,43,44,45] 

 

 

Nanofillers wise Expected growth by 

2011 (In Percentage) 

Applications 

wise 

Expected share by 

2011 (In Percentage) 

Carbon nanotubes 73.8 Electronics  50 

Nanoclay 44 Construction  37 

Metal/Metal oxide  20 Packaging  28 

Ceramics 11.5 Energy 26 

Nanocarbon 7.5 Automotive 15 

 Coatings 14 

Tools 10 

Biomedical 8 
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Nanoclay composites accounted for nearly one quarter (24%) of total nanocomposite 

consumption by value in 2005 followed by metal and metal oxide nanocomposites 

(19%) and carbon nanotube composites (15%). According to BCC, the consumption 

of nanoclay composites is projected to increase their market share to 44% by the year 

2011 [41]. Apart from that, other market share gainers include metal/metal oxide 

nanocomposites and ceramic nanocomposites, which are projected to attain market 

shares of 20% and 11.5% respectively between 2009 and 2011, whereas nanocarbon 

composites are expected to lose market share down to 7.5% [41].  

 

On the other hand, according to Andrew McWilliams, a business consultant 

specialising in the plastics industry, nanocomposites incorporating nanoclay and 

nanocarbon reinforcements expect to become a major growth segment by 2011[42]. 

Automotive, electrical/electronics and packaging were the main nanocomposite 

applications in 2005, with 29%, 28%, and 19% market shares respectively [42]. 

Other major applications in 2005 were coatings (14%) and tooling (8%). But by the 

year 2011, packaging is expected to become the leading nanocomposite application 

with over 28% of the market. Energy applications will remain in second place in 

2011 with more than 26% of the market. Again, automotive applications will be the 

third largest application in 2011 with over 15% of the market, followed by coatings 

with 14% [43]. 

 

General Motors has already taken the lead in putting nanocomposites on the road. 

They have launched their first commercial use of a nanocomposite in the auto 

exterior in the 2002 models of GMC Safari and Chevrolet Astro van. Also, in their 

2003 and 2004 year models, they have included more parts made out of 

nanocomposites. More recently, a PP/nanoclay composite appeared on the body side 

moulding of General Motors’ highest volume car, the Chevrolet Impala. General 

Motors reports that it currently uses about 73,000 kgs of nanocomposite materials per 

year [44].  

 

On all these above-mentioned market researches, the leading nanofillers that have 

been most widely discussed are the ones to first break into the commercial market. 

They are nanoclays, nanocarbon and carbon nanotubes. Besides these, other 

candidates being actively considered for our future research are synthetic clays and 
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natural fibres like flax and hemp. All these nanofillers have demonstrated 

improvements in structural, thermal, barrier and flame-retardant properties. So far, 

nanoclays have shown the broadest commercial viability due to their lower cost of 

US$ 5 per kg to US$ 7 per kg [45].  

 

While nanoclay adds strength to plastics, carbon nanotubes impart electrical and 

thermal conductivity. The commercial potential of carbon nanotubes in general has is 

being limited by the complications involved in their bulk processing and high price 

tags, reportedly in the range of US$ 100 per gram. Still, nearly every car produced in 

the US since the late 1990s contains some carbon nanotubes, typically blended into 

nylon to protect against static electricity in the fuel system [45].  

1.6 Objectives 

This research is aimed at studying the potential enhancement of the material 

properties of polymer resin base through the addition of nanofillers.  

 

Although there is a significant amount of research done in studying the property 

changes occurring with the use of nanofillers, not much involve improving the 

process used in preparing these composites. The difficulties of handling and 

processing of nanomaterials have prevented the widespread commercial application 

of nanofilled composites. Developing a feasible process of preparing nano-enhanced 

composites is the main part of this research.  This includes the following aspects: 

• Identifying the right nanofiller.  

• Identifying the optimal volume of nanofiller and resin matrix.  

• Finding a suitable process to ensure even dispersion of nanoparticles in the 

resin matrix. 

• Testing and characterising the samples of the nano-enhanced matrix and the 

lay-up. 

• Analysis, modelling and validation to ascertain the enhancement. 

 

However, previous work has indicated that addition of nanofillers in composites 

resulted in increase in strength and other beneficial property enhancements such as 
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thermal, electrical etc. When compared to the composites using ordinary fillers, 

during this research, the newly developed nanocomposite matrix and the lay-up will 

be tested and characterised to attain optimal values with regard to enhancement.  

 

In the next chapter, in order to identify and to determine the need for specialised 

process to suit the application, preliminary experimental research processes are 

discussed in detail, towards sample preparation and characterisation of the newly 

developed nano-enhanced composites.  
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Chapter 2  

Experimental Investigation 

2.1 Study of different synthesis processes and characterisation 

When materials are reduced to small sizes, typically less than 50 nanometers, novel 

physical, chemical and electrical properties arise that provide opportunities for new 

applications. These surface properties can be optimised for a particular application 

through molecular modifications also [46]. Working with nano-scale systems 

requires special tools for manipulating, measuring and controlling the size and 

properties. 

 

With an aim to ensure even dispersion of nanoparticles along the resin matrix the 

following synthesis processes are carefully studied with due importance to their 

revolutionary commercial applications in biomedical engineering. This should defeat 

the problems encountered during synthesis faced by the earlier researches which in-

turn should bring an end to the persisting problem hurdling the growth of research in 

developing an enhanced nanocomposite material. While doing so, this research also 

considered the fact that the mechanical properties of nanocomposites are strongly 

influenced by slight change in the processing route. With this in the background, 

through this research, an optimal way of synthesising a nanocomposite has been 

developed and demonstrated in two stages as follows.  

• Mixing techniques 

o Ultrasonic mixing 

o Mechanical mixing 

• Moulding techniques  

o Sintering 

o Moulding  

o Infusion 
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2.1.1 Mixing techniques 

 

In any compositing operation, mixing is one of the most important processes. Mixing 

is a process by which the ingredients are thoroughly blended to for uniform 

distribution of composite. In the field of nano-compositing, mixing is the basic 

process through which perfect impregnation or dispersion of the nanoparticles in the 

base matrix can be achieved. Some of the commonly used mixing techniques are 

shear mixing, extrusion, ultrasonic mixing, mechanical mixing and mixing through 

vapour evaporation. In this research, ultrasonic mixing and mechanical mixing are 

considered, due to their most favourable mixing results, operational ease and their 

viability on mass production.  

 

2.1.1.1 Ultrasonic mixing 

 

Sound is not always audible. Ultrasound, often referred to as ultrasonics, literally 

means beyond sound, or above the human audible spectrum. The human ear is most 

sensitive to the frequency range of 1 kHz to 5 kHz, which is in-between the lower 

and upper limits of 0.3 kHz to 19 kHz whereas ultrasonics refers to sound above 19 

kHz. Langevin, a pioneer in the field of ultrasonics, designed, built and experimented 

with high-power, magnetostrictive ultrasonic equipment [47].  

 

 

 

 

 

 

 

 

 

Figure 2.1: Frequency ranges of sound 

 

The growing list of markets utilising short range ultrasonics includes, biotechnology, 

analytical chemistry, environmental testing, industrial processing and 

pharmaceuticals besides underwater range finding (SONAR) and in the non-
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destructive testing of metals for flaws too. During any chemical process, to increase 

the chemical reactivity, external elements like heat, pressure, light and even catalysts 

are used during conventional methods. But off late it has been found that ultrasonics 

has potential to enhance the chemical reaction during such processes. Sound waves 

are transmitted through a medium as pressure waves and the mere act of transmission 

causes excitation in the medium, in the form of enhanced molecular motion [47]. 

However, in order to produce the fullest effect, the sound energy must be generated 

within the liquid itself, because the transfer of sound energy from the air into a liquid 

will not be efficient. With this principle in the background, ultrasonics is used in 

analytical chemistry for many common procedures, which include breaking of 

chemical bonds, forming free radicals, polymerising and depolymerising long chain 

molecules, besides sample preparation and analysis. Thus ultrasound has been found 

to be beneficial for the initiation or enhancement of catalytic reactions in both 

homogeneous and heterogeneous cases [47].  

 

 
Figure 2.2: Ultrasonic probe (Courtesy: Sonics & Materials Inc.) 

 

These ultrasonic devices rely on transducers or energy converters, which are 

composed of piezoelectric materials. Such materials respond to the application of an 

electrical potential across opposite faces with a small change in dimension. This is 

the inverse of the piezoelectric effect. The converter changes the high frequency 

electrical energy from the power supply into mechanical vibrations. That is, when the 

potential is alternated at high frequencies, the piezoelectric material or the crystal 



 44

converts the electrical energy to mechanical vibration, which is the sound energy. At 

sufficiently high alternating potential, high frequency ultrasound is generated. 

 

In the above shown probe, a converter containing Lead Zirconate Titanate discs is 

employed. Here again, when an alternating voltage is applied to the opposing faces 

of the discs, they expand and contract with the change in polarity and vibrate at a 

frequency to acoustically generate cavitation. Cavitation is the development of air 

bubbles. This is similar to that observed when water is heated towards boiling point, 

where the bubbles develop and collapse with a noise. In ultrasound processing, these 

bubbles grow over the period of a few cycles to an equilibrium size at the particular 

frequency applied, and then they collapse in succeeding compression cycles, 

generating the energy which is induced throughout the liquid, yielding a chemical 

and mechanical effect [48]. Thus during ultrasound processing, chemical and 

physical changes are induced in a liquid medium through the generation and 

subsequent destruction of these cavitation bubbles. A schematic diagram in figure 2.3 

shows this.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3: Schematic representation of cavitation progression  

 

The power supply transforms 50 Hz to 60 Hz electrical power into high-frequency 

electrical power at 20,000 Hz. This alternating voltage applied to the disc shaped 
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ceramic piezoelectric crystals within the converter, causes them to expand and 

contract with each change of polarity. These longitudinal vibrations are then 

amplified by the probe and transmitted to the liquid as ultrasonic waves consisting of 

alternate expansions and compressions, as shown in the previous page. It should be 

noted that using a power supply with a higher Wattage rating does not mean that 

more power will automatically be transmitted to the liquid. Rather, it is the resistance 

to the movement of the probe or the horn that determines how much power will be 

delivered into the liquid. The load is determined by three factors. They are volume of 

the liquid, viscosity of the liquid and the probe size and geometry [49].  

 

Probes are normally of one-half wavelength long sections to act as mechanical 

transformers to increase the amplitude of vibration generated by the converter. It is 

noted that, greater the mass ratio between the upper section and the lower section of 

the tip, the greater will be the amplification factor [49]. Probes with smaller tip 

diameters produce greater intensity of cavitation. Conversely, probes with larger tip 

diameters produce lesser intensity, but the energy is released over a greater area. 

Therefore probes with larger tip diameter and at lower intensity help processing 

larger volume of liquid [49]. Also, as the viscosity of the liquid increases, the fluid’s 

ability to transmit vibrations decreases. Typically the maximum viscosity at which a 

material can be processed effectively is 4000 cps. Solid probes can safely be used for 

both aqueous solutions and low surface tension liquids like solvents. Industrial 

applications requiring high volumes of liquids to be emulsified, dispersed or 

homogenised can be accomplished by passing this high intensity ultrasonic 

vibrations through these probes, where the practical upper limit on temperature 

without air-cooling is approximately 100°C [50]. Usually the beaker or the vessel 

containing the chemicals will be partially immersed in a tub of ice water in order to 

dissipate the excess heat generated during the mixing process.  

 

While both ultrasonic baths and ultrasonic processors use piezoelectric technology, 

ultrasonic baths work well for most cleaning and dispersion applications. However, 

they can deliver a low, fixed and uneven intensity and be ultrasonic location 

dependent and inconsistent, due to the fluctuation in the level of the liquid and its 

temperature. Ultrasonic processors are more versatile, significantly faster and highly 
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consistent. The energy at the probe tip is high, which will be at least 50 times more 

than the energy produced in a bath and can be focused and adjusted [50].  

 

In order to get a perfect focus, the amplitude control allows the ultrasonic vibrations 

at the probe tip to be set to any desired level. Although the degree of cavitation 

required to process the sample could readily be determined by visual observation, the 

amount of power required cannot be predetermined. It has been found during this 

research that whenever a greater amount resistance to the movement of the waves 

due to higher viscosity is noticed, the amount of power to be delivered into the 

system can be increased by immersing the probe deeper into the liquid and also by 

employing a probe of larger diameter [49].  

 

Compared to the mechanical mixing, ultrasonic processing is fast and highly 

consistent. Probes are practically self-cleaning and by virtue of their design and 

finish account for negligible sample losses. With ultrasonic processing, commercial 

mixing is possible with increased Wattage and larger probes as discussed. For a 

commercial application, probe selection has to be carefully reviewed in order to 

ensure the implied processing capabilities of the unit under valid consideration. For 

example, a 100 Watts unit should be able to drive a 13 mm probe, which can 

effectively process up to 100 ml of liquid in 1 hour. In order to form a colloid, the 

chemicals are gradually mixed under ultrasonic vibrations [50].  

 

2.1.1.2 Mechanical mixing 

 

Two types of mechanical mixing were tried during this research. One is used a ball 

mill and the other used a mechanical stirrer. While the first one is suitable for mixing 

nanopowders with the thermoplastic resins in the powder form, the latter one is used 

in combination with the ultrasonic method to disperse the nanopowders during the 

solvent evaporation technique as well. The mechanical stirring works well while 

dispersing nanopowders into a thermoset resin matrix too.  

 

In a ball mill set-up, a ceramic pot will be rotated at a speed of around 360 rpm with 

ceramic balls of various diameters inside, along with the thermo plastic resin powder 

and nanofillers. This process produces structural decomposition of coarser grained 
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materials resulting in a fine blend of nanocomposite by plastic deformation. During 

this research, composites with nanoaluninium oxide, nanocarbon and nanoclay were 

prepared using this high-energy ball mill. The ball milling and rod milling techniques 

are powerful tools for the fabrication of several advanced composite materials, 

because in this process, the mixing can be carried out at room temperature. The 

process can also be performed using high-energy mill or centrifugal type mill or 

vibratory type mill or energy tumbling mill. While using this high-energy ball mill, 

rotating the ceramic pot at high-speed developed centrifugal force that in-turn made 

the ceramic balls inside the pot to agitate the powders. This is one of the most 

common mixing techniques used in synthesising thermoplastic nanocomposites. 

 

Mechanical stirring, or stir mixing, is also a widely used technique for dispersing 

nanoparticles into liquid polymer matrix. Use of this technique for synthesis of 

nanocomposites is highly desired because it can both save the cost of establishing 

new infrastructure and performed at room temperature. The parameters affecting the 

mixing process would be temperature, mixing speed, and the impeller design. The 

processing temperature would affect viscosity and play an important role in 

achieving exfoliation. The vortices formed by the impeller generate shear forces that 

can break Van der Waals forces between nanoparticle platelets and lead to 

exfoliation. Hence, the impeller design is also an important parameter in this process 

[51].  

 

2.1.2 Moulding techniques 

 

In nano-chemistry, moulding is the most important process at the end of mixing. 

During moulding, the actual reinforcement of the particle with the matrix occurs, 

which in turn would yield distinct change in the result.  
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2.1.2.1 Sintering 

 

Sintering is a method for making objects from powders by heating the material to 

slightly below its melting point under an inert atmosphere and moulding the same at 

a pressure usually between 100 MPa to 200 MPa until its particles adhere to each 

other. This melt processing is commercially used for manufacturing ceramic and 

other metal objects. It has been realised that adding pulverised materials to clay not 

only improves its workability but also improves the drying process, besides reducing 

shrinkage of the end product [52].  

 

Normally, in this process, elevating temperatures and external pressure accelerates 

adhesion. The most widely used inert gas is argon and it is employed during the 

process in order to prevent the material from oxidation. There is an optimum particle 

size or a smallest and largest acceptable size for most constituents involved. Surface 

area and porosity as a function of particle size are the other physical characteristics 

that play an important role in this technology. The mechanism employed to achieve 

minimum energy is through the mutual attraction of particles. Here, this non-specific 

attractive force is commonly referred as Van der Waals force. At high temperatures, 

surface energy is likely to be reduced by electron sharing and valence bonding with 

gas atoms creating, the phenomenon known as chemical adsorption [53]. Mass 

movement of particles that occur during this melt processing reduces total porosity 

by repacking, followed by material transport due to evaporation and condensation 

from diffusion [53].  

 

Some of the different sintering processes investigated in the thesis are Microwave 

sintering, Plasma sintering and Laser sintering. There are also two other types of 

sintering. One uses high pressure and is known as hot pressing. It is used during the 

manufacture of hard metals, ceramics and diamond tools. The other one is without 

pressure. Pressure-less sintering is possible with graded metal/ceramic composites, 

with nanoparticle sintering aid and bulk moulding technology [54]. In microwave 

sintering, microwave radiation results in a volumetric and uniform heating of the 

materials. Microwave heating and sintering is fundamentally different from the 

conventional sintering, which involves radiant or resistance heating followed by 

transfer of thermal energy via conduction to the inside of the body being processed. 
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Microwave heating offers a volumetric heating involving conversion of 

electromagnetic energy into thermal energy, which is instantaneous, rapid and highly 

efficient. The microwave part of the electromagnetic spectrum corresponds to 

frequencies between 300 MHz and 300 GHz. However, most research and industrial 

activities involve microwaves only at 2.45 GHz and 915 MHz frequencies [55]. 

Based on their microwave interaction, most materials can be classified into one of 

the three categories as opaque, transparent or absorbers. Laser sintering is an additive 

rapid manufacturing technique that uses a high power laser beam to fuse small 

particles of plastic, metal or ceramic powders.  

 

Nanoparticles have been an area of active research in recent years as they have novel 

and unique properties, which distinguish them from the bulk phase as discussed 

earlier. The processing techniques also differ from the commonly used moulding 

techniques on their bulk phase during compositing. Given the difficulties associated 

with experimental analysis at the nano-scale, the above-discussed systems are good 

candidates for a study using molecular moulding techniques. However, during the 

manufacturing of materials containing metal oxide nanoparticles, a phase 

transformation may also occur during the nanoparticle sintering, which could 

possibly be traced using molecular dynamics. The driving force for sintering of 

nanoparticles is the reduction in potential energy due to the decrease in surface area 

[56].  

 

2.1.2.2 Moulding 

 

Moulding is parts of melt compounding process in polymer science. In this process, 

the premixed composite is forced to cure under pressure at a certain temperature. 

Through earlier researches, it is understood that by doing so, a definite proportion of 

improvement is noticed during impregnation of nanoparticles along the matrix. This 

process uses a rigid one-sided mould that forms only one surface of the panel. 

Reinforcement materials can be placed manually. This process is generally done at 

ambient pressure and then moulding is done by Hand lay-up and Spray-up.  

 

In vacuum bag moulding, the process uses a two-sided mould. One side is a rigid 

mould and the other is a flexible polymer film. Here again the reinforcement 
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materials can be placed manually. They include continuous fibre or a chopped fibre 

during lay-up. The matrix is generally a resin and in this research the resin used will 

is epoxy. The fibre can also be pre-impregnated with resin in the form of fabrics or 

unidirectional tapes. This process is also generally performed at vacuum but it can be 

performed at elevated temperature. Vacuum is applied into the mould cavity. The 

first step in creating a successful vacuum bagging system is to select a suitable 

vacuum pump. For best results it is advisable to match the bag size, desired vacuum 

rate and ultimate pressure that the pump can deliver. If a pump cannot achieve full 

vacuum in less than five to eight minutes, it is probably too small. Determining the 

correct pump for an application is based on the area of the mould, which it must 

surround. By squeezing as much air out of the bag as soon as possible before sealing 

the bag and applying the vacuum, the work of the pump can be greatly reduced. The 

bag can completely surround both the mould and the laminate simply by using a tube 

type polyethylene bag with the vacuum coupling fitted and the two ends sealed with 

a sealant tape [57].  

 

In case of Autoclave moulding, vacuum is applied into the mould cavity after the 

assembly is placed inside the autoclave pressure vessel. This process is generally 

performed at both elevated pressure and temperature. Other types of moulding 

include pressure moulding, transfer moulding, resin transfer moulding, vacuum 

infusion moulding, pultrusion moulding, and continuous casting. 

 

In general, during these moulding processes the structure will contain a lightweight 

core material and a fibre-reinforced polymer composite will mould around the core 

material. Epoxy being the most commonly used resin; it is often modified using other 

additives to improve one or more properties of the final product such as toughness or 

tensile strength. Epoxy resins and their additives contribute to the viscosity of the 

system and to the shrinking characteristics. The amount of the fillers and diluents 

will impact both the physical and handling properties of the resin system [57, 58].  
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2.1.2.3 Infusion 

 

Resin infusion is an advanced laminating technique that greatly improves the quality 

and strength of the fibre region when compared with a conventional hand lay-up. 

Applying laminate engineering and resin infusion technology simultaneously allows 

optimisation of parts in terms of strength and weight. The use of resin infusion has 

become a standard in yacht construction and has been in use since the 1960s. 

 

During infusion, after applying the usual mould release wax, the gel coat and skin 

coat of thin fibreglass reinforcement are applied in the conventional manner and 

allowed to cure. In the infusion process, the parts of the fibre reinforcement fabrics 

are carefully fitted into the mould over the top of a skin coat. These are put in dry 

and held in place with a spray contact adhesive. In the case of a cored part, the 

structural core materials are cut and fitted and adhered in the place. Then the inner 

skin of reinforcement fabrics is carefully fitted over the core to form a sandwich. 

After that, the resin distribution hoses and vacuum lines are laid out on top of the 

fibreglass and the entire inside of the mould is covered with a large sheet of loosely 

fitting plastic and sealed. With the help of a vacuum pump, all the air in this vacuum 

bag is evacuated, which compresses the dry stack of reinforcement fabrics. Through 

the series of feed hoses sealed into the bag, catalysed resin matrix is then sucked by 

vacuum from a large mixing container. The resin will run through the mould filling 

the entire stack of laminate. The vacuum is kept on until the resin is cured. The 

vacuum bag and the feed hoses are then removed, when the parts lamination are over 

[59].  

 

The advantageous thing about this process is that the infused part is stronger, lighter 

and superior to the one done by conventional hand lay-up. With resin infusion the 

benefits and significant strength gains are numerous and intrinsic due to the method 

used to consolidate the materials within a vacuum chamber all at once. In order to 

fuse the materials together and to replace the air voids by the resin, a clamping 

pressure equal to 1 tonne per square feet of vacuum is employed. This process 

ensures reliability of high quality results, with the elimination of potential errors by 

the skill of the person who does the lamination. Along with that, vacuum 

compressing of the fibreglass reduces the amount of resin absorption resulting in 
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weight saving of 30% compared with the traditional cored fibre laminate, while 

improving its strength [59, 60]. Other benefits include better fibre-to-resin ratio, very 

consistent resin usage, unlimited set-up time and a cleaner process. However, it is 

important to keep the following in mind before deciding to go for a vacuum infusion. 

They are complicated in set-up and could easily damage the parts. This process can 

be made perfect only by trial and error. Though the set-up is limitation free with 

respect to time, it is somewhat more complicated than other processes.  

 

Fibreglass is the most frequently used reinforcement in vacuum infusion. Most 

fibreglass fabrics offer high permeability in allowing the resin to flow through easily. 

In general, looser weaves tend to infuse better, as there is less crimping of strands. 

Carbon fibre and epoxy reinforcements can also be used in vacuum infusion though 

they tend to infuse more slowly.  
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Chapter 3  

Synthesis and Testing 

3.1 Introduction  

In the past ten years, scientists have been developing new composite materials 

wherever there is a need to compensate for the weakness of one material with the 

strength of the other [61]. Also, these composites tend to develop only when single 

homogeneous material cannot be found with all of the desired characteristics for a 

given application.  

 

During this research process, the thrust is given on characterising a new nano-

enhanced composite towards identifying varied potential applications including 

biomedical engineering. It is also strongly believed that the advances at the nano-

scale will be meaningless if they cannot be interfaced with the technology at large to 

produce usable end products. This means, while developing an enhanced 

nanocomposite, one of the primary objectives of this research is to integrate 

nanoparticles and nano-scale phenomena into a larger hierarchical system. During 

this research, the understanding from earlier research literatures on various methods 

of synthesising nanoparticles into a resin base was well incorporated. This was made 

possible through the preliminary research. Also the chemistry behind the various 

syntheses were also analysed and characterised in-depth through trial and error 

method. This has helped to identify an optimal method of even dispersion of the 

nanoparticles into the system. Therefore the experimentation process is carried out in 

two steps as given below  

 

• Synthesis 

• Testing 
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3.2 Synthesis  

Since it has been tried through this research to develop a new nano-enhanced 

composite, an extensive experimentation process was carried out during each 

synthesis. This was achieved by varying the combinations of different nanofillers of 

between 10 nm to 30 nm in diameter at various ratios with several solid 

thermoplastic resin bases. This loading of nanoparticles ranged from 1% to 3% by 

weight of the resin during each experiment. Experiments were repeated, in order to 

identify an optimal mixing process that will ensure even dispersion of nanoparticles 

into the matrix besides identifying the right nanofiller and the optimum volume of it. 

Therefore the synthesis process was carried out in the following ways 

 

• Synthesis using thermoplastic resins 

• Synthesis using epoxy resin 

• Lay-up preparation of laminates  

3.2.1 Synthesis using thermoplastic resins  

First the nanofillers were mixed thoroughly with the polymer powder in Ethanol 

suspension using a ball mill mixer shown in figure 3.1 for 8 hours and dried for 24 

hours at room temperature. Secondly, the composites were mixed with an ultrasonic 

mixer for 5 minutes in Toluene suspension in order to ensure even dispersion of 

fillers into the resin matrix. This was again dried for 24 hours at room temperature. 

Dried nanocomposites were then hot moulded at 200°C for 1 hour and dried again 

under pressure at room temperature for 24 hours. Samples of these nanocomposites 

were then tested for various mechanical properties. This synthesis was conducted at 

Auckland University of Technology’s composite lab facility. 

 

During the second stage, ultrasonic mixing was adopted to ensure even mixing 

through generation of an alternating acoustic pressure above the cavitation threshold 

in order to create numerous cavities into the liquid polymer matrix. Some of these 

cavities oscillated at a frequency of 20 kHz to 50 kHz while the gas content inside 

these cavities remained constant. However, some other cavities grew intensely under 

tensile stresses while yet another portion of these cavities, which were not 
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completely filled with gas also started to collapse under the compression stresses of 

the sound wave. In the latter case, the collapsing cavity generated tiny particles of 

debris and the energy of the collapse was transformed into pressure pulses. It is 

noteworthy that the formation of the debris further facilitated the development of 

cavitation, towards complete exfoliation of nanoclay in the matrix [62].  

 

 
 Figure 3.1: Ball mill mixer 

 

 
Figure 3.2: Flow chart for mixing thermoplastic resins 

 

It is assumed that acoustic cavitations in this liquid polymer matrix develop and 

propagate like a chain reaction. Therefore, individual cavities on real nuclei develop 

so rapidly that within a few microseconds an active cavitation region is created close 

to the source of the ultrasound probe. It has been noticed that acceleration of polymer 

reaction take place under ultrasound in both catalysed and uncatalysed reactions. 

Mix this nanofiller impregnated polymer matrix under a solvent using  

ultrasonic mixer for 5 minutes at 20°C and dry for 24 hours. 

Premix nanofiller with the polymer base using Ball mill mixer for  

8 hours with a solvent and dry for 24 hours. 

Melt the compound using a pressure mould at 200°C for 1hour. 

Dry it in air under pressure for 24 hours.  

 



 56

Acoustic cavitation accelerates heat and mass transfer processes such as diffusion, 

wetting, dissolution, dispersion and emulsification [63]. The exfoliation process can 

be explained as a treatment to increase clay gallery distance wherein the primary clay 

is converted into hydrophobic from hydrophilic [64]. During this process, swelling of 

the clay created inside the epoxy matrix provides an environment for the curing 

agents to migrate into the clay interlayer region to form a nanocomposite. Thus the 

development of cavitation processes by ultrasonics creates favourable conditions for 

the intensification of various physiochemical processes. 

 

Table 3.1: Composition while using Ball mill mixing 

Batch 
number 

Composition 
Resin Matrix Nanofillers Solvent 

 
ml 

PMMA 
grams 

PVDF 
grams 

Nanocarbon 
grams 

Garamite 
grams 

Nanoclay 
grams 

1A 6.82  0.63   30 
2A 9.9  0.1   30 
3A  9.9  0.1  30 
4A  9.9   0.1 30 
5A  9.9 0.1   30 
6A 9.9   0.1  30 
7A 9.9    0.1 30 

 

Table 3.2: Composition while using ultrasonic mixing 

Batch 
number 

from 
Table 3.1 

Volume of the 
Composite, 

grams 

Volume of 
Toluene, 

grams 

Duration of 
Ultrasonic 

mixing, mins 

2A 3.47 17.35 5 

3A 6.38 31.90 5 

4A 7.57 37.85 5 

5A 4.85 24.25 5 

6A 3.43 17.15 5 

 

Besides the techniques like melt mixing, solvent exchange and solvent evaporation 

methods, shear mixing and mechanical stirring, as stated above, ultrasonic cavitation 

is one of the more efficient way to disperse nanoparticles evenly into the polymer 

matrix [65]. In this research, ultrasonic mixing is employed successfully to infuse 

carbon and clay nanoparticles into PMMA and PVDF matrices. 
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The moulded samples are tested on a three point bending as per the ASTM standards 

D790M [66] and the results are discussed in detail in the coming chapters. With 

regard to these thermoplastic resin matrices like PVDF and PMMA, successful 

dispersion of these fillers is achieved through this process and it confirms even 

dispersion, which is potentially promising towards developing a wide range of 

commodity and applications in biomedical engineering too.  

3.2.2 Synthesis using epoxy resin 

Normally, composite materials consist of two or more distinct materials with a 

recognisable interface between them. The term nanocomposite is usually reserved for 

materials in which the distinct phases are separated on a scale larger than an atom 

and in which the nanocomposite's mechanical properties have been significantly 

altered from those of the constituent materials [67]. In this case, the mechanical 

property of the epoxy resin matrix is modified with the addition of the nanofillers 

like nanoclay and nanocarbon. 

 

As a part of this research, fabrication of nanofiller/epoxy composites was also carried 

out but in four steps. In the first step, nanoparticles of between 10 nm and 30 nm in 

diameter were ultrasonically mixed with neat epoxy resin at various ratios ranged 

from 1% to 3.0% by weight of resin during each experiment as described earlier. The 

mixing was carried out using an ultrasonic liquid processor VC505 as shown in the 

figure 3.3 supplied by Sonics and Materials Inc., which uses a 13 mm solid Titanium 

alloy probe at 20 kHz at 40% of the amplitude for 1 hour. In order to avoid the rise in 

temperature during sonication the bath is maintained at 20°C with a pulse rate of 9 

seconds ON and 9 seconds OFF. Employing an external cooling set-up, which is by 

immersing the mixing beaker in a water bath containing ice cubes, also controlled the 

temperature. During the sonication, the dispersion of nanoparticles seemed uniform, 

by visual observation. Figure 3.4 shows the schematic diagram of mixing thermoset 

resins. 
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Figure 3.3: Ultrasonic liquid processor, VC 505 by Sonics and Materials Inc. 

 

  
Figure 3.4: Flow chart for mixing thermoset resins 

 

In the second step, a hardener was added into the mixture at a ratio of 1:4 at a slow 

rate while it was being mechanically stirred. The mixing was carried out 

mechanically for 20 mins using a high-speed mechanical stirrer, which ran at 650 

rpm. In the third step, a portion of the mixture was moulded to make a sample for the 

tensile test as per the ASTM standards (ASTM D638) in order to test the mechanical 

yielding properties of the composite matrix, while the balance was used to mould 

lay-ups [68]. Lay-ups use satin woven carbon fibre to fabricate nanofiller/epoxy 

Mix this nanofiller epoxy with hardener  

using Mechanical stirrer for 20 minutes 

Mould at room 

temperature 

Premix nanofiller with epoxy resin using 

Ultrasonic mixing for 1 hour at 20°C 

Dry under pressure in 

air at room temperature 

Lay-up at room  

temperature 

Dry in air at  

room temperature 
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nanocomposite laminates. Finally, the moulds were cured at room temperature 

whereas the lay-ups were cured under pressure at room temperature.  

 

Table 3.3: Composition of epoxy synthesis 

Batch 
number 

Composition 
Neat Epoxy resin 

grams 
Nanoclay 
grams (%) 

Nanocarbon 
grams (%) 

Hardener 
grams 

1B 10 0.1 (1)  2.5 
2B 10  0.1 (1) 2.5 
3B 10  0.2 (2) 2.5 
4B 10 0.2 (2)  2.5 
5B 20 0.5 (2.5)  5 
6B 20  0.5 (2.5) 5 
7B 20  0.6 (3) 5 
8B 20 0.6 (3)  5 
9B 20 0.8 (4)  5 

10B 20 0.3 (1.5)  5 
11B 20 0.6 (3)  5 
12B 20  0.3 (1.5) 5 
13B 20  0.6 (3) 5 
14B 20   5 
15B 20   5 
16B 20 0.2 (1)  5 
17B 20 0.3 (1.5)  5 
18B 20  0.2 (1) 5 
19B 20  0.3 (1.5) 5 

 

This entire exercise was repeated for several ratios of nanoclay and nanocarbon and 

also at various sonic durations as well. The synthesis was also tried independently 

using ultrasonic mixing and mechanical mixing as well, in order to characterise the 

effects of these two different mixing processes. During each synthesis, equal number 

of samples was made with and without lay-up.  

 

Since nanoparticle infusion, using ultrasonic mixing, seems to be more promising in 

ensuring even dispersion of nanoparticles into the matrix than other infusion 

processes, it was chosen in the first place. However, the two mixing processes used 

were compared for exfoliation and dispersion of nanoparticles and analysed in order 

to understand the processing behaviour. The plain matrix samples and the laminated 

composite samples were tested for their mechanical properties and characterised. The 

analysis of the test results is discussed in detail in the coming chapters.   
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The main concern in developing such nanocomposite laminations lay in ensuring 

adequate bonding between the matrix and the fibre. In order to achieve this, during 

the lamination process, the matrix was spread using a spatula and evenly rolled using 

a Teflon roller with a constant set pressure. Penetration and even spreading of the 

matrix were observed and ensured. The whole process was maintained throughout all 

the experiments.  

3.2.3 Lay-up preparation of laminates 

Nanocomposite laminates often exhibit a better performance and enhanced properties 

than the conventional structural laminates. These composite lay-ups can be divided 

into two main categories; short fibre reinforced laminate and continuous fibre 

reinforced laminate, depending upon the nature of the lay-up fibre used. Continuous 

reinforced laminates often constitute a continuous layer or laminated structure 

running within a resin matrix. To understand this better, it is important to know that 

there are two types of materials that constitute a lay-up or lamination. They are the 

matrix and the reinforcement fibre. The matrix material surrounds and supports the 

reinforcement materials, by maintaining their relative positions, to provide a means 

of distributing and transmitting load along the fibre uniformly. The reinforcement 

fibre, besides being a basic structure to the lamination, imparts special physical 

properties such as mechanical and electrical properties to the matrix [69]. The fibres 

normally exhibit linear elastic behaviour. The fibre and the resin matrix 

complainingly enhance the laminate properties that are not available in virgin or 

naturally occurring materials. Due to the availability of a wide range of matrix and 

reinforcement materials, the design options have become versatile and flexible, 

resulting in huge range of applications.  

 

Matrices include epoxy resins, polyester, vinyl ester, phenolic, polyamide, polyamide 

resins and thermoplastic resins. The reinforcement materials are often fibres. Fibre 

materials often have felt, fabric, knitted or stitched construction. Most commonly 

used fibres are glass fibres, carbon fibres, aromatic polyamide fibres, boron fibres, 

silicon-carbide fibres and aluminium oxide fibres.  
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Carbon fibre 

 
Figure 3.5: Flow chart for making lay-up 

 

 

  
Figure 3.6: Schematic drawing of a carbon fibre lay-up             

 

 

 
Figure 3.7: Schematic picture of lay-up 

 

Premix nanofiller with epoxy resin  

using Ultrasonic mixing for 1 hour at 20°C. 

Mix this nanofiller/epoxy with hardener  

using Mechanical stirrer for 20 minutes. 

Spread a glossy sheet over a glass plate, lay the satin woven carbon fibre on 

top. To mould, spread and squeeze excess nanofiller/epoxy composite using a 

roller. Layer up the fibre and repeat the moulding at room temperature. Cover 

the lay-up again with the glossy sheet and a glass plate. Allow it to dry at room 

temperature under pressure for 24 hours.  

ooooooooooooooooooooooooooo

ooooooooooooooooooooooooooo
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In order to make a lay-up or a laminate, three sheets of the nylon woven carbon fibre 

were cut into 200 mm by 100 mm. One of them was placed on top of a polyethylene 

sheet spread over a glass plate. The matrix, containing nanofiller infused in epoxy, 

was then poured over the carbon fibre and spread evenly using a spatula and pressed 

using a Teflon roller to ensure penetration and uniform distribution. Similarly, the 

other two carbon fibre sheets were laid on top of one another and the process was 

repeated each time. The lay-up was then covered once again with the polyethylene 

sheet and sealed with a glass plate. A weight of 30 kilograms was mounted on top of 

the lay-up and allowed to cure for 24 hours. The polyethylene sheets were used to 

prevent sticking of epoxy on the glass plate and to ease the process of retrieving the 

lay-up, while the glass plate ensures flatness. In this research, since long and 

continuous carbon fibres were arranged unidirectionally, the fibre was strongly 

bonded with the nano-epoxy matrix and they were strong and stiff. Therefore it was 

considered as a homogeneous body.   

 

This laminate was then cut into a size of 15 mm by 80 mm in order to conduct a three 

point bending test on each sample. While doing that, the laminates were cut in three 

different angles. One of which was at 0° angle i.e. along the orientation of the fibre 

and the other one at 45° angle and the last one at 90° angle i.e. perpendicular to the 

direction of orientation. This was to understand the mechanical behaviour of the 

laminate while loading and to understand the formation of crack and its propagation.  

 

Nanocomposite laminates can be formed into any shape. This involves strategic 

placing of the reinforcement fibre, while enhancing the matrix properties through the 

addition of nanofillers, to achieve a good welding process. A variety of methods are 

used according to the end product design and property requirements. These 

fabrication methods are commonly called moulding, which was discussed in the 

previous chapter. The principle factors impacting the methodology are the nature of 

the matrix and the reinforcement fibre chosen, depending upon the application. 

Another important factor is the method adopted and the volume of the end product to 

be produced. Large quantities can be used to justify high capital expenditures for 

rapid and automated manufacturing technology. Small production quantities can be 

accommodated with lower capital expenditures but at higher labour costs and at a 

correspondingly slower rate. 
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The adhesive properties of epoxy are especially useful and important in the 

construction of honeycomb-cored laminates, where the small bonding surface area 

means maximum adhesion requirement. Here again this property of epoxy is 

exploited further by the addition of nanofillers. These nanofillers enhance the 

advantage of increasing the surface area of the matrix resulting in better adhesion to 

the carbon fibre during lay-up. Although the strength of the bond between nanofilled 

epoxy resin matrix and the carbon fibre is not solely dependent on the adhesive 

properties of the resin system it is also affected by the surface tension and viscosity 

of the matrix which are discussed in detail in the coming topics.  

3.3 Testing 

Following were the tests conducted on the samples obtained from the nanoenriched 

epoxy matrix and the laminates, towards characterising the process and to optimise 

the volume of nanofillers in order to achieve the enhancements targeted. 

 

• Tensile test as per ASTM Standards D638  

• Three point bending test as per ASTM Standards D790M 

• Phase contrast microscopy  

• High speed photography 

• Surface tension measurement using the Drop shape method 

3.3.1 Tensile test as per ASTM Standards D638 

To measure the tensile strength of a nano-enhanced epoxy composite matrix, the 

samples as shown in figure 3.8 and figure 3.9 were stretched with a Hounsfield 

machine with a leading span of 600 mm. This machine simply clamps each end of 

the sample and it stretches the sample at the rate of 1.2 mm per min, when the 

machine is turned on. While it is stretching the sample, it measures the amount of 

force (F) that it is exerting. When we know the force being exerted on the sample, 

we then divide that value of force by the measured cross-sectional area (A) of the 

sample to arrive at the value of stress experienced by our sample as shown in the 

following page. 
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Again using this machine, force on the sample was continued to increase until it 

breaks in order to find the ultimate tensile stress. Likewise, similar tests were 

conducted for compression or flexural strength too. In all these cases, the strength is 

the stress needed to break the sample or to get the maximum strain.  

 

                                 85 + 0.5mm                Draft    

                                                                                             

                                                                                                            

 

 

 

80 + 0.5mm 

                                                                                                                                                                                                                          

 

 

                                                                                                           

 

         

 10 + 0.5mm 

Figure 3.8: Mould design 

 

 

     Radius 60 + 0.1mm 

5 + 0.5mm                                                                         10 + 0.5mm 

                                           

              30 + 0.5mm 

    75 + 0.5mm                                                    5 + 0.5mm 

 

Figure 3.9: Layout of matrix sample for tensile testing based on ASTM Standards 

D638 

 



 65

 
Figure 3.10: Sample of 1% nanoclay/epoxy matrix for tensile testing 

 

  
Figure 3.11: Tensile testing by Hounsfield machine    

     

Since tensile stress is the force placed on the sample divided by the cross-sectional 

area of the sample, tensile stress can be measured and the tensile modulus can be 

calculated by dividing the stress by the elongation, which would be measured in 

terms of elongation. Modulus is therefore expressed in the same units as strength i.e. 

N/cm2. Normally, stress is measured in terms of mega pascals (MPa) or giga pascals 

(GPa). It is easy to convert the different units using the following conversion factors. 

1MPa = 100 N/cm2. If stress and strain are measured in the English units of pounds 

per square inch or psi, they can be converted from psi to N/cm2 using the following 

conversion factor 1N/cm2 = 1.45 psi.  
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Stress analysis on different ratios of nano-clay

0
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Elongation

U
T
P

3%Clay 1 hr 0 dgrs - Sample3 1%Clay 1 hr 0 dgrs - Sample 5

1.5%Clay I hr 0 dgrs - Sample 3
 

Figure 3.12: UTP Vs Elongation of various samples of nanoclay/epoxy composite 

matrix 

 

The above figure 3.12 shows the stress-strain curves for various samples of 

nanoclay/epoxy composite matrix. Strain is a kind of deformation or elongation. 

Elongation is the word used specifically to tensile strain. The height of the curve at 

the time when the sample breaks is the ultimate tensile strength and the slope 

represents the tensile modulus. If the slope is steep, then it means that the sample has 

a high tensile modulus, which means it resists deformation. If the slope is gentle, 

then it means that the sample has a low tensile modulus, which means it can be easily 

deformed. The slope is not constant as stress increases. The slope or the modulus 

changes with stress. [70].  

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Stress-strain graphs [70] 
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To have a better understanding about the relationship between the stress and strain, 

the graphs in figure 3.14 show typical stress-strain curves for different kinds of 

polymers. The green plot shows that rigid plastics such as polystyrene, PMMA or 

polycarbonate can withstand relatively high stress but they cannot withstand much 

elongation before breaking. So materials like this are strong but not very tough. Also, 

the slope of the plot is very steep, which means that it takes a lot of force to deform a 

rigid plastic. So it is easily seen that rigid plastics have high moduli. In short, rigid 

plastics tend to be strong, resist deformation but they tend not to be very tough, 

which means, they are brittle [71]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Stress-strain comparison for various materials 

 

With the discussed tensile testing method, materials of thickness upto 14 mm can 

also be tested. However, the matrix samples were reduced to 5 mm uniformly by 

machining. Also, this testing method included the option of determining Poisson's 

ratio at room temperature. It was understood that the constant rate of crosshead 

movement for a desired theoretical value and the testing speed give important effects 

in characterising the behaviour of the composite material in its plastic state. 
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Table 3.4: Tensile test samples to ASTM D638  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During this test, it was understood that variations in the thicknesses of the test 

specimens produce variations in the surface-volume ratios of such specimens, which 

in turn influence the test results. Hence, all the samples were carefully made to the 

same thickness as said above in order to allow reliable comparison of the end results 

for all the samples. This tensile testing method was used for testing laminated 

composites also.  

3.3.2 Three point bending test as per ASTM Standards D790M 

During a three point bending test, the composite lay-up is subjected to in-plane 

compressional stress. Each lay-up is made of three layers, called plies, of 

nanofiller/epoxy with nylon woven carbon fibre to a thickness of 1.5 mm. The lay-up 

is made to a size of 200 mm by 100 mm. Then that is cut into a length of 80 mm and 

a width of 15 mm as per ASTM D790M using a high-speed cutting tool. The samples 

of lay-up were loaded for compression in a Hounsfield three point bending machine, 

with a leading span of 600 mm. The crosshead speed was maintained at 1.2 mm per 

min. Six specimens were tested on each weight ratio of nanofiller/epoxy composite 

lay-ups. The tensile loads and the displacement were measured. Tensile modulus and 

yield strength were also calculated. 

Batch 
and 

Sample 
nos. 

Neat 
Epoxy 

 
grams 

Percentage of 
Nanofillers 

Dimension of the 
samples 

UTP, 
 
 

MPa 

Elongation, 
 
 

mm 
Nano
clay 

Nano 
carbon 

Thickness, 
mm 

Width, 
mm 

14B,1 20 No fillers 5.26 6.78 24.647 2.533 
14B,2 5.20 6.88 26.759 3.129 
15B,1 20 No fillers 5.24 5.82 24.232 3.141 
15B,3 5.14 5.64 23.882 4.470 
16B,1  

20 
 

 
1 

 5.52 6.32 14.360 2.288 
16B,2 5.28 6.42 15.458 3.138 
16B,3 5.74 6.20 12.288 3.953 
17B,1 20 1.5  5.24 5.70 20.534 3.229 
17B,2 5.12 7.70 28.189 3.537 
11B,1  

20 
 

3 
 5.00 5.00 9.706 7.595 

11B,2 5.00 5.00 8.653 4.121 
11B,3 5.00 5.00 12.066 4.717 
18B,1 20  1 5.56 6.50 25.677 5.814 
18B,3 5.40 6.10 18.336 8.587 
12B,1 20  1.5 5.00 5.00 14.720 1.963 
13B,1 20  3 5.50 6.00 20.542 1.977 
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The three point bending test showed the effect of the nanofillers in the epoxy 

composite in comparison with the tensile strength tests. The summary of the 

experimental results from the three point bending test carried out on the 

nanocarbon/epoxy lay-up on carbon fibre is as shown in figure 3.15: 

 

Stress analysis summary

0
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1500

0 45 90

Angle of lay-up

S
tr
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s 
(M
P
a)

Neat 1% 1HR 1.5% 1HR 3% 1HR

1% 2HR 1% 3HR 1%c 1HR
     

Figure 3.15: Stress analysis summary 

 

The stress-strain curves obtained from the three point bending test for different 

compositions of nanofillers to epoxy matrix at different angle of lay-ups are shown 

as above. The fractural strength is represented as the ultimate tensile strength because 

the curvatures in the graph are too small. The modulus is calculated as the slope of 

the linear elastic regions from the stress-strain curves.  

 

For a three point bending, at a given load P, the maximum tensile stress for a 

given span length L will be  

 

                                                   (3.1) 

 

where b and t are the width and thickness of the lay-up respectively.  

And the Shear stress τ can be represented by 

 

                                                    (3.2) 
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For a three point bending, at a given span length L, the Modulus of Elasticity E will 

be  

 

                                               (3.3) 

 

where b is the width of the lay-up and t is the thickness of the lay-up again and m is 

the slope of the modulus.  

 

Now the strain can be calculated using Hook’s law. According to Hook’s law, the 

stress experienced by the matrix is proportional to the strain or the deformation. 

Therefore as per Hook’s law [76] 

 

              (3.4) 

 

Stress in a composite is the sum of the stress in the fibre and the matrix multiplied by 

their relative cross-sectional areas. The stress in the fibre and the stress in the matrix 

are generally not the same. Therefore, 

                                       (3.5) 

                    (3.6) 

                    (3.7) 

 

Since the fibre and the matrix often have different elastic moduli, the stress in each 

must be different [72].  

 

Since the force is applied perpendicular to the direction of fibre, the fibre deflects in 

the same direction. Therefore, the total deflection, d is the sum of the deflection of 

the fibre and the matrix.  

                                                   (3.8) 

 

The effect of nanoclay on the compressive properties of these nanocomposites was 

similar. At 1% of exfoliated nanoclay/epoxy composite, the compressive modulus 

increased by 30%, while exhibiting maximum strength over the neat epoxy matrix. 

While the neat resin matrix shows approximately 55% decrease in strength past the 

yield strength compared with the 1% nanoclay/epoxy composite, the other 
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composites did not show a similar decrease. The main compressive failure with the 

epoxy matrix is due to the initiation of cracks in the direction of compression, due to 

the lateral expansion of the lay-up resulting from the Poisson's ratio effect. Whereas, 

in the case of nanocomposites, the increase in the modulus had lead the lay-up to 

lateral expansion, which in-turn had initiated the crack along the matrix. When 

cracking is initiated i.e. when the yield point is reached, a sudden fall in strength was 

observed. It was also noticed that the increase in the proportion of nanoclay content 

has led to lesser compressive modulus resulting in the final failure at lower strain 

values.  

3.3.3 Phase contrast microscopy  

Phase contrast microscopy is often preferred when higher magnifications (i.e.) 

magnifications up to 1000X are needed and also when the samples to be examined 

are colourless or the needed details are so fine that the colours do not show up well. 

In this research, the images obtained from the Phase contrast microscopy were used 

to analyse the internal chemistry behind dispersion in order to understand the effect 

of various mixing processes. This Phase contrast microscopy was carried out on all 

the samples of composited nano-enhanced epoxy matrix as well as on the lay-ups.  

 

Sample preparation being very important in any microscopical technique, the 

samples were first mounted in a round substrate of 30 mm diameter with an excess 

amount of low viscosity neat epoxy, to prevent rocking during grinding and 

polishing, as shown in figure 3.16 in the next page. This mounting process besides 

enabling us to handle the sample with ease during polishing and even during 

microscopy, also minimises the likelihood of any damage that could happen to the 

sample. Most of the time, the damage occurs, while the sample is cut and polished 

[73]. Cutting with abrasives could also cause a high amount of damage to the 

surface, but this has been drastically reduced by using a high-speed diamond saw and 

most importantly with a proper lubricant. It is also important to remove the cutting 

and grinding marks so that the microstructure of the cross section of the matrix and 

the lay-ups are exposed clearly. Since improper preoperational methods may obscure 

the result and would even lead to misinterpretation, utmost care was taken to attain a 

perfectly polished and flat surface for optimum imaging as shown in figure 3.16. In 
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order to get a highly polished smooth surface, the samples were ground and polished 

using a series of fine grades of diamond paste up to the particle size of 1 micron in 

diameter [74, 75]. Each time before changing the polishing wheel the samples were 

washed thoroughly with soap and warm water followed by a gentle rinse with 

alcohol to avoid contamination. 

 

 
Figure 3.16: Mounted samples used during phase contrast microscopy 

 

In order to use phase contrast during microscopy, the light path was aligned first. 

Then the element in the condenser was aligned with the element in the phase contrast 

lens by sliding a sample into the light path and by rotating a condenser turret. The 

elements were then lined-up to a fixed position by adjusting the eyepiece in the 

observer till the phase effect was obtained. Generally the phase contrast needs more 

light when compared to a bright light microscopy, since here the viewing technique 

is based on the diminishment of brightness of most objects [76].  

 

 



 73

 
Figure 3.17: Phase contrast microscopy at 200X and 1000X of 3% nanoclay/epoxy 

matrix  

 

From the above shown figure 3.17, phase contrast images obtained from the samples 

of nanoclay/epoxy matrix, agglomerations of nanoclay particles were made visible. 

During this research, it was noticed that the amount of agglomerated nanoclay 

particles present in the sample decreased with the increase in the mixing duration up 

to an optimum level, which is 1 hour. But still there were tiny agglomerated particles 

visible even after an hour of ultrasonic mixing processing, indicating that not all the 

nanoclay particles were fully dispersed and were unlikely to be exfoliated. Again this 

microscopic analysis indicated that the exfoliation of nanoclay was greater when they 

are mixed ultrasonically, compared with other processing methods like mechanical 

mixing.  
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At 100X 

 
At 200X 

 
At 1000X 

 
At 2000X 

Figure 3.18: Phase contrast microscopic samples of 1% nanoclay/epoxy lay-ups at 

different magnifications 
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Cross-sectional images of the above samples in figure 3.18 show the cracking and 

tearing action of the microstructure inside the lay-up. In order to optimise the volume 

of nanofillers into the epoxy matrix, to get a stronger lay-up, the use of Phase 

contrast microscopy for lay-up crack analysis has become inevitable. This 

microscopy gave a clear view of the locus of failure and a good understanding about 

the progression of crack in the fractured surface, besides the effect of molecular 

dispersion resulting in crack formation and propagation. Interfacial debonding, which 

caused a reduction in the strength of these laminates, resulting in the yielding of the 

lay-up was also observed between the carbon fibre and the nanofiller/epoxy matrix. 

 

The easiest way of measuring the size of an agglomerated particle under this 

microscopy is by relating it to the size of the field of view. The simplest way of 

achieving this is by measuring the size of the field of view at a low magnification 

and then scaling the size appropriately as the magnification is increased. The field of 

view can be measured approximately by looking at a ruler under the lowest 

magnification lens. Accuracy can be improved by using a graticule. 

3.3.4 High speed photography 

During this research, high-speed photography helped in studying the yielding 

process, besides providing a lot of information about the time taken to reach 

maximum yield each time as well [77]. Therefore, during each test, the high-speed 

camera was employed live. The frame speed at 1000 frames per sec, shutter speed at 

60X and the contrast ratio at 10000:1 were set as standard during photography. Some 

of the frames are displayed as shown below in figure 3.20 to figure 3.22. 

 

 
Figure 3.19: Lay-up samples used during high-speed camera photography 

 



 76

 
 

Figure 3.20: Samples of 1% nanoclay/epoxy composite lay-up at 0 degrees  

(1hr mixing) 

 

 
 

Figure 3.21: Samples of 1% nanoclay/epoxy composite lay-up at 45 degrees  

(1hr mixing) 

 

 
Figure 3.22: Samples of 1% nanoclay/epoxy composite lay-up at 90 degrees  

(1hr mixing) 
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It was made clear that continuous loading or continuous stresses during three point 

bending could cause the lay-up to separate at the interface between two layers 

resulting in delamination. This could also lead to fibre pullout or separation of 

individual fibres from the matrix lay-up. In order to achieve high reinforcement 

volume fractions and high stiffness and strength to weight ratios, through this 

research it is recommended that these nanofilled/epoxy composites can be laminated 

and cured under temperature and pressure [78].  

3.3.5 Surface tension measurement using the Drop shape method 

Solids have free surface energy because atoms in a bulk of solid are subjected to 

attractive forces from all directions while the atoms along the surface experience 

only inward forces. In case of liquids, the net inward force along the surface of a 

liquid makes the surface act as if it is an elastic skin that constantly tries to decrease 

its area. The way of looking at surface free energy in a liquid drop was first used by 

Young in 1805. In that, he had referred this phenomenon as ‘surface tension’. He 

also showed that the mechanical properties of an interface could be modelled as an 

imaginary membrane stretched over the surface [79]. The tension acting in this 

imaginary membrane is expressed as a force per unit length and in the units of 

Newtons per metre. Therefore, whenever dealing with liquids, the surface energy i.e. 

the force acting along the surface of the liquid is referred as surface tension even 

though the surface energy and the surface tension refer to the same dimensional 

quantity as shown in the equation below sharing the same symbol γ. 

 
                                                                         

             (3.9)  

 
Drop shape analysis is one of the convenient ways to measure the surface tension of 

liquids. According to this drop shape method, by knowing the density of the liquid 

and by identifying the geometric parameters of the liquid droplet such as the droplet 

volume and the contact angle through an imaging system, one can compute the 

surface tension of the liquid [80]. In this research, this approach is adopted modelling 

and validation to understand the effect of the surface tension of epoxy in bonding.  
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3.3.5.1 Principle 

The principal assumptions behind this analysis are 

• The droplet should be symmetric to the central vertical axis. This means, it 

is irrelevant from which direction the drop is viewed [81]. 

• The droplet should not be in motion. Since the viscosity or the inertia plays 

a vital role in determining its shape, enough care should be taken to 

maintain the droplet away from any external forces other than the 

interfacial tension and gravity [82]. 

 

As long as the axisymmetric droplet profile may be precisely predicted by the direct 

method, which is by modifying and incorporating the droplet image system to build 

up a measurement system, one can determine the surface tension of the liquid. This 

principle acts as the basis of this analysis. 

3.3.5.2 Procedure 

1. A 20 SWG needle with an outside diameter of 0.914 mm was found to be a 

good size to start with. But 22 SWG needle with an outside diameter of 0.71 

mm could have also been tried. 

2. 20 µ l of epoxy was measured with the help of a pipette and then the same 

was sucked into the syringe through the needle. While doing so, adequate 

care was taken to ensure that there was no air trapped in the needle. 

Dispensing excess epoxy through the needle did this.  

3. This was an iterative process, because one will not know how large the drop 

is going to be before setting magnification and one cannot calibrate until the 

magnification is set. 

4. A camera was then aligned so that the line of sight of the droplet was made 

exactly horizontal or axisymmertic and in focus. Obviously focusing the drop 

was very important. 

5. To obtain the best results, the image was precisely brought into focus by 

ensuring the backlight centred on the droplet so that the bright spot was at its 

maximum diameter as shown in the figure 3.23 in the next page. 
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Figure 3.23: Profile of the droplet under experiment 

 

6. Mechanical standards were made to fit into the image and required external 

measurements were collected to one micron accuracy.  

7. The vertical line was brought to the centre of the drop to ensure that the drop 

is axially symmetric. There was another horizontal line running at the bottom 

end of the drop i.e. at its maximum diameter.  

8. The magnification standards were measured with the same lighting and 

aperture setting on the drop. 

 

During this experiment, a high-speed camera was set up to take a movie till the drop 

reached its stability. This is to identify the shape of the drop from the initial stage. By 

this drop shape method, accuracy was also set by magnification, while the resolution 

was defined by electronic noise and mechanical vibration were controlled on the 

drop. 

 

During this experiment, while using the Young-Laplace equation, it was noticed that 

the droplet required a small amount of internal energy to get distorted by the gravity. 

This distortion by the gravity was balanced against the restoring force called the 

surface tension. So it was made evident that the surface tension cannot be determined 

for a droplet, which is not affected by gravity [83]. Therefore to confirm the 

distortion, the drop height was ensured to have pressure difference between the top 

and the bottom end. This was done by trial and error method only, usually by 

deploying a dispenser with a wide tip to support the needed drop size. 

 

However, as a continuation of this experimental process, a modelling was also 

carried out and the results were validated against a standard reference. Detail 

discussion about the relationship between the surface tension of the newly developed 

nano-enhanced epoxy matrix and bonding follows in the next chapter. This gave a lot 
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of valuable information about the effect of the inner chemistry upon adhesion of the 

altered matrix with the carbon fibre lay-up.  
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Chapter 4  

Modelling and Validation 

4.1 Introduction  

In this research, the modelling was carried out to understand the influence of the 

surface tension in bonding and also to confirm the theory behind cracking and 

propagation of crack in the nano-enhanced epoxy reinforced carbon fibre 

laminations. The entire analysis was carried out using drop shape analysis with water 

and then with the nano-enhanced epoxy matrix and the results were validated with 

the standard reference.  

 

During each experiment, six samples were taken for validation. Based on the 

measurement of surface tension of the newly developed epoxy matrix, the effect of 

its surface tension in bonding is analysed and discussed in the latter part of this 

chapter. Therefore this is carried out in two steps as mentioned below: 

 

• Modelling.  

• Validation and analysis on the influence of surface tension in bonding.  

4.2 Modelling  

As modelling is a vital part in an analysis, in this research, it was adopted to 

characterise the influence of surface tension of the nano-enhanced epoxy in bonding 

using drop shape analysis method. It was also carried out in order to confirm whether 

the theory behind cracking and propagation of crack has anything to do with the 

surface tension of the matrix. The entire results of the modelling were validated with 
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water as the standard reference and the results were considered during analysis and 

the take has been discussed in correlation with the bonding theories. 

 

Primarily finding  

Contact angle, sθ  in deg 

Liquid droplet profile, h(r) in m 

Droplet radius, r in m or Droplet diameter, d in m  

Droplet height, h in m 

Mass of liquid droplet, m in mg 

Volume of liquid droplet, V in m 

 

Secondary findings  

Liquid pressure at droplet surface in atm. 

Ambient air pressure in atm. 

Volumetric flow rate of the dispensed fluid 

Droplet temperature, C 

Radius coordinate, m 

Reference temperature, C 

 

And we have  

Gravitational acceleration, g in m/s 

Density of the liquid, ρ in kg/m 

Objective function 

Cartesian coordinates, m 

Theoretical Surface tension, N/m 
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During this drop shape method, since measuring the contact angle of the liquid 

becomes the key indicator, as discussed in the previous chapter, the experiment was 

carried out to identify the profile in order to measure the contact angle. The contact 

angle is the angle enclosed between the tangent to the liquid surface and the interface 

between substrate and liquid at their line of intersection. Figure 4.1 illustrates this.  

 

  
Figure 4.1: Schematic representation of a drop on a glass substrate 

 

Stated above, from the measurement of contact angle, physical properties such as 

wettability, affinity, adhesiveness and repellency of the nano-enhanced epoxy 

droplet, besides an indication about the chemical bonding by the uppermost surface 

of the matrix can be inferred. Therefore the contact angle is seen as the physical 

manifestation of the more fundamental concepts of surface energy and surface 

tension as shown in figure 4.2.  

 

 
Figure 4.2: Liquid drop on solid surface 

 

During a theoretical or empirical approach, surface energy values are calculated from 

the contact angle data. Both the approaches emphasize the concept that the contact 

angle is related to surface energy and surface tension. In order to measure the contact 

angle of the liquid droplet, complete wetting is recommended. Wetting is the extent 

Droplet 

Substrate 
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to which a liquid droplet spreads over the glass substrate, which is illustrated in the 

figure 4.3 below. For practical purposes, if sθ  > 90°, it is considered as non-wetting 

[84].  

 

 

 

 

 

 

Figure 4.3: Effect of wetting on contact angle 

       

 
Figure 4.4: Profile of the droplet under experiment 

 

 
Figure 4.5: Graphical reproduction of the water droplet 

 

When applying this surface tension measurement method, one needs to measure only 

the density of the liquid, ρ and identify the liquid droplet profile, h(r) by a droplet 

image system. The identified droplet profile is analysed to calculate the geometric 

parameters such as the droplet volume, V whereas the contact angle, sθ  is measured 

by using an image analysis system. With the measured density, the droplet volume, 

the contact angle and the surface tension of the liquid, σ can be evaluated. In this 

research, an objective function in conjunction with the direct method is used as 
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222 )()()( sdsdd VVJ θθρρ −+−+−=                      [4.1] 

where dρ , dV  and sdθ  represent the predicted density, droplet volume and the 

contact angle respectively of the liquid from direct solver. Therefore, the obtained 

liquid droplet profile will be used to calculate dρ , dV  and sdθ . And hence it becomes 

an objective function. In the successive steps the value of ρ is continuously updated. 

When the objective function reaches a minimum, the inverse process is completed 

and the searching procedure for ρ is then terminated. An initial approximation for 

surface tension γ will be made in the beginning and then with the liquid droplet 

profile h(r). Accompanying the approximation value, the actual value of the surface 

tension γ, will be then calculated. The accuracy of the measurement can be improved 

as long as a lower objective function is yielded [84]. 

 

Therefore to start, when the contact angle is less than 90°, 

180
20

18025.0 CgZργ ∆=                  [4.2] 

where γ is the surface tension in N/m, ρ is the density in kg/m and g is the 

gravitational constant in m/s and 180Z  is the experimental measure of the drop height. 

 

In accordance with the existing information, it is understood that the size or the 

diameter of the droplet is greatly dependent on the surface tension of the epoxy resin, 

since this property has large influence on the dynamic behaviour of the liquid droplet 

formed on the glass substrate. Therefore, the direct method has been incorporated 

with a dynamic droplet imaging system to build-up a measurement system for the 

determination of the surface tension of epoxy resins as shown below. 

 

  

            h(r) 

 

  

           
046=θ         h=0.51mm 

r=3.8mm                 r=0 Glass substrate 

 

   Figure 4.6: Analysis on a water droplet 
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θ  =   46° 

ρ = 0.072 N/m 

R0 = 3.8 mm 

h(r) = 0.51 mm 

 

On getting the droplet on a glass substrate, the surface tension of the liquid can be 

determined by fitting the shape of the drop to the Young-Laplace equation, which 

relates the interfacial tension to drop shape. The shape of a drop is determined by its 

radii of curvature R1 and R2. The relationship between the interfacial pressure, i.e. the 

pressure acting across the interface and the radii of curvature, are represented in the 

form of an equation called the Laplace equation  

∆P = γ (1/ 1R  + 1/ 2R )                             [4.3] 

where ∆P = interfacial pressure difference 

γ = interfacial tension 

1R , 2R  = radius of curvature of the surfaces 

In a column of fluid density ρ with height h, the pressure can be written as 

∆P = ρgh                              [4.4] 

where g is the acceleration due to gravity, (9.8m/sec2). 

Combining equation [4.3] and equation [4.4] to get Young-Laplace equation, 

ρgh = γ (1/ 1R  + 1/ 2R )                  [4.5] 

where h is normally measured from the apex of the drop, ρ and g are known, γ  is 

what is desired and R1 and R2 can be measured from the profile. When the radii of 

curvature are expressed in X-Y coordinates of the drop profile (taking the height of 

the droplet h in the y direction), a differential equation results with no analytical 

solution. Therefore bringing the y coordinates in relation to the above equation,  

 

ρg h = γ [ {y'' / (1 + y'2)3/2} + {y' / (1 + y'2)1/2} ]              [4.6] 

where y' = dx
dy

and y'' = 2

2

dx
dy

 

 

Since the static profile of the axis-symmetric liquid is governed by the Young-

Laplace equation, equation [4.6] can be rewritten as:  
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Boundary conditions were expressed as 

                    
0

)(
=

dr
rdh

   at r = 0                            [4.8] 

 

                   
sardr

rdh ϑtan
)(

−=
=

 at r = a              [4.9] 

where h(r) represents the height of the liquid droplet as a function of radius r, aP  is 

the atmospheric pressure, 0P is the liquid pressure at z = 0 and θ  is the contact angle. 

 

Also since the liquid is assumed to be incompressible, the mass conversion law can 

be written as  

                    
∫=

)0(

0

2)(
h

dhhrQt π
                         [4.10] 

 

where Q is the volumetric flow rate of the liquid, t is the dispensing time and the 

function r(h) is the inverse function of h(r). 

 

Numerically solving the equations using the fourth order Runge-Kutta method with 

the given values ofθ , ρ and γ, h(r) by substituting the values in equation [4.7] 

 

γ dr
d

{3.8* dr
rdh )(

 [1+( dr
rdh )(

)2] -1/2 } = P0 - 0.072 - (0.0728*9.81* h(r))              [4.11] 

       where     dr
d

 = f1 and  dr
rdh )(

 = f2 

       
( ) )(0

2
1

3
221 rghPPfrrff a ργ −−=+

−

            [4.12] 

 

       )()( 0
2
1

3
2121 rghPPfrffrf a ργ −−=+

−

            [4.13] 
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where 
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Following are the steps involved in analysing the drop shape of the droplet. 

 

The drop height θZ , the equatorial radius 90X  and the contact angleθ  for the drop 

were measured. 

For the value ofθ , the coefficient of correcting factor 81 cc − with respect to the 

contact angle can be obtained from the Paddy’s table in Appendix A. 

The initial calculation of k

k

X
X

f
)(

 was carried out using the random value of kX . 

The ratio was compared with the measured 90X
Z θ

. 

An iterative technique was used to solve the equation k

k

X
X

f
)(

= 90X
Z θ

 for kX , the only 

unknown value.  

By substituting the random value to the equation kZ = k
Z θ  the value of kZ  can be 

obtained from the equation [4.16].  

Thus the surface tension becomes 

2

2

kZ
Z

g θργ ∆=
 

It is to be noted that the measurement of θZ , 90X  andθ  will also affect the accuracy 

of the actual surface tension, γ. 

 

Since 180C  is the function of the droplet shape, an iterative procedure is needed for 

different experimental values of 90X  and θZ  to get the value of θ  in order to 
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measure the value of β  which is the ratio of 90X
Z θ

. The value of β  is found when the 

two ratios of 90X
Z θ

 match. 

 

This was a time consuming process and needed a lot of interpolation between the 

tables. Since the approximation could be quite inaccurate and does not cover the 

whole range of the drop shape factor β  or the contact angleθ , adopting a 

polynomial function would serve the purpose and the same could be solved easily as 

follows.  

 

Therefore the polynomial equation can be written as  
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where k is the meniscus coefficient  

 

It was understood that the shape of a drop of the liquid lying on the surface of the 

glass substrate is determined from the balance of forces, which included the surface 

tension of that liquid as well. The surface or the interfacial tension at the liquid 

interface could then be related to the drop shape through the following equation 

β
ρ

γ
2
0gR

=
                                        [4.18] 

where γ = surface tension in N/m. 

ρ = density in kg/m. 

g = gravitational constant in m/s-2. 

R0 = radius of drop curvature at apex 

β = shape factor. 

 

β, the shape factor, can be defined through the Young-Laplace equation, expressed in 

modern computational methods. This was performed using iterative approximations, 

allowing the solution of the Young-Laplace equation for β to be performed. Thus, for 

any drop shape where the densities of the fluid and the vapour in contact, are known, 
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the surface tension may be measured, based on the Young-Laplace equation. This 

approach represented a significant improvement in both the ease and accuracy from 

other traditional methods. 

 

Among other things, the Young-Laplace equation showed that the pressure is quite 

high in smaller drops. The weight of a drop can be described using Tate’s Law as 

follows 

 

W = 2 πr γ                         [4.19] 

where W = weight of drop 

R = radius of wetted tip 

γ = surface tension 

4.3 Validation and analysis on the influence of surface tension in 

bonding  

The measurement of the contact angle of the epoxy droplet through the drop shape 

method was found to be a quick and simple way to evaluate the surface tension of the 

epoxy in order to understand the effect of surface tension in bonding. For testing the 

accuracy of this approach towards validation, this experiment was first carried out 

with water and then repeated with six samples of neat epoxy and six samples of 

epoxy with 1% loading of nanoclay. The neat epoxy and the 1% nanoclay/epoxy 

samples were directly dispensed to a glass substrate to form a droplet like the water. 

In this research, it became critical to have an accurate measurement of the surface 

tension of epoxy and the nano-enhanced epoxy matrix, in order to compare and 

understand the forces acting between the matrix and the carbon lay-up, to determine 

the influence of such forces in bonding. 
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Table 4.1: Analysis results on the surface tension of water and epoxy using Drop 

shape approach. 

Analysis summary 
Name of the 
liquid used 

θ  ρ 
 
 

N/m 

R0, 

 

 

mm 

h(r), 

 

mm 

Theoretical 
Surface 
tension, 

tγ , N/m 

Calculated 
Surface 
tension, 
γ, N/m. 

Water 
 

046  0.998 3.8 0.51 0.072 0.71 

Neat  Epoxy 
 

043  1.10 4.3 0.39 0.047 0.045 

1% Nanoclay/ 
Epoxy  

038  1.45 4.6 0.32 0.035 0.032 

 

In nano-enhanced epoxy matrix, increasing a new surface area always requires an 

internal energy. This internal energy develops a crack along the surface and lets the 

crack to propagate and create new surfaces. With nanoclay/epoxy samples, it was 

interesting to notice that along the surface, the nanoparticles were pulled towards the 

rest of the nanoparticles embedded in the matrix. Since it is the intermolecular force, 

Van der Waals force, which draws the nanoparticles together to bind them along the 

surface [85]. It has been found that though these bonds were weak, they had enough 

internal energy to develop a weak bonding structure, which in turn had the potential 

to create a cavity in the matrix, resulting in developing a path to break the surface of 

the matrix along the direction of the lay-up, during testing. 

 

Apart from the above correlation of the effect of surface energy in bonding, 

enlarging the area of contact for the epoxy matrix has the advantage of better 

adhesion over the wider area. While increasing the surface area by the addition of 

nanoparticles is one of the most attractive characteristics in a nano-enhanced epoxy 

composite during lay-ups, it also develops an internal force which, in turn facilitates 

bonding by taking advantage of the newly created large interface area by the addition 

of nanofillers into the epoxy matrix. Through earlier researches, it was found that an 

interphase of 1 nm thick of nanoparticle could occupy around 30% of the total 

volume, in case of nanofilled epoxy composites [86]. Therefore, the interphase 

contribution made by less than 5% loading of nanofiller into an epoxy matrix 

provided diverse possibilities and opportunities of altering the performance of the 

matrix, by influencing the properties of the matrix directly. Significant improvement 
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in the tensile performance of epoxy nanocomposites has also been reported in this 

research in terms of strength, stiffness and toughness with a low filler content of 

about 1% loading which was due to better adhesion due to optimal surface forces 

action along the matrix. 

 

During wetting or spreading process, the contact area formed along the surface of 

contact between the epoxy matrix and the carbon fibre always depends on the surface 

tension and the viscosity of the epoxy. Therefore, in order to achieve a better 

bonding strength, increasing the surface energy becomes inevitable. And to achieve 

that, pre-treating the fibre with chemical adhesion enhancers like silicone and 

fluorocarbon becomes desirable. This pre-treating can also be done by physical 

processes like etching, flame treating etc. depending upon the nature of the materials 

used. But enough care should be taken to make sure that the matrix fills the grooves 

and valleys created by the above said processes. Therefore with relevance to 

bonding, it was also found that for the substrates like fibres, good wetting results in 

better adhesion.   

 

Table 4.2: Effect of surface tension on adhesion 

 

 

 

 

 

 

Further to this, to enable the adhesive bonding between the epoxy matrix and the 

fibre during lay-up, first the epoxy matrix was made to wet the surface evenly. Poor 

wetting would always allow the entrapped air to remain between the fibre and the 

matrix, which in turn will reduce the effective bonding area and create stress raisers 

along the interface [85]. During any practical applications, the area of the effective 

surface will be smaller than the true surface due to the existence of pores and uneven 

parts along the surface, which were not completely filled by the composite matrix. 

 

Therefore adequate care was taken during the experiment to contain the surfaces 

from any external contaminations. Also these contaminants would tend to spread 

Properties Liquid with smaller 

contact angle 

Liquid with larger 

contact angle 

Wettability Better Worse 

Adhesiveness Better Worse 

Solid surface free Larger Smaller 
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readily on the fibre, because of their low surface tension, and prevent complete 

wetting. During this research, it was understood that a good wetting occurs only 

when the contact angle, sθ  between the epoxy matrix and the fibre was less than 90°. 

Complete wetting occurs when the molecular attraction between the liquid and solid 

molecules are greater than that between similar liquid molecules.  

 

From earlier researches, it has been found that adding pressure would enhance the 

adhesion [87]. Therefore, a set uniform pressure during wetting and an external 

continuous pressure of 30 kgs had been tried during the curing process. These 

pressures imparted better wetting, besides ensuring complete interfacial contact. Also 

it was made evident during this research that the lay-up with such pressure loading 

showed better bonding, which in turn resulted in higher adhesive strength than 

without pressure loading. This is evident through the results shown in the next 

chapter.  

 

It was also noticed that the contact angle of the epoxy droplet changes with time. 

Therefore during this analysis, a curing time of 3 hours was employed uniformly 

during each experiment with all the epoxy samples. During lay-ups, a curing period 

of 24 hours was employed under pressure.  
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Chapter 5  

Results and Discussions 

5.1 Introduction  

In this chapter, results of the various experiments carried-out so far through this 

research are analysed, discussed and substantiated in detail. This is aimed towards 

evaluating the effect of the different processing methods used during the synthesis, 

towards optimising the mixing processes and also to identify the optimum volume of 

nanofiller to epoxy in correlation with the adhesion of the nanofilled epoxy matrix to 

the lay-up.  While doing so, it is also aimed to ascertain the enhanced achieved 

through this research. This chapter focuses on choosing the right nanofiller for varied 

applications, depending upon the property parameters required. While doing so, the 

tensile and compressive properties of epoxy matrix incorporating 1% nanoclay and 

1% nanocarbon were considered individually for comparison. During this 

comparison, the commercial viability, in terms of producing bulk quantities for a 

commercial batch processing, was also considered. Since the combination of 

ultrasonic and mechanical mixing is capable of producing bulk quantities of 

nanofiller/epoxy nanocomposites in addition to other advantages in dispersion and 

consistency, they were identified as the right candidates for this synthesis.  

 

Therefore, samples from various combinations of several nanofillers to the epoxy 

resin matrix, at various ratios, at a range of mixing durations and by different mixing 

methods were analysed. While doing so, samples from carbon lay-up laminates were 

also tested for their mechanical properties and the results were also analysed. During 

that process, the effect of complete exfoliation of nanoclay in bonding was discussed, 

in relevance to the bonding theories.  
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5.2 Results 

Following is the summary of the analysis arrived after an extensive experimental 

work carried out on epoxy/nanocomposite matrix, as well as on carbon fibre lay-ups 

at various angles.  

 

Table 5.1: Summary of the analysis on tensile test at 0° degree  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Sample 
no. 

1 hour mixing 
 

2 hour 
mixing 

3 hour mixing Neat 
Epoxy 

Nanoclay by weight 
 

Nano 
carbon 
by weight 

Nanoclay 
by 

weight 

Nanoclay 
 

by weight 
1% 1.5% 3% 1% 1% 1% 3%  

 
 
UTP 
MPa 

Sample 
1 

463.000 555.333 416.000  315.000 260.666 217.666 558.000 

Sample 
2 

525.333 648.333 371.333 516.000 267.333 220.333 211.666 554.333 

Sample 
3 

484.667 542.000 389.333 557.000 352.666 318.333 231.333 577.333 

 
Mean UTP 
MPa 
 

 
591.000 

 
481.888 

 
392.222 

 
563.222 

 
311.666 

 
266.444 

 
220.221 

 
536.500 
 

 

bσ  

MPa 

Sample 
1 

1006.053 1126.651 1044.817  785.410 695.483 669.238 910.834 

Sample 
2 

1269.644 1323.954 943.801 1174.150 680.667 632.170 642.047 907.979 

Sample 
3 

1163.852 1136.625 1166.811 1332.110 886.314 942.902 764.212 910.979 

 

Mean bσ  

MPa 
 

 
1206.44 

 

 
1195.743 

 

 
1051.81 

 

 
1253.130 

 
784.130 

 

 
756.851 

 

 
691.832 

 
909.930 
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Table 5.2: Summary of the analysis on tensile test at 45° degree  

 Sample 
no. 

1 hour mixing 
 

2 hour 
mixing 

3 hour mixing Neat 
Epoxy 

Nanoclay by weight 
 

Nano 
carbon 
by weight 

Nanoclay 
by 

weight 

Nanoclay 
 

by weight 
1% 1.5% 3% 1% 1% 1% 3%  

 
 
UTP 
MPa 

Sample 
1 

64.667 53.000 59.666 79.000 52.000 53.666 36.333 54.000 

Sample 
2 

62.333 52.666 54.333 70.666 47.000 49.000 31.666 52.666 

Sample 
3 

62.666 46.333 63.000 68.666 50.333 43.666 30.000 45.333 

 
Mean UTP 
MPa 
 

 
63.222 

 
50.666 

 
58.999 

 
72.777 

 
49.777 

 
48.777 

 
32.666 

 
50.666 

 

bσ  

MPa 

Sample 
1 

160.663 150.418 153.976 199.287 129.004 155.744 116.435 140.518 

Sample 
2 

156.321 146.565 133.466 174.733 115.226 138.907 111.025 133.794 

Sample 
3 

155.691 120.202 157.336 188.772 122.436 125.870 109.689 117.965 

 

Mean bσ  

MPa 
 

 
157.558 

 

 
139.061 

 

 
148.259 

 

 
187.597 

 
122.222 

 

 
140.173 

 

 
112.383 

 
130.759 
 

 

 

Table 5.3: Summary of the analysis on tensile test at 90° degree  

 Sample 
no. 

1 hour mixing 
 

2 hour 
mixing 

3 hour mixing Neat 
Epoxy 

Nanoclay by weight 
 

Nano 
carbon 
by weight 

Nanoclay 
by 

weight 

Nanoclay 
 

by weight 
1% 1.5% 3% 1% 1% 1% 3%  

 
 
UTP 
MPa 

Sample 
1 

34.000 52.666 26.666 38.000 21.333 20.000 16.333 32.333 

Sample 
2 

28.666 48.666 31.333 49.000 24.333 21.000 17.333 23.333 

Sample 
3 

33.000 50.333 30.000  24.666  15.666 32.333 

 
Mean UTP 
MPa 
 

 
31.888 

 
50.555 

 
29.333 

 
43.500 

 
23.444 

 
20.500 

 
16.444 

 
29.333 

 

bσ  

MPa 

Sample 
1 

94.524 78.475 72.474 78.758 52.232 67.411 60.252 51.533 

Sample 
2 

72.394 70.644 84.621 115.702 59.577 68.620 64.126 41.060 

Sample 
3 

97.086 74.999 74.534  59.536  62.004 56.270 

 

Mean bσ  

MPa 
 

 
84.119 

 

 
74.706 

 

 
77.210 

 

 
97.23 
 

 
57.115 

 

 
68.015 

 
62.127 

 
49.621 
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 Comparison based on lay-ups

0

500

1000

1500

0 45 90 
Lay-up angle

S
tr
es
s(
M
P
a)

Neat 1% clay 1hr 1.5% clay 1hr 3% clay 1hr

1% clay 2hrs 1% clay 3hrs 1% carbon 1hr

Comparison based on the matrix

0
200
400
600
800
1000
1200
1400

Neat 1% clay
1hr

1.5%
clay 1hr

3% clay
1hr

1% clay
2hrs

1% clay
3hrs

1% 
carbon
1hr

Matrix type

S
tr
es
s(
M
P
a)

 

At 0 dgrs At 45 dgrs At 90 dgrs

Comparison based on angle of lay-up  

0

200 
400 
600 
800 

1000

1200

1400

Different matrix

S
tr
es
s(
M
p
a)

 

At 0 dgrs At 45 dgrs At 90 dgrs
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Figure 5.1: Comparison based on the angle of lay-up with various matrices 

 

 

 

 

 

 

Figure 5.2: Stress comparison on different lay-ups 

 

Figure 5.3: Stress comparison on various matrices 
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Stress analysis summary

0
200
400
600
800
1000
1200
1400
1600

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Angle of lay-up

S
tr
es
s 
(M
P
a)

Neat 1% nano-clay 1 Hr 1.5% nano-clay 1 Hr

3% nano-clay 1Hr 1% nano-clay 2Hrs 1% nano-clay 3Hrs

1%nano-carbon 1Hr
 

Figure 5.4: Summary of stress analysis  

 

Table 5.4: Effect analysis on nanoclay lay-ups using factorial design method  

 

Table 5.5: Effect analysis on nanoclay lay-ups based on UTP 

Sl no Duration 
of mixing 
‘T’ in hrs 

Concentration 
of nanofillers  
‘C’ in % 

Fibre 
orientation  
‘F’ in degrees 

TC TF CF TCF UTP 
 

MPa 
1 + + + + + + + 32 

2 + + - + - - - 220 

3 + - + - + - - 48 

4 + - - - - + + 266 

5 - + + - - + - 59 

6 - - + + - - + 63 

7 - + - - + - + 392 

8 - - - + + + - 591 

Effect - 67 - 33 - 158 17 57 - 20 -20  

 

 

 Duration of mixing  
T in hrs 

Concentration 
C in % 

Fibre orientation  
F in degrees 

Low (-) 1 hr 1% 0° 

High (+) 3 hr 3% 45° 
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Therefore from the Table 5.5, 

the effect of duration of mixing, T = 
8

)5913926359()2664822032( +++−+++
 

                                 = 
8

)1105()566( −
= 

8
539−

 

                                 = - 67 

 

Similarly, 

the effect of concentration of nanofillers,  

   C = 
8

)5916326648()3925922032( +++−+++
 

                                          = 
8

)968()703( −
= 

8
265−

 

      = - 33 

 

And  

the effect of fibre orientation, F = 
8

)591392266220()63594832( +++−+++
 

     = 
8

)1469()202( −
= 

8
1266−

 

                             = - 158 

 

Also the combined effect of duration, T and concentration, C will be, 

      TC = 
8

)3925926648()5916322032( +++−+++
 

            = 
8

)765()906( −
= 

8
141

 

            = 17 

 

Similarly the combined effect of duration, T and fibre orientation, F will be, 

      TF = 
8

)6359266220()5913924832( +++−+++
 

           = 
8

)608()1063( −
= 

8
455

 

           = 57 
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And the combined effect of concentration, C and fibre orientation, F will be, 

                              CF = 
8

)5915948220()3926326632( +++−+++
 

            = 
8

)918()753( −
= 

8
165−

 

            = - 20 

 

Finally the combined effect of duration, T, concentration, C and fibre orientation, F 

will be, 

                             TCF = 
8

)5915948220()3926326632( +++−+++
 

             = 
8

)918()753( −
= 

8
165−

 

             = - 20 

 

 
Figure 5.5: Summary of effect analysis on nanoclay lay-ups based on UTP  
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Table 5.6: Effect analysis on nanoclay lay-ups based on Stress 

 

 

Therefore by referring to the Table 5.6, the effect of duration of mixing, 

T = 
8

)12061052157148()757140691112( +++−+++
 

               = 
8

)2563()1700( −
= 

8
863−

 

               = - 108 

 

Similarly, the effect of concentration of nanofillers,  

        C = 
8

)1206157757140()1052148691112( +++−+++
 

                                           = 
8

)2260()2003( −
= 

8
257−

 

       = - 32 

 

And the effect of fibre orientation, 

F = 
8

)12061052757691()157148140112( +++−+++
 

Sl no Duration of 
mixing 
‘T’ in hrs 

Concentration 
of nanofillers  
‘C’ in % 

Fibre 
orientation 

 ‘F’ in degrees 

TC TF CF TCF Stress

bσ  

MPa 
1 + + + + + + + 112 

2 + + - + - - - 691 

3 + - + - + - - 140 

4 + - - - - + + 757 

5 - + + - - + - 148 

6 - - + + - - + 157 

7 - + - - + - + 1052 

8 - - - + + + - 1206 

Effect - 108 -32 -393 8 94 23 - 13  
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   = 
8

)3706()557( −
= 

8
3149−

  

   = - 393 

 

Also the combined effect of duration, T and concentration, C will be, 

      TC = 
8

)1052148757140()1206157691112( +++−+++
 

            = 
8

)2097()2166( −
= 

8
69

 

            = 8 

 

Similarly the combined effect of duration, T and fibre orientation, F will be, 

      TF = 
8

)157148757691()12061052140112( +++−+++
 

           = 
8

)1753()2510( −
= 

8
757

 

           = 94 

 

And the combined effect of concentration, C and fibre orientation, F will be, 

                              CF = 
8

)1052157140691()1206148757112( +++−+++
 

            = 
8

)2040()2223( −
= 

8
183

 

            = 23 

 

Finally the combined effect of duration, T, concentration, C and fibre orientation, F 

will be, 

                              TCF = 
8

)1206148140691()1052157757112( +++−+++
 

              = 
8

)2185()2078( −
= 

8
107−

 

              = - 13 
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Figure 5.6: Summary of effect analysis on nanoclay lay-ups based on Stress 

5.3 Analysis 

The broadening field of nano-science has led the ability to characterise the 

nanocomposites through various analytical techniques. During this research, the 

entire analysis was carried out in four segments. They are:  

 

• Analysis based on various nanofillers used. 

• Analysis based on various ratios or concentrations of the nanofillers used. 

• Analysis based on various duration of mixing.  

• Analysis based on nature of mixing. 
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5.3.1 Analysis based on various nanofillers used 

As the tensile property of these composite materials is directly related to their overall 

toughness, the composites fracture toughness is related to its interlaminar and 

interfacial strength parameters as well. It was noticed that, while nanocarbon and 

nanoclay show a higher tensile strength at 1% composition, the nanocarbon 

composite yielded earlier than the latter one during tensile testing. This indicates that 

the density of the nanocarbon particle, due to its closer molecular arrangement, could 

have had an effect on the strength of the matrix even though it bore a higher load 

than other samples. It deformed less until maximum load, which indicates a higher 

flexural modulus. On the other hand, composites with 1% loading of nanoclay 

showed higher values of tensile strength and tensile modulus compared with the 

nanocarbon composites. 

 
Table 5.7: Comparison of tensile properties based on various nanofillers 

UTP* - Ultimate Tensile Property 

 
From the above Table 5.7, it is understood that, besides high tensile modulus, 

nanoclay possesses some extraordinary characteristics like excellent electrical 

properties in terms of insulation, good thermal stability and chemically inertness, 

high wear resistance, resistance against high-energy radiation. But it also has high 

friction coefficient. For these reasons, fillers like nanocarbon were also tested during 

this research to modify epoxy composites. 

 

The in-built self-lubricating property of nanocarbon resulted a slide over between the 

lay-ups, which in turn resulted in developing a weaker bonding of matrix over the 

lay-up. This confirmed that the wear of the composite was mostly due to the fibre 

Batch details At 0° degree At 45° degrees At 90° degrees 
Mean UTP* 

MPa 
Mean UTP* 

MPa 
Mean UTP* 

MPa 
A - Neat 
Epoxy 

 
     536.500 

 
50.666 

 
29.333 

B - 1% Clay 
for 1 hour  

 
    591.000 

 
63.222 

 
31.888 

G - 1% 
Carbon 
for 1 hour 

 
563.222 

 
72.777 

 
43.500 
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Stress Vs Strain comparison between 1 % nanoclay 
and 1% nanocarbon
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matrix adhesion, which in-urn was due to the nature of the ingredients of the 

composite. While investigating at the laminar surface of the composite with 1% 

nanocarbon, the yielded surface displayed cracks and micro grooves and the surface 

was quite rough. This gave an indication that, during the test, the fibre had fractured 

into cracked fragments detaching many smaller filler particles from the composite, 

leaving cavities along the surface. These cavities were themselves stress 

concentrators, resulting in more cracks and a higher friction coefficient. This was 

also made evident when comparing the nanoclay/epoxy composite lay-ups with 

higher loading of nanoclay. This also gave an indication about the adverse effect of 

loading excess nanofillers into the matrix. 

 

 

Figure 5.7: Stress analysis between 1% nanoclay and 1% nanocarbon  

 

 

Figure 5.8 Stress analysis between 1% nanoclay and 1% nanocarbon at different  
lay-up angles 
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At the same time, the hydrophilic and hydrophobic property of the nanoclay had their 

effect on adhesion of matrix to the lay-up, during low percentage of loading. But the 

same also had an adverse effect during higher percentage of loading, by attracting 

excessive moisture into the matrix. In spite of that, nanoclay filled epoxy composite 

is identified as a potential candidate for structural applications in biomedical 

engineering, boat building, aerospace and sports gear due to its higher tensile 

strength and tensile modulus.  

5.3.2 Analysis based on various ratios or concentrations of nanofillers used 

As discussed earlier, experiments were carried out at various ratios of nanofillers to 

the epoxy resin base, 1%, 1.5% and 3%. In all these, composites with 1% loading of 

nanofillers offered a clear advantage with higher tensile strength than others. There 

was an observable decrease in the strength of the composite with the reduction of 

nanoclay by 0.5% loading. It can be observed from the Table 5.8 that the lay-up with 

1% nanoclay was stronger and had higher tensile strength than the 1.5% and 3%. 

Therefore it was understood that loading of excess nanofillers (i.e. anything more 

than 1%) results in a weaker matrix. This detoriation in the physical property was 

noticed due to the agglomeration of excess particles along the matrix. During 

microscopy, this agglomeration of excess particles along the matrix was clearly 

visualised and the same was proven to be a weaker matrix during testing.  

 

Table 5.8: Comparison of tensile properties at various ratios of nanoclay 

 

 

Batch 
details 

At 0° degree At 45° degrees At 90° degrees 
Mean UTP 

MPa 
Mean UTP 

MPa 
Mean UTP 

MPa 
B - 1% Clay 
for 1 hour  

 
591.000 

 
63.222 

 
31.888 

C - 1.5% 
Clay for 1 
hour 

 
481.888 

 
50.666 

 
50.555 

D - 3% Clay 
for 1 hour 

 
392.222 

 
58.999 

 
29.333 
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Stress analysis for different ratios of nanofillers
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It can be observed from the figures shown below that the tensile modulus increases 

with increasing nanoclay to 1% of loading and then it falls by up to 22% in ultimate 

yield strength with every increase of 0.5% loading of nanofillers into the epoxy 

matrix.  

 

 

Figure 5.9: Stress analysis on different ratios of nanoclay/epoxy composites 

 

 

 

Figure 5.10: Stress analysis for different ratios of nanofillers  

at different angle of lay-ups 

 

While discussing the mechanical strength of a composite, through earlier researches 

it was found that the interfacial frictional stress and the chemical bond between the 

matrix and the fibre plays a vital role which is shown in the figure 5.11 [87]. And 

again the physical properties are influenced by many factors including the matrix 
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fracture, the fibre/matrix de-bonding and the fibre pull out. This was observed to be 

higher with the lay-ups made from 1% loading when compared to other samples. 

However, the matrix material adjacent to the fibre controls the interfacial strength. 

This phenomenon was made clearly demonstrated during the analysis of the matrix 

and the lay-up in this research. It was understood that this was because of good 

covalent bond exhibited at 1% loading of nanoclay to the epoxy matrix. As discussed 

earlier, this bonding gets weaker in other epoxy composites with increased loading, 

due to the agglomeration effect, which was likely to be the cause of the drop in the 

tensile strength. This explained why it was much lower when the loading of 

nanofillers was high. It was also noticed that the interspaces developed due to the 

agglomeration of particles create and amplify the stress concentration.  

 

Figure 5.11: Effect of interfacial strength between the composite matrix and the fibre 

[92]  

 

Moreover, the superior strength of the composite was associated with the proper 

interfacial adhesion between the fibre and the matrix. This was due to the fact that 

the fibres showed a reasonable amount of strength while acting as a stress 

transferring media, while the matrix act as crack initiating points during impact when 

the adhesion was weak. This was also partly due to the brittle nature of the epoxy 

matrix at high loading of nanofillers. Therefore it was concluded that the lay-up 

made from higher loading of nanofillers yielded faster than the one with 1% loading. 

The yielding of the fracture mainly happened in the matrix since it was already weak, 

whereas the fibres only enhanced the propagation of the crack along the matrix.  
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Further to that, the effect analysis using factorial design method also confirms the 

adverse effect of higher loading of nanoclay. Combined with mixing duration, 

increased loading of nanoclay had an adverse effect on the strength of the 0° degree 

lay-ups.  

5.3.3 Analysis based on various duration of mixing  

With respect to the duration of mixing, experiments were carried out at various 

mixing durations to ascertain the duration at which a maximum exfoliation is 

observed, in order to have a complete dispersion of the nanoclay particle in the epoxy 

matrix. Exfoliation is a process aimed to increase clay gallery distance in the matrix 

in order to have an even dispersion of the particle along the matrix. This can be better 

achieved during ultrasonic mixing by cavitation. It was made evident through the 

results shown below that 1 hour of ultrasonic mixing at 20°C with the combination of 

20 mins of mechanical mixing gave better results in terms of dispersion than other 

mixing durations with the chosen 1% loading of nanoclay matrix. In fact, it was 

observed during the experiment that increasing the duration of mixing had only 

resulted in the degradation of the composite, which in turn had weakened the matrix. 

This is evident through the results in Table 5.9.  

 

Table 5.9: Comparison of tensile properties at various mixing durations  

    

The internal heat generated over a lengthy period of time during mixing had an 

adverse effect on the strength of the matrix. It was understood that this internal heat 

might have triggered internal polymerisation, in turn affecting the viscosity of the 

matrix. During lay-ups, this change in the viscoelastic nature of the epoxy composite 

Batch 
details 

At 0° degree At 45° degrees At 90° degrees 
Mean UTP 

MPa 
Mean UTP 

MPa 
Mean UTP 

MPa 
B - 1% Clay 
for 1 hour  

 
591.000 

 
63.222 

 
31.888 

E - 1% Clay 
for 2 hours 

 
311.666 

 
49.777 

 
23.444 

F - 1% Clay 
for 3 hours 

 
266.444 

 
48.777 

 
20.500 
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Stress analysis for different mixing hours
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matrix might have imposed restrictions on the stiffening effect on the fibre material, 

which is adjacent to the matrix material, resulting a weaker bonding. Although the 

fibre/matrix interphase for the composites made from longer duration of mixing was 

expected to have a lower strength than the other matrices, the stiffening effect 

remained higher.  

 

Figure 5.12: Stress analysis for different mixing durations of nanofillers at different   

angle of lay-ups 

 

Further to that, the effect analysis using factorial design method also confirms the 

adverse effect of increasing the mixing durations. The combined effect of increased 

duration of mixing with higher loading of nanoclay had an adverse effect on the 

strength of the 0° degree lay-ups as shown in figure 5.12.  

 

However, this different duration of mixing had helped in understanding the process 

and the system of interphase was expected to form between the polymer and the 

nanoparticles. Different composites with different mixing durations incorporating 

carbon fibres in a lay-up showed wide property variations. However, the maximum 

strength was exhibited by the 1% nanoclay and nanocarbon specimens at 1 hour 

sonication, where the tensile strength decreased with further increase in the nanoclay 

content and sonication period to a greater extent.  



 111

5.3.4 Analysis based on nature of mixing 

While ultrasonic mixing ensures even dispersion, besides eliminating impregnation 

of air bubbles into the matrix to a larger extent, longer duration of mixing had only 

weakened the matrix as discussed above. While mechanical mixing breaks the layers 

of nanoclay particle, to exfoliate them into the matrix, ultrasonic mixing enhances 

the particle movement, thereby controlling particle agglomeration. Excess use of 

mechanical mixing also resulted a matrix with lots of micro bubbles impregnated in 

it. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Schematic representation of acoustic cavitation. 

 

The purpose in ultrasonic mixing has been emphasised as the core process during this 

synthesis and this can be substantiated in detail through the following discussion. 

Since the matrix is considered as an homogenous system, the ultrasonic process 

enhanced mass and heat transfer by acoustic streaming, while disintegrating the 

nanoclay platelets due to shear forces induced by shock waves through acoustic 

cavitation as shown in figure 5.13. In the liquid epoxy matrix, during the rapid 

collapse of the bubbles, the shear force generated produced mechanical effect, which 

led to a chemical effect in the matrix. This effect will be similar to high pressure 

jetting which can be visualised during ultrasonic cleaning. This effect can also 

activate and catalyse the chemical reaction by increasing mass and heat transfer to 

the surface, by disruption of the interfacial boundary layers. The drastic conditions 
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inside the bubble stimulate the generation of radicals. The source of the radical 

formation may be by the vapour developed inside the epoxy matrix. Subsequent to 

that, these primary radicals induced secondary reactions, which might initiate a 

radical chain, which could react with the polymer base containing nanofillers. These 

radical reactions, which occur in the bubble’s interior in the epoxy matrix, accelerate 

the initiation of radical polymerisation, which in turn ensures uniform distribution of 

nanoparticles along the matrix, when the optimal volume of nanofillers was 

employed.  

 

The physical effects generated inside the epoxy matrix during sonication process by 

the way of collapsing the bubbles had only affected the movement of the 

nanoparticles in suspension as well as in the surface. This effect did not affect the 

ionic chemical reaction inside the matrix. Thus power ultrasound provides one of the 

most exciting ways to synthesise nanomaterials for research and industry. The other 

reason for employing ultrasound excitation is also due to the high temperatures and 

pressures created during the collapse of an acoustic cavitation bubble. This is on a 

microsecond time scale and is associated with a rapid cooling rate (>109 K/s). This is 

very much greater than that obtained by conventional rapid cooling techniques (105-

106 K/s).  

 

Table 5.10: Comparison on mixing processes with 1% nanoclay/epxy matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

Physical parameters Method of mixing 

Mechanical mixing Ultrasonic mixing 

Yield stress, MPa 960.05 1206.44 

(25% increase) 

Tensile modulus, 

N/cm2 

1095.25 1206.44 

(10% increase) 

UTP, MPa 408.015 591.000 

(45% increase) 
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Even though through earlier researches, it was learnt that the nanocomposites 

prepared by the ultrasonic method show advantages over other mixing techniques, by 

this research it was made evident through the results. It was demonstrated that even 

dispersion of the nanofillers in the matrix ensured better bonding of the particles in 

the matrix, resulting directly in enhancing the material property of the composite. In 

this research, by using ultrasonic mixing, there was a 45% increase in ultimate tensile 

strength, a 25% increase in yield stress and a 10% increase in tensile modulus at 1% 

nanoclay by weight over mechanical mixing techniques. This is recorded in Table 

5.10. This increase in strength and modulus might be attributed by the fact that the 

force generated by the ultrasonic wave has been transferred into the clay layers as 

stated before. It also developed an internal movement of particles along the matrix, to 

ensure even dispersion. This uniform mixture of nanoclay particles would have 

enhanced the formation of the covalent bonding between the particles in the matrix at 

1% loading.  

5.4 Discussion 

In this section, the discussions are focussed towards understanding the effect of 

bonding resulting between the matrix and the fibre material during lay-up, based on 

the results obtained and through various theories on composite bonding. These 

discussions are made in correlation with the above analysis, as well as to support the 

conclusions made by this research. 

5.4.1 Bonding theories to support crack analysis  

During the three point bending test on the nanofilled epoxy/carbon lay-up, the 

ultimate or the breaking strength is the point at which the lay-ups exhibited 

catastrophic breakdown, or the breakage of fibre reinforcement. However, before this 

ultimate strength was achieved, the laminate reached a stress level where the matrix 

began to crack and the cracks propagate through the fibre reinforcements. The initial 

yield developed in the matrix to generate crack is called microcracking, which is the 

cause for debonding of the carbon fibre from the nanofilled epoxy matrix resulting in 

ultimate yield, which can be clearly seen in the figure 5.14. The epoxy based resin 

matrices help the laminates to achieve higher micro cracking strains [93]. 
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Figure 5.14: Typical tensile testing graph showing a lay-up yielding 

 

Crack analysis on these structural laminates, with nano-infused epoxy resin base, in 

context with the various bonding theories defines such problems. No longer can 

traditional fibrous composites fulfil these stringent requirements, nor can they be 

engineered to control properties at the molecular or atomic level. However, it is 

known that molecular forces in bonding and the interaction between the interfaces 

along with the physical phenomena at this micro level, will dictate the aggregate 

properties of materials.  

 

Adhesion theory 

In order to understand the relation between the critical stress and the energy of 

fracture, according to the Griffith-Irwin theory of fracture applied to an adhesive 

bond, the fractural stress fσ will be,  

 
)(

l
EG

kf =σ
  

where E is the Modulus of Elasticity, l is the length of the critical crack and  

G is the work of fracture per unit area while k being the constant factor. 

 

Where G will be   

 ψ+= )( CA orWWG   



 115

where AW will be the work of adhesion and CW  will be the work of cohesion and ψ  

will be the other energy dissipated. 

 

Bonding theory 

The forces that act between the atoms and the molecules in the structure of a matrix 

are commonly known as ‘valence forces’. These forces and the created bonds are 

short range and they are presenting usually a continuous chain of covalent bonds. 

The dispersion can exert a significant influence at greater distances than primary 

chemical bonds, because of the additive effects of all the atoms in the body. These 

dispersion forces in many instances combine dipolar or polar forces at the interface.  

 

Contact theory 

When the molecules of epoxy/nanoclay composite make contact with the carbon 

fibre, Van der Waals forces acting between the polymer matrices give the adhesive 

bond its strength. In general, epoxy with higher viscosity would oppose the adhesive 

force and slow down the bonding [94]. 

 

For the isolated molecules with polarisabilities 1α and 2α  as well as the ionisation 

energies 1I and 2I  separated be a distance r, the energy of interaction will be,  

 21
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where U is the potential energy. Therefore this can be written as  

 
6r
A

U −=
 

where A is the Van der Waals dispersion attractive constant. 

 

During the study on the crack formation and propagation in a carbon fibre lay-up, it 

was revealed that the nanoclay dispersion in epoxy influenced the strength of the 

matrix, which was evident by the test results shown in the earlier part of this chapter. 

It is also evident that certain toughening mechanism coexisted during the toughening 

process, which also contributed a synergetic effect on the matrix. However, carbon 

fibre debonding and the deformation of the fibre leading to microcracking, fracture 
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and splitting of fibres during tensile testing of the laminates are shown below in 

figure 5.15 through frames from high-speed photography. 

 

 
Figure 5.15: Crack analysis on 3% nanoclay/epoxy composite lay-up at 0°  

(1 hr mixing) 

 

The independent properties of the epoxy nanocomposite matrix and the carbon fibre 

make a critical contribution to the quality of the reinforcement of the lay-up. In 

addition, the physical and chemical interaction between the fibre/matrix interface 

play an important role in improving the mechanical properties of the fibre reinforced 

composite lay-up. Following were some of the assumptions derived from the results, 

in conjunction with various bonding theories discussed earlier, in order to support the 

conclusions made from this research. A clear knowledge about physical and 

chemical bonding was evolved through the understanding of inter molecular kinetics, 

in correlation with the phenomena explained by the above theories.  

 

• Electrostatic force explained by the Bonding theory emphasizes and 

confirms the adhesion energy generated between the nanoparticles in the 

embedded epoxy matrix, in terms of the molecular forces. This micro level 

force plays a crucial role in determining the degree of adhesive bonding in a 

macro level [94]. 
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• The static development around the carbon fibre, due to its nature of affinity 

  for micro particles, was quite unavoidable in enhancing the agglomeration 

          of excess particles.   

•  It was observed that the physical and chemical absorption of the  

 nanoenhanced matrix by the carbon fibre was proportionate to the strength of 

         the lay-up, which was made evident by the effect of the Van der Waals  

             forces. 

• It was also observed that higher adhesion yielded higher strength and lower 

adhesion only resulted lower strength and greater facture energy.  

• From the adhesion theory, the texture of the carbon fibre surface plays an 

important role in bonding, which is again partially due to the enhancement 

of the absorption area to increase the static force acting between the fibre 

layers.   

• Rough surfaces create cavities and spaces in the form of canals to  

 accommodate more matrices, which in turn enhance the bonding energy.     

 But this could also accumulate excess nanoparticles into the cavity. Enough  

 care should be taken to control excess flow of matrix into these canals.     

 Rough surfaces always have the advantage over the smooth ones in terms of    

 adhesion.  

• The number of the fibres, the thickness of each fibre and its compactness are 

always important. The thickness of the fibre used in the lay-up affects the 

strength of the material in direct proportion. 

• The alignment of carbon fibre during lay-up is important for improved 

mechanical properties. It was found that the alignment of fibres at 0° angle 

provided better yield strength, when compared with 45° and 90°. 

• Penetration of the matrix into the carbon fibre relates directly to the bonding 

forces according to Adhesion theory, explaining the Griffith-Irwin theory, 

which is often controlled by the process. 

• Incorporating more volume of nanoclay, i.e. the addition of nanoclay 

beyond the optimum level of 1% loading, would encourage the matrix to 

absorb moisture due to the hydrophilic nature of the clay. As water, under 

saturated condition is known for a significant decrease in the bonding 

strength of the adhesive in general, it weakens the lay-up to a larger extent. 
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This phenomenon was experienced with the lay-ups made from 3% loading 

of nanoclay.   

• Agglomeration of nanoparticles in the form of clusters of whiskers along the 

matrix was because the particles were dispersed randomly. This clustered 

dispersion would have resulted because the volume of nanoparticles 

dispersed would have been more than the identified optimal volume, which 

is 1%. These locally clustered particles would have accumulated in the pores 

during lay-ups, which inturn would have resulted in developing loose 

bonding. This loose bonding would have occurred by the way of molecular 

intermixing or physical polarity interactions of the particle between the fibre 

and the epoxy matrix. Ultimately this has resulted in weak chemical bonding 

[93]. This was clearly evident during microscopy.  

• During excess loading of nanofillers in the matrix, these loosely packed 

particles result in shear yielding initially in the plastic zone and then build-

up a shear strain to a critical value, to make the matrix to undergo a shear 

yield to develop a crack that can propagate along the fibre, leaving the 

damage zone to grow unstably, resulting in a complete yield of the matrix    

    [95]. 

• This suggests, that the cavitations created by the agglomeration of excessive 

nanoclay particles help the plain strain to induce the lay-up to make a sharp 

crack, which in turn develops a synergetic shear force along the direction of 

the fibre orientation, resulting in shear yield of the lay-up matrix. 

• While using the nanocarbon fillers, the lubricating nature of the carbon 

particles could result in formation of micro conduits along the fibre, 

resulting a weak matrix. 

• The size, shape, density and orientation of the pores (if any) due to the poor 

workmanship during lay-up/ moulding process contribute directly to the 

yield strength and hence the final mechanical properties. 

• The interlocking pattern between the epoxy matrix and the lay-up fibre is an 

important factor in determining the bonding. Most of the time it depends 

upon whether it is a mechanical or a chemical bonding. 

• The brittle nature of the epoxy capable of restricting the plastic deformation 

is made clear from the results of the lay-up with neat epoxy. This is because 

the matrix gets quite rigid at room temperature, after complete curing. 
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• Cross-link density of the resin is an important factor in determining the 

adhesive strength of the matrix in total. 

• The viscoelastic property of epoxy influences inversely the bonding, 

according to the contact theory explained above. Therefore, good wetting 

results in better adhesion. 

 

The viscosity and the surface tension of the resin play an important role in 

determining the forces exerted on nanoparticles during the mixing process. This in 

turn has a greater impact in bonding during lay-up with the carbon fibre. Therefore, 

during this research a medium viscous epoxy was employed.  

 

The enhancement of mechanical properties in this nanoclay/epoxy composite 

depended on the exfoliated content of nanoclay in the epoxy matrix, as discussed 

earlier. Nanoclay has a layered structure in which an individual layer of 1nm 

thickness can typically extend up to 0.1 m to 2 m length and width with an interlayer 

spacing of 2 nm to 3 nm [91]. These layers are bonded together by Van der Waals 

forces. In the exfoliated condition, their surface area can be as high as 750 m2/g [92]. 

Since these nanoparticles possess enormous surface area, the interfacial area between 

the two intermixed phases in a nanocomposite is substantially larger than the 

traditional composites. This results in increased bonding between the nanoparticles 

and the matrix. That is why several mechanical, thermal and electrical properties of 

nano-composites are observed to be better than those of conventional composites. 

There are many ways to improve the final mechanical, physical and chemical 

properties of nanoclay/epoxy nanocomposites. One of the most important ways 

employed during this research was by dispersing the clay into the matrix evenly, to 

reach maximum exfoliation of clay layers in the epoxy matrix.  

 

During this research, this phenomenon was studied, tried in detail to develop a 

system to reach optimum results through experimentation. It was also proved by the 

test results. Even by the combination of ultrasonic and mechanical mixing, obtaining 

the complete exfoliation of nanoclay at low loading percentages in the epoxy matrix 

was a significant challenge. The combination of these two different mixing 

techniques had ensured even dispersion under standard conditions, which is quite 

promising. This in-turn had improved the mechanical and physical properties of 
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nanocomposites lamina to a greater degree. However the mixing speed and the time 

were optimised for both the mixing techniques, based on preliminary investigations. 

It was found that good exfoliation could be obtained when the mixing is carried out 

for 1 hour using ultrasonic mixing at 20°C.  

 

Through this research, by combining a few traditional approaches as discussed, nano-

enhanced fibre reinforced composite materials with excellent in-plane properties 

have been developed. It has been found that optimum loading of nanofillers like 

nanoclay and nanocarbon will boost elastic or tensile modulus by 22%, while adding 

another 50% elongation compared to the one without such nanoparticles. Tensile 

strength of this nano-enhanced epoxy nanocomposite samples were 11% higher than 

neat epoxy matrix. These results have laid paths for the potential of using this nano-

enhanced matrix in a traditional carbon fibre layering method for commercial 

applications with adequate importance to uniform distribution besides ensuring good 

interconnectivity between the carbon fibre and the matrix.  

 

Also during this research, a high-speed video photography during mechanical testing 

and crack analysis through microscopy were employed. These were carried out not 

only to study the entire morphology but also to look for a possibility to propose 

changes to the matrix to improve it. With the layered-up three-dimensional 

composites containing right proportion of nanofillers, remarkable improvements in 

the interlaminar fracture toughness, hardness, delaminating resistance and in-plane 

mechanical properties were demonstrated making these lay-ups truly multifunctional.  
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Chapter 6  

Conclusions and Recommendations 

6.1 Conclusions 

Through this research, it is demonstrated that incorporating the right amount of 

nanoparticles into an epoxy resin matrix poses a remarkable strength and flexibility. 

Industries could now be able to integrate the outcome of this research widely in high 

performance applications in the fields of biomedical engineering, aerospace, marine, 

high speed parts in engines, packaging and in sports goods. The ultimate goal of this 

project to characterise the physical and mechanical properties of enhanced 

nanocomposite was met, after a wide range of experiments. This was conducted on 

the reinforced polymer composite as well as on the carbon fibre laminations. 

Although carbon fibres are widely used in sports gear and boating industry because 

of their strength and lightness, they will show a tremendous potential when they are 

layered-up with an epoxy matrix enriched with 1% of nanoclay in a temperature 

controlled atmosphere.  

 

During this research, the response of these nano-enhanced composites and the 

laminates to external deformations like bending were also tested, analysed and 

characterised as per the objective mentioned earlier. Based on the results, it is 

established that epoxy reinforced with a 1% of nanoclay can significantly improve 

the mechanical properties, without compromising the weight or the processability of 

the composite. This is made evident from the results shown in Chapter 5. Moreover, 

all these improvements have been achieved by making few changes to the 

conventional processing techniques, without any detrimental effects on processability 

and the appearance of the matrix.  
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Establishing the optimal method for dispersing nanoparticles completely in an epoxy 

matrix often required experimentation. The challenge of dispersing nanoparticles in 

the matrix was large, primarily because of several competing factors. On a smaller 

scale, controlling the interfacial free energy associated with the nanoparticles and 

electrostatic energy developed by the carbon fibre tending to cause the nanoparticles 

to clump together or keep them far apart in the matrix. This phenomenon was quite 

challenging. Also the hydrophilic and hydrophobic properties of the nanoparticles 

developing an internal force between the dispersed nanoparticles to cause 

agglomeration were substantial too. Through this research, an optimal way of 

dispersing the optimised volume of nanofillers into the epoxy matrix has been 

successfully identified to counter the above said challenges to meet the objectives of 

this research.  

 

Nanoclay/epoxy composites, as they have attracted considerable technological and 

scientific attention because of their wide array of applications through property 

improvements even at very low filler content, developing a viable method to 

combine and optimise simple and cost-effective processing techniques like ultrasonic 

mixing and mechanical mixing, maximum exfoliation of nanoclay particles was 

achieved. This in turn maximised the dispersion of nanoclay particles along the 

matrix resulting in the enhancement of the neat epoxy matrix. From the outcome of 

these results, a nano-enhanced epoxy composite has been successfully made ready 

for commercialisation. 

6.2 Recommendations 

Following are the recommendations from the experimental work carried out on 

epoxy nanocomposite lay-up for future research. All these recommendations are 

carefully made after being suitably substantiated by the results, in correlation with 

the theories discussed.  

6.2.1 Material selection 

• Nanoclay of 10 nm to 30 nm at the proportion of 1% by weight. 

• Medium viscous epoxy (9400 - 11000 Centipoise (cps) at 25°C) 

• Epoxy to hardener ratio 4:1 by weight.  
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6.2.2 Process selection  

• Successful even dispersion was achieved while processing the 

nanoclay/epoxy mixture by the combination of 1 hour of ultrasonic mixing at 

amplitude of 40 Watts followed by 20 minutes of mechanical mixing. The 

mechanical mixing has to be carried out at a slow speed of 650 rpm after the 

addition of hardener into the matrix. 

• While employing a pulse rate of 9 seconds ON and 9 seconds OFF during 

ultrasonic mixing in order to maintain the temperature at 20°C to avoid self-

polymerisation reaction, an external cooling set-up is also highly 

recommended.  

6.2.3 Lay-up techniques 

• Unidirectional carbon fibre lay-up gives a better yield strength compared to 

other lay-ups. 

• Moulding has to be completed within 40 minutes of mixing with the 

hardener. 

• With relevance to bonding, it was found that for the substrates like fibres, 

complete and uniform wetting is highly recommended. Poor wetting would 

always allow the entrapped air to remain between the fibre and the matrix, 

which in turn would reduce the effective bonding area to create stress raisers 

along the interface.  

• Pre-treatment of lay-up material is also encouraged depending upon the 

application and the nature of the lay-up material used. Pre-treating the lay-up 

material with an adhesion promoter like silicons and fluorocarbon or by 

physical processes like etching, flame treating etc would enhance adhesion. 

• Adequate care is to be taken during the experiment to prevent the surfaces 

from any external contaminations. 

• As curing plays a vital role in adding strength to the matrix, complete curing 

under pressure of 30 Kgs for at least 24 hours is recommended. Pressure 

imparts better wetting, besides ensuring complete interfacial contact. Epoxy 

cured with heat will be more heat and chemical resistant than if cured at room 

temperature. 
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• Finally, while cutting the lay-up, high-speed cutting tool with appropriate 

lubricant depending upon the lay-up material will be the right choice. 

 

From the outcome of the experimental results and the analysis, it has been identified 

that there is a tremendous functional potential for these nano-enhanced composites 

for structural applications in the area of Biomedical Engineering. Further to that, as a 

part of continuing this research, future researches can be tried to develop an eco-

friendly nano-enriched composite towards functional applications in biomedical 

engineering besides looking at the possibilities of reducing the pollution problems in 

handling and processing these nanofillers.  

 

The newly developed nano-enhanced epoxy composite and the outcome of this 

research will revolutionise the composites industry and benefit the mankind at large. 
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