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Abstract 

Fly ash being generated in massive scale has minimum utilisation as compared to its rate of 

production. It is the waste generated from thermal power plants, which find its primary usage 

in road embankment, cement making, making of fly ash bricks, etc. This current research 

focuses on finding out the ways of utilising fly ash as reinforcement to fabricate polymer 

composite. Fly ash comprises of oxides of silicon, aluminum, iron and titanium along with 

some other minor constituents. Here investigation has been done for processing and 

characterization of fly ash reinforced epoxy composites. Fly ash being immiscible is mixed 

with the epoxy using an ultrasonic sonicator for varied time periods. Various mechanical 

tests viz. tensile, flexural, impact, dielectric properties and tribological analysis are carried 

out to find out its proper application according to its suitability. The composite is treated in 

different environments viz. acid, base, fuel and sea water to find its proper 

environmental/chemical degradation/stability. 

 The percentage of fly ash reinforcement is varied from 10 to 40%. For composite 

fabrication different mixing time i.e. 10, 20 and 30 minutes are chosen to check the effect of 

mixing time on the mechanical behaviour of the material. The prepared samples are cured at 

three different conditions i.e. standard atmosphere at room temperature, inside the oven and 

in the micro oven. Combinations of all these variables have been taken into consideration to 

analyse the effect on the mechanical properties of the material. The dielectric properties of 

the composites are evaluated. The sliding wear behaviour of the samples was studied with a 

pin on disc type sliding wear testing machine of DUCOM make; by varying the parameters, 

viz., time, RPM and applied load, etc. Optimisation techniques have been implemented to 

reduce the number of experiments and to find out the percentage contribution of each 

parameter. Simultaneously, a suitable combination of parameters has been given and the 

confirmatory test has been done to determine the percentage of error in the experiments. 

Finally, the samples are treated with an acid solution, basic solution, fuel (Petrol), sea water 

and acetone for 28 days; and change in mechanical properties has been recorded 

periodically. 

 From the above-detailed examinations, these fly ash reinforced epoxy composites 

found to be moderately suitable for the automobile industry, to be used as the dashboard, 

brake pads, seat assembly plates, bumpers and in the interior portion of aircraft, etc. due to 

its mechanical properties. Most suited for construction industry for making of floor and wall 

tiles partition wall etc. Out of the treatment conditions, these composites are found to be most 
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suitable for use in the petroleum industry for fuel carrying tanks and containers. Finally, it 

can also be used for making of beautiful decorative articles and household appliances. 
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Chapter 1  

Introduction 

1.1. Background and Motivation 

Overgrowth of the population in the modern era demand more material for its day to day life. 

It consumes the natural resources and generates a significant amount of hazardous waste. 

With the use of these natural resources, we are putting a severe impact on the environment. 

We all know that there is no alternative to the natural resources, still trying to adjust and 

replace some newly developed material in that place. From the last one decade, all countries 

simultaneously adopted one single anthem i.e. “Recycle, Reuse & Remanufacture” which 

will reduce the impact on the environment and value addition to the wastes. 

In the modern world, sufficient electrical energy is required out of which a major 

contribution from the thermal power plants. Thermal power plants depend on the use of coal 

as the raw material. Simultaneously, it is producing a hazardous waste named fly ash, which 

is a burden on the environment. This research work is only a step towards reuse of the waste 

material by using it as a reinforcement to fabricate polymer composite. Work is in progress 

for making low-cost composites with the aim of producing a suitable alternative at a reduced 

cost for various applications. The easy manufacturing process, low cost and high strength 

lead the composite materials to a higher dimension for users. 

From the name itself, a composite is defined as the mixture of two or more distinct 

material/phases. One of which is continuous and the other is dispersed in it with their distinct 

identities [1]. The continuous phase is called matrix and the discontinuous phase is called 

reinforcement. The reinforcement material is harder and stronger than the matrix material. 

Nomenclature of the composite materials depends on the nature of the matrix material. In 

broad ways, there are three different types of matrix materials, i.e. metal, ceramic and 

polymer. When the matrix material is a polymer, it is called a Polymer Matrix Composite. 

The use of composite material started long back from the human civilisation for making of 

houses by using mud and bamboo. Composites differ from the alloy regarding its 

performance and strength and other properties. In alloys, the two constituents mix chemically 

to give an entirely structure/phases, etc. whereas, in the case of composite material, the two 

phases remains distinctly identifiable and independent in their nature. 
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Polymers and their composites are replacing many conventional materials like steel, 

aluminium etc. due to its low cost, high strength, low weight and durability. It is mainly 

because of its low cost and high production rate. Properties of polymers are usually modified 

by these reinforced materials and their influence impact heavily on the final properties. Fibres 

are reinforced in the polymer matrix where high tensile strength is required, but it is 

expensive and ease production is low. So, sometimes ceramic and metallic particles are 

reinforced in the polymer matrix to enhance the different property. Although the particles are 

reinforced in the matrix and retain their identity but help in providing a combined effect other 

than their properties. As the matrix is continuous, it helps in carrying and transferring the 

load to the reinforcing phase constituent [1]. Although the particle reinforcement doesn’t 

contribute to its load transfer, it helps in decreasing the strain energy developed in the 

material. Polymers are of three types, thermosetting, thermoplastic and elastomers. All three 

types of polymers can be used as polymer matrix composite. As far as the reinforcement is 

concerned, fillers like aluminium, starch, silica are costlier. So in our investigation, to 

minimise the cost, industrial waste viz. fly ash is chosen as the reinforcement material. It is 

well known from the composition of fly ash that it is a ceramic (filler) which can help in 

increasing strength of the material. 

Fly ash find its maximum utilisation in road embankment, making of Portland cement, 

making of fly ash bricks and other low scale applications like agriculture. All these consume 

only one-third of its production which leads to accumulation of that hazardous waste. So, 

many researchers have thought of using fly ash from a different angle. They have added fly 

ash as a filler material while making fibre composites. Typically hard ceramic particles, when 

combined with fibres, increase the strength and wear properties of the material. But to reduce 

the cost of the component, only fly ash has been chosen for making of polymer composite 

and verifying its potentiality is a major challenge. If only filler material can give the near 

equal result as compared to fibre with particle reinforced composite, there is no justification 

for using bio fibres and other low-grade fibres [2]. Natural and artificial fibres along with fly 

ash have been used earlier and good results have been obtained. But no work has been done 

taking the fly ash as the single filler material and as the only reinforcing material so far. This 

work is an effort of using fly ash as the single constituent and uses it in large scale efficiently. 

As matrix and reinforcement are the main components of the material, properties of 

reinforcement play a vital role in shaping the characteristics of the composite material. 

In another aspect, the only use of particulate filler will increase the crystallinity and 

homogeneity of the material. As the polymer consists of crystalline and amorphous 
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simultaneously, its properties depend mainly on the crystalline part of the material. 

Crystalline relates to its glass transition temperature, mechanical strengths and wear 

characteristic of the material [3, 4]. The samples are prepared by changing the mixing time 

and curing condition so as to alter and increase its properties. Post curing in the oven and the 

micro oven has been done to modify its surface and internal properties. It has been discussed 

that oven curing helps in surface modification whereas micro oven curing helps in the bulk 

modification of the sample. 

Wear is one of the major characteristic properties of any material as it is concerned 

with the loss of material. Wear is defined as the loss of material due to the continuous relative 

motion of two mating parts [5]. As it is a continuous loss of material, it is directly related to 

the cost of the component. So, before using any product in massive scale, its wear 

characteristics must be studied. Wear is also related to loss of energy. A lot of work is done 

externally to maintain the continuous flow of energy on a worn out surface. The complexity 

of wear phenomenon is visible in industries. So, extensive and scientific study has been 

carried out long before [6]. There are different types of wear like adhesive wear, abrasive 

wear; adhesion wear and fatigue wear [7]. Dry sliding wear is one type of abrasive wear 

which is mainly due to rubbing action of one material over the other [8]. The friction 

generated at the interface results in loss of material as well as the generation of heat. This test 

is usually carried out where there is the possibility of rubbing action at the time of operation. 

Various parameters like duration of operation, speed, loading condition and percentage of 

reinforcement of filler material affect the wear. Usually, composites are used in non-

lubricated and high-temperature tribo-engineering purposes. So a detailed study is required 

for the practical implication of the material in the field of wear [9]. As there are lots of 

parametric conditions influencing the wear, frictional force and coefficient of friction, so it is 

quite difficult to find wear in all the combination of parameters. Statistical analysis plays a 

major role in reducing the number of experiments and getting the suitable combination of 

parameters where all the desired outputs will be minimum. It also gives the ranking of 

parameters in which they affect the output. Moving one step further, it also gives the 

percentage contribution of each parameter and the amount of error involved in the 

experiment. In short, a statistical analysis gives a systematic way of finding the influence of 

parameters. 

Finally, to get the practical implication of material in different mediums, the 

developed polymer composite is treated in various mediums like an acid solution, basic 

solution, sea water and fuel for a long period. The samples were taken out periodically and its 
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mechanical properties, thermal properties as well as the change in weight are measured to 

find out the field of environment for application of the material. After one month of 

treatment, the samples inside acetone degrades completely and samples inside fuel (petrol) 

show the highest resistance to the environmental condition.  

The present research work thus characterises the fly ash epoxy composite with the aim of 

finding suitable application in industry. It shows the mechanical properties at different curing 

conditions, different mixing time and different treatment conditions. Dielectric properties and 

corrosion behaviour of the composites are also evaluated. Tribological behaviour has been 

studied and the best suitable combination is found out for minimum wear. 

 

1.2. Thesis Outline 

The remaining portion of the thesis is outlined as follows- 

Chapter 2: This describes the literature survey in the area of polymer composite and finds 

out the areas where one can proceed further. This chapter helps in determining the knowledge 

gap in which a particular research can be carried out and gives an idea of a specific field of 

research. 

Chapter 3: This describes the selection and collection of raw materials. It also includes 

fabrication of composites according to ASTM standards, different testing methodologies and 

procedures to evaluate and improve the mechanical as well as other properties. It also 

includes the application of statistical analysis.  

Chapter 4: 

Part: I 

It presents the mechanical, thermal and microstructural analysis results. Mechanical 

properties include measurement of density, void fraction, tensile strength, flexural strength 

and impact strength of the material. Glass transition temperature and chemical bonding has 

been determined using DSC and FTIR respectively. 

Part: II 

This section describes the electrical behaviour of the developed composite. Variation 

of dielectric strength, loss factor, impedance, capacitance and resistance has been evaluated at 

different frequency ranges. Effect of different curing conditions has also been mentioned in 

this section. 
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Part: III 

This part describes the change in mechanical properties and other analysis of the 

composite after treated with the different chemical environment.   

Part: IV 

This chapter describes the study and evaluation of wear properties. Using the 

statistical approach (i.e. Taguchi method, to minimise the number of experiments), the 

analytical results obtained conducting sliding wear test. It helps in finding out the 

contribution of parameters, a ranking of parameters and influence of parameters on the output 

result. 

Chapter 5: This chapter discusses the results obtained in the present piece of research work. 

Chapter 6: It summarises the present research findings and conclusions of the work. It also 

suggests the future scope for improvement in this field. 
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Chapter 2  

Literature Survey 

This chapter includes various findings of earlier researchers in the related field of work. 

Literature survey helps in determining the knowledge gap between the previous works and 

the present status of that area of research. It also gives us a vast knowledge which will enable 

to choose a particular area of research. This chapter includes the literature survey on the 

following topics- 

1. Particulate-filled polymer composite 

2. Mechanical characteristics of polymer composite 

3. Dielectric characteristics of polymer composite 

4. Thermal characteristics of polymer composites 

5. Wear behaviour of polymer composites 

6. Durability of composites 

 

2.1. Particulate Filled Polymer Composite 

It is thought that addition of filler materials decrease the cost of the component. At the time 

of achieving lower cost, it simultaneously changes all the characteristics of the polymer. It is, 

therefore, the term functional filler is used for any filler addition to the material resulting 

some advantages and disadvantages to the properties. Besides that, particulate filled 

composite gives the flexibility of giving any complicated shape to the material.  

Researchers have described that the importance of taking volume percentage as the 

proportion of making the composite. They have explained that properties of the polymer 

composite depend on the volume percentage of filler material. It is always difficult to take 

weight percentage into consideration as it is related to the density of the material.  

Fillers in polymer composites helps in increasing density, improving processability, 

mechanical strength, thermal strength, electrical properties and other properties. Polymer 

composites behave isotopically as the filler and the reinforcement is differently sensitive to 

the same condition [10, 11]. 

Metal particle reinforced polymer composites are used as heaters and electrodes in 

industries. Ceramic and metallic fillers are usually used to improve the performance of the 

composite [12, 13, 14]. Usually, silica particles are added to the polymers for better 

mechanical, electrical and thermal properties.  
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Njoku et al. [15] described the effect of particle size on the mechanical strength of the 

composite. She has concluded that Nanoscale particles help in increasing the mechanical 

strength than micro-scale particles. Smaller particle size helps in better fracture toughness 

[16, 17]. Thus, many researchers have reduced particle size and have focussed on how single 

particle size affects the mechanical properties of the polymer composite [18-24]. 

Nakamura et al. discussed the effect of size and shape of silica particle on the strength and 

fracture toughness based on particle matrix adhesion and increased mechanical properties of 

the composite. The strength of any composite material depends on the particle and matrix 

reinforcement [25-27]. 

The effect of particle size of the reinforced material on the properties of the composite 

material have also been investigated by Pattanaik et al. [28] and have concluded that the 

properties of the composite are greatly influenced by the particle size. The random size of 

filler material helps in compromising in the inter-particulate gap which helps in increasing 

the strength. In some cases, random particle size helps in proper adhesive bonding between 

matrix and the reinforcement which results in excellent mechanical properties. 

 Moreover, when cost plays a significant role in product development, 

particulate filled polymer composite are preferred over fibre reinforcement in making a 

composite material. Powder density, particle size and shape also play a significant role in 

fabrication and strengthening behaviour of any material. Considering the above aspects, 

developed composite depend on the property of the filler material, adhesion between 

reinforcement and the filler, particle size, particle shape and volume percentage of the filler 

material [29, 30, 31]. 

 

2.2. Mechanical Properties of Polymer Composites 

Mechanical properties of any material include its hardness, tensile strength, flexural strength 

and impact strength of that material. In case of polymeric materials, fibres and/or particulates 

are reinforced / dispersed in the polymer matrix to increase its mechanical properties. Many 

researchers have investigated on the fibrous and particulate reinforced composites and 

concluded that fibrous polymer composites have higher (unidirectional) mechanical strength 

than particulate filled polymer composites. Polymers and polymer matrix composites are 

widely desired in industries for applications like heaters, electrodes and positive temperature 

coefficient. These materials find their application due to their low density, high corrosion 

resistance, low cost and easy fabrication process [32-35]. 
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The variation of the hardness of the polymer composites has been investigated by 

many researchers. Zhanwei et al. [36] measured the microhardness by micro-indentation 

technique. The micro-indentation measurement was done at various loads and loading speeds. 

Under the same test conditions, Young’s modulus and microhardness decline with increasing 

loading speed. They also showed that the indentation hardness decreases with increasing the 

indentation depth. 

Mehan et al. [37] studied the micromechanical behaviour of short fibre reinforced polymer 

composites and the maximum strain transfer rate did not depend on the angle of orientation. 

They also explained the mechanism of load transfer at the fibre-matrix interface. 

Gungor [38] studied the mechanical properties by incorporating metallic filler into the 

polymer. He has studied the influence of metallic filler in the polymer composite. There is a 

sudden decrease in impact strength due to the addition of filler but the tensile strength and 

flexural modulus decrease gradually. It may be attributable to improper bonding between 

high-density polyethene and iron powder.  

In a composite material, fibre/fibre interaction and the resulting stress concentration 

due to a fibre failure is crucial in determining the composite fracture behaviour. Susumu and 

Nikkeshi studied the effect of stress concentration and stress factor in epoxy-graphite 

composite [39]. Stress concentration plays a major role in reducing the strength of the 

composite as the stress flow direction changes in the presence of voids that are present during 

the fabrication of polymer composites. They have concluded that stress concentration factor 

is much less in the case of tension as compared to that in compression and the difference in 

stress concentration is due to interfacial bonding between the polymer matrix and the filler 

material [40-44]. 

As polymer composites have gained popularity in structural applications, there is need 

of designing the polymer composite by multiple loading conditions [45-47]. The effect of 

type/fibre size is a factor also. In this regard, the investigation of Behrouz et al. [48] is worth 

noting. They have studied the effect of low weight fraction of the filler material, orientation 

and length to diameter ratio of the filler with bi-axial or multi-axial loading conditions.  

Hinton and Kaddour [49] and others [50] have evaluated the tensile strength of glass epoxy 

composites with random microstructures and found a nonlinear decreasing trend of the tensile 

strength with increasing the randomness of the dispersed fibres in the matrix. 

Fu SY and Lauke B [51] studied about the flexural behaviour of the epoxy hybrid composite. 

They have validated the experimental result with FEA analysis. They have shown that the 

flexural strength increases with increase in span to depth ratio. They have also mentioned 
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that, with hybridization, the flexural strength increases. In earlier studies, tensile, flexural, 

compressive strength and tensile modulus showed no effect of hybridization while flexural 

modulus only showed a positive effect [52]. In a 3 point bend test, when the load is applied, 

the bottom side of the specimen is subjected to tension and the upper side is subjected to 

compression. Shear strength plays an important role at the mid-span of the sample. So, the 

failure of the sample may be due to tensile, flexural, shear or combination of these forces.  

Sung et al. have studied the fracture toughness and failure mechanisms in silica filled epoxy 

composite on temperature and loading rate [53]. Various researchers have explained that 

particle size and shape also plays a significant role in determining the mechanical strength 

especially fracture strength. The fracture is initiated from the particles where surface flaws 

and defects are present. It can be due to stress concentration or irregular stress due to the non-

homogenous distribution of reinforcement material. They have also concluded that strength 

and stiffness are reduced above ambient temperatures. Finally, they have summarised that, 

particle fracture itself also contributes to the fracture toughness of the composite since the 

failure mechanism is caused mainly by inherent defects present in the particles. In 

conclusion, the primary failure mechanisms are matrix shear yielding between the particulate 

matter and crack tip deflection which generates a large fracture surface area [54]. 

Bowen et al. [55] described the results of an experimental and numerical investigation of the 

impact behaviour of short carbon fibre reinforced polyether-ether-ketone. They have 

mentioned that in all impact energies, short carbon fibre reinforced PEEK composites showed 

a brittle fracture and the energy absorption capability decreases in comparison with unfilled 

fibre reinforced composite.  

Kotoul and Vrbka [56] have found that, there are two primary mechanisms to increase the 

fracture toughness of the polymer composite; i.e. intrinsic toughening and extrinsic 

toughening. The toughness of any material is defined as the amount of energy to crack the 

sample. Intrinsic toughening includes shear yielding that acts at crack tip against its ignition 

or propagation. Extrinsic toughening is the crack tip shielding which acts to inhibit the 

damage. 

Hei-lam Ma et al.[57] studied the impact response of glass fibre reinforced epoxy composite 

at different temperatures. 

 From findings mentioned above, it can be concluded that the mechanical properties of 

the virgin polymer increase with reinforcement. Fibre reinforced polymers show higher 

toughness and mechanical strength than particulate filled polymer composites. Sometimes it 

is better to fabricate hybrid composite with the help of both particulate and fibres. It is also 
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concluded that mechanical strength of polymer composites mainly depend on the interface 

adhesion, particulate size, shape and nature of the surface. 

 

2.3. Dielectric Characteristics of Composites 

Electrical properties of any material include its dielectric strength, resistivity, conductivity 

and its capacitance. Dielectric strength is the measurement of the maximum electric field that 

a pure material can withstand under ideal conditions without experiencing failure of its 

insulating properties. So, dielectric strength plays a significant role in describing the role of 

any material to be used in electrical and electronics industries. 

Polymers and polymer matrix composites are excellent insulating materials. So, 

various researchers have thought of using these materials in electrical and electronics 

appliances. Materials having high dielectric strength find its primary application in storing of 

energy, electric stress control devices and thin film resistors. 

Yanyan [58] fabricated Nanocomposites by using no biodegradable polymers as matrix 

material. They have concluded that composites having Nanoparticles at the core show better 

dielectric strength than conventional composites.  

Shaohui [59] modified the surface of filler material to increase the dispersion stability of the 

filler. With the modification of the surface, there is three times higher dielectric strength 

which helps in storing a large amount of potential energy. They have mentioned that the 

interface between the filler and the polymer matrix composite plays a major role in 

determining the dielectric strength of the material. They have concluded that surface 

fluorination improves the energy storage density of the Nanocomposite [60]. 

Hristiyanand et al. [61] described that dielectric elastomer actuators had found numerous 

promising applications such as soft motors, soft robots, energy harvesting, optics, Braille 

displays, adaptive optics and biomedical devices. They described the effect of loading 

condition on the dielectric properties of the material [62, 63]. 

Betts et al. [64] developed a new soft dielectric elastomer from dopamine-coated barium 

titanate particles and silicon rubber. They have shown that dopamine, in addition to coating 

the barium titanate (BaTiO3, BT), the coated particles (DP-BT) were highly compatible with 

silicone rubber. They have again concluded that the electromechanical properties were 

significantly improved regarding voltage induced deformation [65]. 

Chang et al. have developed a polymer composite with (Pb(Zr0.52Ti 0.48) O3)( Lead Zirconate 

Titanate) (PZT) Nanofibres with diameters of 150–200 nm [66]. The orientation of PZT 



11 

 

Nanofibres perpendicular to the external electric field gives rise to improved dielectric 

breakdown strength. A subsequent uniaxial stretching of the composite films leads to higher 

crystallinity and breakdown strength of the polymer composites, which is favourable for the 

polarisation of the Nanocomposites at higher electric fields. 

Dang et al. [67] have observed that single composition materials couldn't meet high dielectric 

constant. So, there is a need for developing a composite with high dielectric constant. They 

have mentioned the effect of fillers, fabrication processes and nature of the interface between 

fillers and interface. They emphasised the use of Nanofillers as it will increase the area of 

interface and will consequently increase the polarisation effect. 

Liang et al. introduced Ag nanoparticles in core-shell and used it as an oxidative agent and 

dopamine as a reducing agent to produce a composite material having high dielectric 

properties. Both the AgNO3/dopamine ratio and the pH value of the dopamine solution had 

an impact on the dielectric properties of the composite. They have achieved dielectricity of 

53 when the pH ratio is 1:0.5 [68-70]. 

Observations of Wenying et.al. [71] show with metal powder reinforced polymer composites 

have relatively high permittivity, high thermal conductivity and low dissipation factor of the 

composite. They indicated that the aluminium particles decrease the degree of crystallinity of 

PVDF. They again mentioned that particle size and shape of the filler affect the thermal 

conductivity and dielectric properties of the material. 

Yuan et al. [72] have used carbon nanotubes which have unique dielectric properties and 

large specific areas as Nanoscale filler material. They have used carbon nanotubes as they 

have high aspect ratio, large specific surface area and excellent mechanical properties. They 

have proposed the use of the developed material in high performance embedded capacitors. 

Wang et al. [73] have used ultra-fine fly ash particles for the preparation of carbon fibre 

mixed composite. They have investigated the effect of ultra-fine fly ash on the dielectric 

properties of Carbon fibre sulphoaluminate cement composite (CFSC). They have found that 

ultra-fine fly ash particles help in producing micro-capacitors, with excellent mechanical 

properties and simultaneously weaken the ionic polarisation. The sensitivity, accuracy and 

reversibility of the change in dielectric constant under stress condition are improved due to 

the addition of ultra-fine fly ash particles. 

Sakonwan et al. [74] measured the electrical conductivity and dielectric of the fly ash 

geopolymers in a frequency range of 100Hz to 10MHz. They have analysed the effect of 

liquid alkali solution to ash ratio. They have mentioned that water molecules present in 



12 

 

geopolymers are responsible for electrical conductivity and dielectric of the material at room 

temperature.  

Jumrat et al. [75] investigated the dielectric properties and temperature profile of fly ash 

geopolymers. They have discussed the importance of microwave for the drying of the 

geopolymer. They have related the dielectric properties with the absorbability of microwave 

energy. They have concluded that the dielectric properties of mortar tend to decrease 

continuously with increasing time after mixing. For the mortars with more water and liquid, 

the dielectric constant and dielectric loss factors are also higher. 

Sergy et al. [76] introduced natural graphite into linear low-density polyethene to improve the 

thermal conductivity of the material. And produce a low cost thermally dissipative material. 

They have not any mentioned any dielectric results but, they have developed a suitable sink 

which can dissipate the energy at a quick rate.  

Navin and Nidhi [77] measured the dielectric properties of fly ash filled polypropylene at 

different frequencies and different temperatures. They have found that the dissipation factor 

of pure polypropylene decreases with increasing frequency and the dielectric constant 

increases with increase in fly ash content.  

 From the research works mentioned above, it can be concluded that nanoparticles 

result in higher dielectric strength due to strong polarisation effect. Surface modification 

helps in increasing the dielectric strength due to strong polarisation effect. Sometimes, the 

orientation of the fibres also helps in increasing the dielectric strength of the composite. pH 

value of the solution also plays a significant role in determining the dielectric strength of the 

material. The most important thing is that the contribution of ionic polarisation towards 

dielectric behaviour with the use of fly ash particles helps in increasing the dielectric strength 

of the composite. 

 

2.4. Thermal Characteristics of Polymer Composite 

Polymer and polymer composites have low melting point and low coefficient of thermal 

expansion. They deform plastically at the glass transition temperature which is at about 0.5-

0.7 Tm (i.e. melting temperature). So, while fabricating any polymer matrix composite, it is 

important to enhance the glass transition temperature to a larger extent so as to 

enhance/favour the interface bonding of polymer chains on reinforcement particles/fibres, etc. 

Xing et al. [78] mentioned that the melting temperature range is one of the most important 

parameters for phase change of material and also dependent on the heating rate.  
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Zvetkov et al. [79] studied the reaction kinetics and observed that, both the mass and 

dielectric characteristics of cured epoxy could alter the temperature evolution during the 

curing process. Thermal energy storages (TES) based on solid-liquid phase change materials 

(PCM) use the latent heat of the phase transition. Christoph [80] mentioned that TES allows 

the decoupling between supply and demand of heat or cold, thereby increasing the energy 

efficiency and the utilisation of renewable energies. 

Akihiko & Misuzu [81] in their investigation have confirmed that, the thermal lags are 

comprised of the effective thermal resistance and the temperature gradient in the sample. 

Ruiz et al.. [82] characterised the HCN polymers by various thermoanalytical methods. The 

Tg curves reveal that the thermal stability is not influenced by the reaction time used in their 

synthesis. 

Mihai et al. [83] studied the mechanical and thermal properties of zinc powder filled high-

density polyethene composites. Results reveal that the thermal stability of HDPE( High-

Density Poly Ethylene) charged with zinc powder is better that of the unfilled polymer. They 

have mentioned that the incorporation of zinc powder in HDPE increases the thermal 

diffusivity and thermal conductivity and decreases the specific heat. 

Tavman [84] studied the thermal and mechanical properties of Cu powder filled polyethene 

composites. Mechanical properties found to be increasing with increase in Cu concentration 

[85]. 

Akihiko [86] et al. used fast scan DSC to examine the melting behaviour of crystals in a 

broad range. For the melting of polyethene (PE), the power law behaviour has been 

confirmed. 

Mike et al. [87] measured the crystallinity in polymers using modulated temperature DSC. 

The essence of the technique is that it attempts to estimate the contribution from the 

vibrational heat capacity to the total enthalpy absorbed by the sample over the temperature 

range where crystallisation rearrangement and melting occur. They have also mentioned that 

the difference between the total enthalpy and the estimate of the vibrational heat capacity 

contribution must then be a measure of the enthalpy of melting of any initial crystallinity. 

Nearingburg and Elias [88] investigated the formulation and optimisation of stimulus-

responsive composites consisting of gold nanoparticles in polyethene glycol diacrylate. They 

have found that, the magnitude and the rate of energy transduction can be tuned by varying 

both nanoparticles concentration and dispersion. 
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Roger [89] provides a rapid method for determining polymer crystallinity based on heat 

required to melt the polymer. He has reported the heat as percent crystallinity by normalising 

the observed heat of fusion to that of a 100% crystalline sample of the same polymer. 

From the above references, it is clear that glass transition temperature is dependent on the 

heating rate of the material. DSC is helpful in determining the crystallinity of the material and 

also associated with deformation behaviour/mechanical behaviour and quality of the 

composite. Hence curing condition plays an important role in fabrication and properties of the 

composite. 

 

2.5. Wear Behaviour of Composite 

Materials are subjected to wear during its course of application. Wear can be classified into 

five different categories. They are- 

 Adhesive wear 

 Abrasive wear 

 Fatigue wear 

 Corrosion wear 

 Erosion wear 

Adhesive wear 

Adhesive wear is a mechanism which occurs between two contact surfaces with sufficient 

force to cause the removal of material. Engineering surface is never perfectly flat. The 

surface of most highly polished design component shows irregularities or asperities. 

 When two such surfaces are brought into contact, the real contact occurs only at some 

high asperities which are a small fraction, e.g. 1/100 of the visible contacting area. As a 

result, plastic deformation and intermetallic adhesion will occur, forming cold weld junctions 

between the contacting asperities. Adhesive wear is dominated by material transfer and 

removal of the transferred material. The former is determined by the material properties and 

the strength of adhesion junction. 

 

Figure 2.1: Schematic diagram of adhesive wear. 
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Abrasive wear 

Abrasive wear occurs when a hard surface slides across a softer surface. It is also defined as 

the loss of material due to hard particles or hard protuberance that is formed against and 

moves along a solid surface. 

 The way the gratis pass over the worn surface determines the nature of alternative 

wear. There are two basic modes of abrasive wear- 

a. Two-body abrasion 

b. Three-body abrasion 

Two-body wear occurs when the grits or hard particles remove material from the 

opposite surface. The common analogy is that of material being removed or displaced by 

cutting or ploughing operation.  

Three-body wear occurs when the particles are not constrained and are free to roll and 

slide down a surface. The contact environment determines whether the wear is classified as 

open or closed. An open contact occurs when the surfaces are sufficiently displaced to be 

independent of one another. 

 

 

Figure 2.2: Schematic diagram of abrasive wear. 

 

Erosion wear 

Wear which is caused by the impact of particles of solid or liquid against the surface of an 

object. The imparting particles gradually remove materials from the surface through repeated 

deformations and cutting actions. The rate of erosion wear is dependent on some factors viz. 

shape, size, hardness and impact velocity and impingement angle. 
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Figure 2.3: Schematic diagram of erosion wear. 

Fatigue wear 

Fatigue wear of material is caused by a cyclic loading during friction. It is the progressive 

and localised structural damage that occurs when a material is subjected to cyclic loading. 

Fatigue happens if the applied load is higher than the fatigue strength of the material. 

 Fatigue wear is caused by contact between asperities with very high local stress and is 

repeated during sliding or rolling with or without lubrication. The result of fatigue wear is 

severe plastic deformation. Repeated or cyclic loading leads to the formation and propagation 

of cracks under the stressed surface, which is thus destroyed. 

 

Figure 2.4: Schematic diagram of fatigue wear. 

 

Corrosion wear 

Corrosive wear is material degradation wherein both wear and corrosion wear mechanisms 

are present. The effects of both wear and corrosion can result in intense damage or material 

losses. The effects can be more severe than when encountering either of these two 

mechanisms alone. Typically, surface failure such as erosion and abrasion results from the 
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dynamic interaction between two surfaces. It is the kind of damage caused by the synergetic 

attack of both wear and corrosion when it takes place within a corrosive setting. 

 

Figure 2.5: Schematic diagram of corrosion wear. 

Type of wear is related to the field of implementation of the material. So, it is 

necessary to study the characteristics of any newly developed material and predict the life of 

the component and its suitability for any particular application.  

Malhotra et al. have explained the effects of fly ash and bottom ash on the frictional 

behaviour of the polymer composite [90]. They have studied the frictional behaviour with a 

friction assessment and screening test (FAST). They have confirmed that the fly ash has 

abrasive characteristics and a higher µ value. Results show that, composites having more than 

20% fly ash reinforcement have high wear rate and can’t be used for automobile applications. 

In fly ash some particles are solid and some are hollow in nature. Most of the fly ash particles 

are solid particles whereas Cenospheres are hollow particles. Chauhan and Thakur have 

described the effect of particle size, particle loading and sliding distance on the friction and 

wear properties [91]. They have examined the mechanical properties of cenospheres filled 

vinyl ester composite. It was observed that in the steady state region, the specific wear rate of 

vinyl ester composites varies marginally. 

Srivastava and Pawar have studied the erosive behaviour of hybrid composite made out of 

glass fibre, fly ash and epoxy resin [92]. They have varied the fly ash percentage, 

impingement angle and particle velocity for analysing wear behaviour. They found that, fly 

ash filler resists the formation of crack growth, which improves the resistance to erosive 

wear. 

Jinfeng et al. have studied the effect of graphite particle reinforcement on dry sliding wear of 

Si/Gr/Al composite [93]. Results show that friction coefficient decreases and the wear 

resistance increase with an increase in of graphite percentage. They have also mentioned that 
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with an increase in graphite particle size, wear resistance increases. It may be due to the 

enhancement of integrity of lubrication in tribo-layer. 

Srinivas et.al. [94], have described the Tribological behaviour of epoxy composites with 

different types of particulate fillers viz. graphite, silicon carbide. They have mentioned that 

addition of metallic filler improves the wear resistance of the material. They have concluded 

that graphite filled epoxy and hybrid fillers filled epoxy containing a higher fraction of 

graphite exhibits lower friction coefficient. 

Automobile brake pads or clutches require high coefficient of friction coupled with 

little wear. So, the main aim of developing a polymer composite is to have the criteria 

mentioned above. Chandra et al. [95] described that, the work is done in overcoming friction 

in bearing and other mechanical components are dissipated as heat and its reduction will lead 

to an increase in the overall efficiency. They have also mentioned that, incorporation of fillers 

in polymers could provide a synergism regarding improving mechanical properties and wear 

performance.  

Esteves et al. [96] studied the tribological and mechanical behaviour of epoxy/ nano clay 

composites. They have considered the tribological tests in dry and lubricated conditions. For 

epoxy resins, the wear resistance and friction coefficient improve when up to 2% of the 

volume of nano silica is added. However, this behaviour isn’t constant because an excess of 

filler material usually leads to particle agglomeration and a decrease in composite properties. 

Fly ash particles possess certain characteristics that make them suitable for use in friction 

composites as a filler material. Mohanty and Chugh [97] attempted to incorporate more than 

50% fly ash in automotive brake lining friction composites. They have also added phenolic 

resin, aramid pulp, glass fibre, potassium titanate, graphite, aluminium fibre and Cu powder 

during the composite fabrication. They developed brake lining which exhibits a higher 

coefficient of friction with low wear rate. 

Kurahatti et al. [98], studied the dry sliding wear behaviour of epoxy reinforced with Nano 

ZrO2 particles. Their experimental results show that the frictional force and wear rate of 

epoxy can be reduced at low concentration of nano-ZrO2 particles. They have concluded that 

wear performance of the composite doesn’t correlate with the static mechanical properties. 

Erosive characteristics of CaCO3 filled unsaturated polyester/glass fibre composite is 

evaluated by Yelmaz [99] et al. CaCO3 gives high strength as a reinforced material. They 

have again revealed that strength and erosive resistance of the developed polymer composite 

increase with a smaller particle size of CaCO3. It is also mentioned that brittle failure occurs 

during the erosion wear of the material. 
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Supeethet al. [100] discussed the influence of fibre length on the tribological behaviour of 

short pineapple leaf fibre (PALF). The investigation shows that specific wear rate and 

coefficient of friction decreases with increase in normal load. Strength and adhesion between 

fibres and matrix increase up to a maximum length of 8mm, then it decreases. They have 

mentioned that coefficient of friction for all the different fibre length composites decreases 

with increase in normal load due to self-lubrication. More material is removed and the 

removed material is held at the mating surface of the composite which results in self-

lubrication. 

Glass fibre acts as a conventional filler material in various polymer matrix 

composites. Raju et al. [101] investigated the mechanical and tribological behaviour of 

particulate filled glass fibre reinforced epoxy composites. From the experimental 

investigation, it is found that the presence of Al2O3 filler improves the tensile strength but 

reduce the specific wear rate.  

Chauhan et al. [102] studied the effect of fly ash on friction and dry sliding wears behaviour 

of glass fibre reinforced polymer composite with optimisation technique. They have found 

that incorporation of fly ash particulate as a secondary phase in the vinyl ester matrix 

improves the tribological characteristics. It is also observed that the coefficient of friction 

decreases with the addition of 10-20% fly ash but wear resistance increases [103]. 

Kumar et al. [104] reviewed the mechanical and tribological behaviour of particulate filled 

aluminium metal matrix composite. They have mentioned that surface finish, load, speed, 

temperature and properties of the opposing surface are the parameters which influence the 

wear. Metallographic observations show that there is less chemical interaction of the 

composite due to less contact area. They have mentioned that, at higher sliding velocity, wear 

rate is lower for metal matrix composites; which is due to the formation of a transfer layer at 

the region of the worn surface. Particles removed from the counter-body forms a protective 

layer which reduces the wear rate. They have also mentioned that higher surface roughness 

leads to higher wear rate. 

Sudhakar et al. [105] found rice husk as a suitable filler material in the epoxy matrix. They 

have found that abrasive wear rate decreases with the addition of rice husk. High wear rate at 

a higher percentage of rice husks may be due to agglomeration of fibres and reduced 

adhesion between fibre and matrix. They have further noticed that wear resistance is further 

increased by treating the surface of the fibres.  

Temesgen et al. [106] thought of using the natural jute fibre reinforced with polypropylene. 

Jute fibre is widely used for its good mechanical strength and has replaced the traditional 
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fibres. Results indicate that friction coefficient decreases with the addition of jute fibre. In 

normal cases, wear rate is higher at higher loading condition, but the developed composite 

show considerable improvement in wear rate higher loading condition. 

Thermal conductivity and wear resistance are critical parameters for a good service 

performance and durability. Metallic fillers improve the thermal conductivity of the material. 

Vasconcelos et al. [107] studied the tribological behaviour of aluminium filled resin and tri-

phase composites made out of epoxy, aluminium and milled glass made out of epoxy, 

aluminium, milled glass and carbon fibres. They have concluded that, due to geometric 

relations and surface chemistry, the fibres tend to adhere more strongly to the resin matrix 

than aluminium particles. At higher loading condition, particles are eroded while fibres stay 

longer. In hybrid composites, the load carrying capacity increases reducing the friction 

coefficient and increasing the composite wear rate. 

Hanumantharya et.al. [108] compared the dry sliding wear behaviour of the glass-epoxy 

composite with granite fly ash filled epoxy composite under constant load and sliding 

condition. They have concluded that granite fly ash filled composites show a better result 

than glass epoxy composite. 

Mohan et al. [109] studied the erosive wear behaviour of tungsten-reinforced carbide glass 

epoxy composites. The effect of different impact velocities and impact angles on the 

performance of the wear resistance of the composites were measured. As the hardness of 

tungsten is more than glass fibre, wear is negligible for tungsten filled composite. From this 

investigation, they show that hardness plays a major role in wear characteristics of any 

material. 

 From the above references, it is clear that, particulate filled composites show better 

wear resistance than conventional unfilled materials. Wear of any composite material is 

independent of other mechanical properties like tensile strength, flexural strength, etc. The 

hardness of the material is directly proportional to the wear resistance of the material. The 

total amount of frictional force results in wear and heat generated at the interface between the 

matrix and the reinforcement material. Hence, reinforcement of hard phase/particles helps in 

providing high friction coefficient and lower wear rate. 
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2.6. Durability of Polymer Composite 

Durability describes the resistance of the material to sustain for a longer lifetime at different 

operating environmental conditions. Here are some references which describe the durability 

of various types of polymer composites. 

Fujan et al. [110] described the durability of epoxy resin coating under different relative 

humidity conditions. They have conducted the peel strength to measure the adhesive property 

of the surface. They found that, moisture may penetrate through diffusion, transport along the 

interface, capillary action through cracks and crazes in the coating. They have concluded that, 

mechanical strength decreases very slowly at the initial stage and gradually decrease at a 

rapid pace. Once the surface is saturated with water, diffusion of water drops and remain 

stable and deteriorates the polymer. 

Durability and environmental degradation of glass-vinyl ester are also studied by Hammami 

and Ghuilani [111]. They have emphasised on the cost-effectiveness and large scale 

application of the vinyl ester matrix polymer composite. Their work can be summarised as 

follows- 

 A higher percentage of fibre inhibits the degradation of the matrix material. 

 Degradation starts at the interface of matrix and reinforcement which propagate with 

time. 

 Specimens under sea water degrade chemically leaving fibres with no protection 

which ultimately results in poor interlaminar shear strength. 

Kishore et al. [112] studied about the variation in the compressive strength of saline water 

exposed to fly ash epoxy composite. They have found that, fly ash reinforced composite 

absorb more amount of water than the virgin epoxy specimen. Reinforced specimens show 

better mechanical properties than normal epoxy samples without any environmental 

conditioning, but it reverses once it is exposed to the sea water. Such action i.e. reversal in 

properties may be due to interface debonding and ingression of moisture by the fly ash 

particles. 

Ribeiro et al. analysed chemical resistance of epoxy and polyester concrete to acid and salts 

[113]. They have compared the bending strength and variation of mass on time. They have 

correlated the amount of water uptake and the decrease in strength and concluded that matrix 

permeability is the sole reason for the decrease in flexural strength. 

Glass fibres and glass fibre reinforced thermosetting resins are widely used for their high 

aspect ratio. So, Bledzki et al. [114] summarised the effect of corrosion phenomena in the 
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above-said materials. They have mentioned that corrosive environments act primarily to 

reduce through the matrix and by penetration of the chemically aggressive substance into the 

material interior through cracks. They have concluded that the degree of damage depends on 

several factors viz. glass content, test temperature and the aggressiveness of the chemical 

environments. 

Glass-polyester pipes are heavily used in chemical industries. So, Stamenovic et al. [115] 

studied the influence of liquids on the state of stresses and tensile strengths in longitudinal 

and circumferential direction. They have immersed the samples in four different mediums 

like-strong alkaline, weak alkaline, weak acid and a strong acid. The following conclusions 

are drawn from the research- 

 There is a decrease in the tensile property when immersed in the alkaline solution and 

it is higher with increasing the alkalinity. 

 During treatment conditions, the solutions flow inside through microcracks which are 

the result of faulty fabrication and shrinkage of the material. 

 The influence of solution is maximum at the interface between matrix and 

reinforcement which directly weaken the load carrying capacity. 

 The amount of water absorbed is directly proportional to structure, the degree of 

crystallinity and polarity of the molecules. 

Amaro et al. [116] studied the effects of alkaline and acid solutions on glass epoxy composite 

as it is widely used in automobile, aerospace and marine applications. They have considered 

HCl and NaOH solutions to determine the degradation in flexural and impact properties of 

the material. They have concluded that alkaline solution promotes a higher decrease in 

flexural and impact properties than the acidic solution. 

Banna et al. [117] found out the effects of two aqueous acidic solutions on polyester and 

epoxy vinyl ester resin. They have conducted various mechanical testing after treating it in 

the solution and found that, bending test and microhardness are the most sensitive to solution 

effects. Polyester resin is affected more by exposure time than an epoxy vinyl ester. They 

have also mentioned that duration the average hardness increased up to two weeks and then 

decreases. Microhardness of plastic materials builds a relation with the depth of indentation 

which is the indication of how deep the exposure has affected regarding hardness. 

Long before in 1984 Norwood & Hogg [118] studied the durability of glass reinforced 

polymers in acidic environments. They have mentioned that a tensile load transverse to the 

unidirectional glass fibre direction. Hence, gradual breakdown of glass in the chopped fibre 
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layers results in almost total loss of axial strength. The cause of inbuilt stresses is not clear 

but the result of resin shrinkage at the cure and post cure stages of production.  

Pai et al. [119] studied the effect of H2SO4 concentration and the sequential lay up glass fibre 

reinforcement on the diffusion behaviour of glass epoxy composite laminates. Results 

indicate that isophthalic polyester resin exhibited maximum resistance to H2SO4 than other 

polyester resins. The degradation effects can be directly linked to the levels of moisture and 

chemicals, diffusing into the composite materials during their exposure to different mediums.  

Sindhu et al. [120] studied the degradation of coir fibre polyester and glass fibre/polyester 

composites under different conditions. They have suggested the application of short fibre 

reinforced polymer composites for their easy processing and low cost. Biofibres can be 

widely used as these are inexpensive, renewable, easy processing and bio-degradable. 

 The main disadvantage of bio-fibre is its hydrophilic nature, poor wettability, lower 

resistance to moisture and reduced weathering behaviour. The tensile strength and modulus 

of alkaline and saline water aged samples show an anomalous behaviour upon ageing. These 

properties increase with increased ageing.  

As polymeric materials try to replace other structural materials, it is necessary to 

study the durability of concrete structures. The major durability problems are an alkali-

aggregate reaction. Concrete structures are not durable to marine environments and 

continuous mechanical loading as described by Tang et al. [121]. 

Gkikas et al. [122] fabricated CNT modified epoxy systems to manufacture carbon fibre 

reinforced laminates and subjected those to thermal shock and hygrothermal exposure. They 

have concluded that ILSS remain unaffected after exposure to thermal shock. 

Jones et al. [123] discussed the stress corrosion cracking and its implications for the long-

term durability of E-glass fibre composites. They have considered the bending stress and 

tensile loading. They have concluded that the polyester resin protects the glass fibres more 

efficiently than the epoxy resin. The epoxy glass fibre composite is susceptible to rapid stress 

concentration in aqueous sulphuric acid because of the loss of the integrity of fibre/resin 

interface. 

Glass fibre reinforced polyester polymer concrete is used for the making of utility hole 

and drainage components in SouthAfrica. So, Griffiths and Ball [124] studied about the 

modulus of rupture and fracture toughness of the polymer concrete. Various conclusions are 

mentioned as follow- 
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 The addition of glass fibre reduces the brittleness of the material, simultaneously 

increasing the toughness. The increase in toughness by increasing the energy required 

for crack propagation. 

 The use of silane coupling agent in GFR polymer enhances the modulus of rupture. 

 GFR polyester polymer concrete is susceptible to degradation by UV rays. The 

deterioration in properties is due to photo-oxidation of groupings on the polymer 

chains. 

 The strength of the polymer concrete decreases when exposed to acids and alkalis. 

 Saline water reduces the strength more than the usual water of GRP polymer concrete. 

The main reason for degradation in mechanical properties is due to the chemical erosion 

of the matrix-reinforcement interface. Voids help in the diffusion of chemical to the core 

which ultimately attacks the bulk of the specimen. 

Kawada and Srivastava [125] presented the direct effect of an acidic stress environment on 

the stress intensity factor of woven E-glass fibre reinforced bisphenol-vinyl ester resin and 

other resins. The constant tensile loading tests determined the rate of crack propagation and 

stress intensity factors for stress-corrosion cracking. Results reveal that crack propagation 

behaviour depends on the concentration of acid, temperature, stress intensity factor and time. 

Epoxy resin is widely used as coating material due to its high sustainability to environmental 

conditions. Saccani and Magnaghi [126] used epoxy resin to repair the damaged concrete 

structure and tested its durability. They have concluded that- 

 Mechanical stresses induced don’t compromise the efficiency of the repair system. 

 Carbonation doesn’t alter the properties of all the investigated system. 

 Epoxy modified primer is more durable than epoxy modified mortar due to its more 

homogenous microstructure. 

Maslehuddin et al. [127] evaluated the mechanical properties and durability characteristics of 

different types of polymers and cement based mortars. Durability regarding chloride 

permeability, electrical resistivity and carbonation depth is measured. They have found that 

the elastic modulus of the polymer based repair mortar is less than that of cement based 

mortar. 

Barbero [128] submitted their conclusive points on a comparative study of effects on 

characteristics properties of FRP composites when exposed to distilled water, NaCl water 

solution and sea water separately. Following are the conclusions drawn from their 

experimental work- 
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 GFRC when exposed to different mediums, there is a decrease in their mechanical 

properties. 

 Diffusivity is maximum in 3.2% NaCl solution and minimum in sea water. 

 SEM micrographs show greater debonding and fibre pull outs in the affected areas 

and matrix cracking seems to be the primary cause. 

 Heating after curing helps in regaining some amount of ILSS probably due to the 

rearrangement of molecular structure. 

From the references mentioned above, it is concluded that there is a change in 

mechanical, electrical, thermal property of the polymer matrix composites due to exposure to 

different environmental conditions. Basic solutions influence the most than any other type of 

solution. SEM micrographs of the references mentioned above show that flow of solution 

take place through micro cracks and decrease the interface bonding between matrix and 

reinforcement. 

 

2.7. Knowledge Gap 

In the present time, polymers and polymer matrix composites have become the centre of 

attraction for developing new materials. Following knowledge gaps have been revealed from 

the reviewed literature- 

That; 

i. Researchers have thought of developing new and better polymer matrix composites 

without looking at the cost-effectiveness of the product. Various researchers have 

used bio-fibres to reduce the cost to some extent, but very few have thought of using 

the industrial waste materials as a suitable reinforcing material. 

ii. Some researchers have used waste materials viz. blue dust, poultry feather,etc., but 

only a few has discussed fly ash as a filler material.  

iii. Some researchers have used fly ash as the filler material for making bricks and hybrid 

composite as in received condition, but no one has used it for reinforcement to 

develop a polymer matrix composite.  

iv. Some researchers have given emphasis on pre-processing of fly ash and curing at the 

time of hardening. But, no one has tried to modify the property with post curing 

processing. So, in our study post-curing has given emphasis for the structural 

modification of the composite. 

v. Effect of magnetic and ultrasonic mixing process on the composite properties has not 
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been emphasised in the earlier investigations. 

vi. Some researchers have tried to evaluate the mechanical properties viz. tensile strength 

and impact strength of the fly ash composite, but wear and durability of the composite 

haven't been studied yet. 

In view of the above, the current research work is undertaken to investigate the 

(a) use of raw fly ash (i.e. as received) as the reinforcing material (b) to process with 

ultrasonic stirring method and (c) to find out the effect of post curing on the 

mechanical, dielectric and tribological behaviour of the composite. The investigation 

is further extended to determine the effect of different environmental conditions on 

the mechanical and thermal properties of the material to assess its durability and 

suitability for various applications. 

 

2.8. Objective and Work Plan 

Objective of the present research work is as follows- 

i. Development of a low-cost polymer matrix composite utilising fly ash as the 

reinforcement. The main aim of this step is to use the maximum amount of fly ash as 

the filler material. 

ii. To increase the strength by adapting appropriate processing route. Post curing of the 

composites to be carried out to improve the mechanical properties further. 

iii. Study of wear characteristics of the composite with the help of optimisation process 

(to reduce the number of experiments) and to find the effect of operating parameters 

on the wear behaviour of the material, with an aim to find suitability for household 

applications viz. as floor tile, etc. is carried out. 

iv. To find out the effect of different environmental conditions on the properties of these 

composite for remending its suitability and durability for use. 
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Chapter 3  

Materials and Methods 

This chapter elaborates about the raw materials; the methodology used for the fabrication of 

composite material. Specimens are prepared as per ASTM standards for different testing. 

Mechanical characterization, electrical characterization and thermal characterization have 

been done to evaluate the properties of the material. The details of machine specification, test 

conditions/limits and influencing parameters have also been discussed. TOPSIS method is 

used to convert the multi-objective optimisation into a single objective optimisation problem. 

A statistical analytical method viz. Taguchi method is also implemented to support the 

influence of various parameters responsible for wear behaviour of the material. 

 

3.1 Composite Materials 

Composite is a mixture of two or more physically distinct, mechanically different and 

chemically non-interacting materials/phases and constituents which exhibit better properties 

than the individual constituents. In the composite material, one is called reinforcing phase, 

consist of fibres, sheets or particles and embedded in the other material called the matrix 

phase. The matrix phase can be metal, ceramic or polymer. Concentration, size, shape, 

distribution and orientation of the filler material mainly determine the final property of the 

composite material. Advanced composite materials are developed and used in aerospace 

industries consisting of high-performance fibres as reinforcing material and polymer/metals 

as the matrix material.  

 

3.1.1 Matrix material 

Matrix is a continuous phase of the material. It may be of metal or ceramic or polymer. 

Depending on the use of matrix material, the composite is named accordingly. There are three 

different types of composites viz.- 

 Metal matrix composite 

 Ceramic matrix composite 

 Polymer matrix composite 

Out of these composites, polymer matrix composite is massively used due to its low 

cost, high production rate, high aspect ratio and high durability. It is easier to fabricate a 
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polymer matrix composite and give it a near net shape. So, polymer matrix composite is 

somewhat replacing the other two types of composite materials. Polymer matrix composite is 

of two types, thermosetting and thermoplastic polymer. The thermosetting polymer is the 

result of amorphous cross-linking of bonds. Thermosetting polymers can’t undergo a 

reversible process to initial monomeric stage once it is hardened. Due to its high cross-linking 

of bonds, it has high thermal and electrical stability which make them suitable for the 

electrical industries [129]. 

Epoxy, vinyl ester, phenolic and polyester are the major types of resin which are used 

commercially. Out of these epoxy resin is most suitable due to its high adhesive property, 

good mechanical and thermal properties. It is also plentily available at low cost. So epoxy 

resin is chosen as the matrix material in this research work. Epoxy resin (LY 556), supplied 

by ATUL Industries Ltd. is used as the matrix material. It is a high viscous semi-solid 

material having a density of 1120kg/m
3
 and its chemical name is “Bisphenol-A-Diglycidyl-

ether”. Figure 3.1 shows the structure of the epoxy resin and the hardener. 

 

Figure 3.1: Structure of epoxy resin & hardener. 

An amino group hardener (HY 951) chemically named as triethylene-tetraine is used 

as a hardener. In general, thermosetting resins have good mechanical, thermal properties 

along with high corrosion resistance. 

Some of the properties of the neat uncured epoxy resin are mentioned in Table 3.1 

below. 
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Table 3.1: Properties of neat epoxy resin. 

Characteristic Property Inferences 

Density 1.1-1.2gm/cm
3
 

Compressive strength 110-120MPa 

Tensile strength 55-70MPa 

Flexural strength 120-140MPa 

Impact Strength 17-20MPa 

Coefficient of thermal expansion 64-68 10^
-6

/
0
c 

Dielectric constant 4.1 

 

3.1.2 Reinforcement 

The reinforcement material is always made with the matrix material to enhance its properties 

and is two different types; fibre reinforcement and particle reinforcement. In some cases 

where both are simultaneously used are called hybrid composites. In this experiment, the only 

particulate filler material is used. The use of particulate composite is just like using mortars 

with the cement to increase the strength. 

 The selection of particulate composite varies according to its final mode of use. Use 

of industrial waste like fly ash, red mud, bauxite ore powder, etc. can be a novel idea of 

giving extra property at very low cost. Fly ash is industrial by-product which is generated in 

massive scale from thermal power plants and it put a significant effect on the environment. It 

is accumulated at the electrostatic precipitator or other particulate filtration equipment before 

the flue gases reach the chimney.  

 According to ASTM C 618, there are two classes of fly ash present i.e. Class C and 

Class F. The classification depends on the amount of Silica, Alumina and Calcium present in 

the ash. The chemical composition of fly ash mainly depends on the chemical content of coal 

used.  The class C fly ash used here is collected from CPP-2 of Rourkela Steel Plant (SAIL), 

India. The detail chemical composition revealed the following elements as shown in Table 

3.2. 
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Table 3.2: Properties of fly ash. 

Constituents Vol % 

Fe2O3 8.1 

MgO 1.14 

Al2O3 24.98 

SiO2 55.85 

P2O5 0.15 

SO3 1.16 

K2O 0.85 

CaO 2.54 

Na2O 0.2 

TiO2 1.75 

LOI 3.28 

 

From Table 3.2, it is visible that silicon and aluminium consist more than 70% of 

volume. As the ceramic are harder than polymer and can have better interface bonding gives 

the idea that, fly ash as filler, will increase the mechanical properties of the composite. 

Scanning electron microscopy has been carried out on the fly ash and shown in figure 

3.2 which reveals that the particles are spherical in nature and of random in size. Spherical 

particles when agglomerate leaves a gap in between them which can be filled with epoxy 

resin. At the same time, the smaller particles will adjust in the spherical gaps which will lead 

to increase in strength.  

 

. 

Figure 3.2: SEM micrographs of fly ash. 
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Particle size has been determined by MALVERN (Masterizer) particle size analyser, 

shown in figure 3.3. From the figure 3.3, the mean particle size diameter is found to be 

27.26µm. 

 

Figure 3.3: Particle size analysis of fly ash. 

3.2 Composite Fabrication 

Initially, epoxy resin with fly ash is mixed with proper weight percentages (10%, 20%, 30% 

and 40%) by stirring the mixture with the help of an ultrasonic stirrer with a pulse rate of 5 

sec. Once the mixture lowers its viscosity, are cast in required sample dimensions as per 

ASTM standards. Increasing stirring speed results in agglomeration of fly ash particles and 

also air entrapment/bubble formation. 

 

3.2.1 For tensile/flexural/impact testing 

Tensile strength is measured using INSTRON 1195 with a crosshead speed of 1mm/min 

following ASTM D 638 specification. Samples of ASTM D 790 specification is used for the 

flexural test. The flexural test was carried out with a crosshead speed of 1mm/min at a span 

length of 40mm, in INSTRON 1195. Flat rectangular Izod type samples with dimension 

according to ASTM D 256 is made initially. The impact test was carried out in a VEEKAY 

TLVS4 impact tester. The pendulum when released from an angle 150 degrees, can provide a 

maximum energy of 21.4 J. This amount of energy absorbed is monitored and noted as the 

impact energy.  

Split patterns as shown in figure 3.4 are made out of ABS (Acrylonitrile butadiene 

styrene) plastic in rapid prototyping machine. These ABS plastics can sustain high 

temperature than the temperature generated during polymerization.  
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Figure 3.4: Patterns ready for sample preparation. 

These patterns are easy to manufacture, durable and flexible for some operations. Pre-

weighed fly ash is mixed with epoxy resin in an ultrasonic sonicator for a maximum duration 

of 30 minutes. Once the mixture is ready with a lower viscosity, the hardener is then added 

and stirred gently; samples are allowed to cure for 24 hours. After it is hardened completely, 

these are removed from the mould carefully and put in air tight polythene packets for further 

use. The solidified samples are shown in Figure 3.5.  

 

 

Figure 3.5: Samples after solidification. 

3.2.2 For wear test 

Specimens for sliding wear test are made following ASTM G99 standard. The DUCOM 

sliding wear test rig has been used, for the wear test. Plastic pipes available for gardening 
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purposes in the market having a diameter of 10mm is cut into small pieces of 1-inch height to 

be used as a mould. Samples of four different reinforcement percentages are mixed using an 

ultrasonic sonication machine and poured gently and allowed to cure for 24 hours in normal 

atmospheric condition. Various operating parameters viz. temperature, pressure, strain rate 

and even the environmental conditions play an important role in influencing the mechanical 

response of polymers [130-134]. So, the controlled atmosphere (room temperature) is 

maintained while making of samples for uniformity. Total 32 samples of each treatment 

condition are made and stored in poly packs for further use. 

 

3.2.3 For dielectric study 

For the dielectric test, cylindrical coins like specimens are made. So, once the complete 

mixture is ready, it is poured into a predesigned mould cavity of 15mm diameter and 1-inch 

height. Once it is completely hardened, these are cut into slices of 2mm thickness to produce 

some specimens for the dielectric test. Before that, these samples are treated in the normal 

atmospheric condition, oven and micro oven to enhance its properties and for comparison. As 

discussed earlier, the controlled atmosphere (room temperature) is maintained to maintain 

uniformity of samples. 

Solartron 1296 Dielectric Interface Instrument is utilised to evaluate the dielectric 

properties at room temperature, between the frequency ranges of 100Hz to 1 MHz. The 

specimen is put between two parallel plate electrodes. Silver paint is applied on both sides of 

the tablet samples to make the sample surface electrically conductive. 

Capacitance is calculated using the following equation, 

 C=capacitance= €0[A/d]……………………………………………… (3.1) 

Where Cp= Measured capacitance 

 €0=8.8562×10
^-12

F/m= Dielectric constant of vacuum 

 €r=Relative permittivity 

 A= Surface area of the specimen 

 D= specimen diameter 

Dielectric constant=K=Cp/C 
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3.3 Post-Treatment of Composite 

3.3.1 Conventional oven 

Conventional ovens are appliances with enclosed space with metallic elements at the top and 

bottom. Electric current heats up the metallic element and in turn the enclosed space. The 

thermostat in the oven measures the temperature and controls the current flow to maintain the 

temperature. Sometimes, the oven is provided with fans that help in maintaining the heat. 

These ovens with fans are much more efficient than conventional ovens as they uniformly 

distribute the heat and thus can help in reducing the thermostat temperature. A typical Oven 

is between 1000 and 2000 watts, but it does not consume all of it during its complete 

operation. In a conventional oven, the heat has to migrate by conduction from the outside of 

the material to the middle. In a conventional oven, the material is placed on a metal rack 

inside the chamber and a heating element heats the air inside of the chamber which causes a 

hot layer of air to build up around the material. 

 

3.3.2 Microwave oven 

Microwaves are radio waves (2500MHz-2.5GHz). These waves can be absorbed by water, 

fats and sugar. They are not absorbed by plastics, glass or ceramics. Metals reflect 

microwaves, so causes a spark.  

Molecules consist of positive charge on one side and negative charge on another side. 

When the molecules are exposed to the electromagnetic field, all molecules are rearranged 

i.e. + charge is to – charge and vice versa. During this process, molecular heat is produced by 

friction. As the frequency of micro oven is 2500MHz, it changes the direction of 

electromagnetic fields 2.5×10
9
 times/sec. In the micro oven, the whole heating process is 

different because of exciting atoms rather than conduction of heat. In the micro oven, the air 

in the oven is at room temperature, so there is no way to form a crust. That is because it heats 

up materials by microwaves instead of heat conduction. The way in which a material heated 

by a microwave depend on its- 

 Shape 

 Size 

 Dielectric constant 

 Nature of equipment 

When a dielectric is placed in a microwave field, energy is dissipated in the material; 

usually, the power decays with increasing depth of penetration into the dielectric. Without 
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surrounding insulation material, heat will be lost from the surface of the object, by 

convention and radiation. Through conduction, heat will be transferred towards the centre of 

the object. Shortly after the commencement of radiation, the maximum temperature reaches 

the surface. As time increases, the position of maximum temperature moves into the interior 

of the object. Microwaves ovens use electromagnetic energy and generate electromagnetic 

waves to heat up the material. Unlike a conventional oven, they do not heat up the whole 

space inside the appliance and just use the waves to heat the material kept in it.  

Unlike conventional heating, it generates heat within the material and heats the entire 

volume at about the same rate. In a microwave, there is uniform temperature distribution, 

improved heating efficiencies and is pollution free environment since there are no products of 

combustion. In contrast to that in conventional drying, microwave drying gives higher 

temperature inside the drying samples while the surface temperature stays colder due to the 

cooling effect of ambient air. 

The main aim of using the microwave is to reduce the curing time, but it increases the 

void fraction in the sample. The entrapment of voids is due to less curing time and low 

pressure. The efficiency is more when the microwave curing is applied to single phase 

materials rather than composite materials. More void fraction is induced in the microwave 

cured composite due to lower external applied pressure and shorter curing time.  

 

3.4 TOPSIS method 

To minimise the number of experiments and conclude the interrelationship of different 

experimental parameters and their dominance, statistical analysis is an important tool. In our 

study TOPIS and Taguchi methods are used for analysis purpose. 

The traditional TOPSIS strategy takes into account that; the best option ought to have the 

most limited separation from the perfect positive arrangement and the best separation from 

the negative perfect arrangement. TOPSIS model shows the alternative ways of normalising 

the data and measuring the distances from the mean position. TOPSIS method has superior 

advantages concerning the adaptability of its evaluation method and the accuracy of the 

evaluation result. The TOPSIS method consists of the following steps: 

 Normalising the decision matrix 
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Multiplying the columns of the normalised matrix with associated values. Here similar 

weights have been assigned to each parameter, i.e., .0.33. 

,ijj rWVij 
………………………………………………………………………..…… (3.3) 

 Determine the positive ideal and ideal negative solutions respectively, 

     cijbijn KjvKjvvvvA 
 minmax,..., 21 ……………………………………. (3.4) 

     cijbijn KjvKjvvvvA 
 maxmin,..., 21  …………………………………... (3.5) 

Where,       Kb= Set of benefit criteria 

 Kc= Set of cost criteria 

Obtaining the distances of the existing alternatives from the positive ideal and ideal negative 

solutions, two distances for each alternative are, respectively, calculated as follows: 
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 Calculate the relative closeness to the ideal alternatives; 
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,i=1,2….m0≤RCi≤1 …………………………………………………….. (3.8) 

 

 Rank the alternatives according to their relative closeness to the ideal alternatives, the 

bigger RCi, the better alternative Ai. 

 

3.5 TAGUCHI Method 

Being the most important statistical tools of total quality management Taguchi optimal design 

is used for designing high-quality systems at a reduced cost. Taguchi recommends a three-

stage process to achieve a desirable quality product by system design, parameter design and 

tolerance design. System design helps in identifying the working levels of each parameter of 

the design parameters; parameter design seeks to determine levels of the parameter that 

provide the best performance of product or process. Orthogonal arrays, ANOVA, S/N ratio 

analysis and confirmation test, are the essential tools for parameter design. Main effects plots 

drawn indicate the general trend of influence of each parameter [135-141]. 
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Parameter design involves selection of appropriate parameter with a high level of 

performance based characteristics with a minimal possible of variation [141]. It helps mainly 

during research to get high-quality results at low cost. It exposes the process to various levels 

of design parameters and requires the use of strategically designed experiments. 

 

Design of the Orthogonal Array (OA)  

Orthogonal array significantly reduces the number of experiments by selecting a certain 

number of combinations of experiments. It was designed and proposed by Taguchi which 

shows the effect of process parameters on the output result. Initially, the parameters affecting 

a process are chosen, then the levels at which these parameters affect is determined. 

Determining what levels of a variable to test requires an in-depth understanding of the 

process, including the minimum, maximum and current value of the parameter. If the 

difference between the minimum and maximum value of a parameter is large, the values 

being tested can be further apart, or more values can be tested. The difference between the 

minimum and maximum value determine whether to enlarge or reduce the range of 

parameters. 

 

Analysis of S/N Ratio Based On Taguchi Method 

Taguchi uses the signal to noise ratio to measure the quality characteristics deviating from the 

desired value. There are three types of signal to noise ratio depending on the characteristics- 

1. Lower is better 

2. Higher is better 

3. Nominally is better 

In our research work, Taguchi approach is used for calculating wear. In the experiment 

wear, frictional force and coefficient of friction should be minimum i.e. lower is the better 

criteria is considered in our experimentation.  

The equation for calculating the signal to noise ratio is- 

η= -10log10 [1/n∑yi
2
] where 1 ≤ i ≤ n    ……………………. (3.9) 

n= no of experiments carried out 
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Chapter 4  

Results and Discussion 

4.1 Physicomechanical Properties 

Physicomechanical properties are the prime factors to recommend a material for any specific 

applications. 

4.1.1 Density Measurement 

Density is measured by Archimedes principle and there from void fraction is calculated. 

Polymeric materials are desirable as replacement of metals due to its low density but having 

desirable strength. Figure 4.1 (a) plotted between percentage reinforcement of fly ash and 

density. It is found to be decreasing with increasing percentage of fly ash reinforcement. 

Figure 4.1 (b) plotted between percentage reinforcement of fly ash and void fraction show an 

increasing trend with an increase in reinforcement. It may be due to the following reasons. 

 

 

Figure 4.1: Variation of (a) density and (b) void fraction of the composites. 

The density of epoxy is much higher than that of fly ash. Due to impregnation of fly ash 

and during processing, the voids/porosity regions are formed at the polymer chain and 

particle interface. Also, stress concentration increases at the voids which ultimately results in 

developing slip or twinning defect in the material. So, it is always desirable to reduce the void 

fraction in a material to increase the mechanical strength. 
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4.1.2 Tensile properties 

The tensile tests were carried out with INSTRON 1195 following ASTM D 638 standard and 

the results are plotted in figure 4.2; shows the effect of mixing time on the tensile strength of 

the composite at various curing conditions. Each data point is an average of five test readings 

(with ±5% deviation). From the figures, it is observed that depending on mixing time during 

fabrication of the composite; the tensile strength has increased from 85.76 MPa to 90.07 MPa 

for normal atmospheric treatment, 95.48MPa to 101.32MPa for oven treatment and 

106.05MPa to 113.57 MPa for microwave treatment; for composites with 10% fly ash 

reinforcement. Similarly, for 20% fly ash reinforcement, the tensile strength vary between 

79.37 MPa to 104.47 MPa with a maximum value of 104.47 MPa in microwave curing. With 

30% fly ash addition tensile strength ranges from 67.23 MPa to 92.88 MPa with a maximum 

value of 92.88 MPa at 30minutes of mixing time and microwave curing. For 40% fly ash 

addition, tensile strength varies between 54.51 MPa at the atmospheric condition to 80.53 

MPa at microwave curing condition. 

 

Figure 4.2: Variation of tensile strength with mixing time for different percentage of fly ash 

reinforcement. 
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When polymerization starts, there is a rise in temperature and hence a decrease in 

viscosity. So, it is easier for developing a uniform surface coating on each fly ash particle. 

The formation of continuous matrix network helps in increasing the tensile strength. Mixing 

time should be within the time scale (10-30) minutes before settling-solidification starts. 

Thirty minutes is found to be the suitable mixing time for casting of the samples into the 

mould. 

The tensile strength of the neat epoxy material is found to be 60 MPa. Incorporation 

of ceramic filler i.e. fly ash increases the tensile strength of the polymer composite. From the 

experiment, it is clear that the tensile strength increases with the mixing time. The tensile 

strength is found to be maximum (of 90.07 MPa), at 30 minutes of mixing for 10% 

reinforcement of fly ash. 

Post curing has been done in the oven and micro oven on atmospheric condition with 

the aim of increasing the tensile strength. The tensile strength is maximum (of 113.57MPa) at 

30 minutes of mixing (for 10% fly ash reinforcement) for micro oven cured specimens which 

is much higher than the tensile strength of the neat epoxy at the uncured/untreated condition. 

Figure 4.3 shows the variation of tensile strength under different curing conditions. It is seen 

that irrespective of percentage of fly ash reinforcement, tensile strength varies with the type 

of curing conditions. In every case, tensile strength is maximum for microwave cured 

samples followed by oven curing and standard atmospheric curing. 

 

Figure 4.3: Variation of tensile strength with percentage of fly ash reinforcement at different curing 

conditions and mixing times. 
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Maximum tensile strength of 113.57 MPa is obtained at microwave curing condition 

for 10% fly ash reinforcement. Curing removes the internal stresses and also affect the 

quality of polymer bonds-blends which may be the possible reason for an increase in tensile 

strength of the material. 

Figure 4.4 shows the variation of percentage elongation of the specimen (at maximum 

load) for a different amount of fly ash reinforcement. It is evident from the figure that 

percentage elongation of the samples decreases with increase in the percentage of fly ash 

irrespective of curing condition. A maximum value of 3.38% elongation is obtained in 10% 

fly ash at micro oven curing condition.  

 

Figure 4.4: Variation of percentage elongation with different fly ash percentage at different mixing 

times. 
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It may be due to the reason that, at lower percentage reinforcement of fly ash there is 

continuous matrix network which carries the load and helps in elongation of the material. As 

the filler percentage increases, discontinuity in matrix network retards the elongation 

percentage. 

 

4.1.3 Flexural properties 

The flexural strength of the composite for different conditions is plotted in figure 4.5 and 

figure 4.6. The flexural test was carried out with INSTRON 1195 following ASTM D 790. 

Figures 4.5 plotted between mixing time and strength show that flexural strength takes an 

increasing trend with an increase in mixing time. The growing trend in all the graphs is also 

evident and mixing time of 30 minutes is found as the most suitable duration to get the 

maximum flexural strength. 

 

Figure 4.5: Variation of flexural strength with mixing time for different fly ash percentage. 

The increase in strength may be due to a decrease in viscosity resulting from coating 

over the fly ash particles. At higher mixing time, there must be the formation of the amount 
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of crystallinity in the polymer matrix structure which might be the cause for the increase in 

strength. 

Figure 4.6 shows the variation of flexural strength for different compositions. It is 

visible that flexural strength increases with curing conditions. But there is not much of 

change in values as compared to the tensile strength properties. The flexural strength is found 

to be maximum for microwave curing specimens. 

 

Figure 4.6: Variation of flexural strength with percentage fly ash addition at different curing 

condition and mixing time. 

As curing takes place, there is a change in internal bonding chain structure and 

favouring the formation of more crystalline regions in the matrix which helps in the inter-

particle bonding of fly ash. Modification in the chemical bonding may also be the reason for 

an increase in flexural strength. 

The flexural strength of neat epoxy is found to be 110MPa. Being a ceramic filler fly 

ash have high hardness and compressive strength. So, from a theoretical point of view, it has 

a very negligible chance of increasing the flexural strength which is seen from the following 
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graphs. The flexural strength is found to be maximum 135.26MPa for 30 minutes of mixing 

(for 10% reinforcement/microwave curing). But after curing, there may be uniformity in its 

crystallinity which enhances the result and is found to be 144.38MPa. 

Figure 4.7 is plotted between percentage reinforcement of fly ash and strain at 

different mixing times. It is seen from the graphs that strain decreases with increase in the 

percentage of fly ash irrespective of curing condition.  

 

Figure 4.7: Variation of strain with different percentage of fly ash at different curing conditions and 

mixing time. 

The lower value of strain in atmospheric curing conditions is due to its low value of 

load bearing capacity as compared to oven curing and micro oven curing condition. Strain 

value is lowered due to high rigidity with higher percentage reinforcement of fly ash. 

It is known that deflection of the material can be related to the damping capacity, (of 

course damping is not under the scope of this piece of research). Figure 4.8 is plotted between 

the percentage of fly ash reinforcement and maximum deflection at various mixing times. 
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Maximum deflection (at peak load) follows a decreasing trend with an increase in the 

percentage of fly ash reinforcement. 

 

Figure 4.8: Variation of maximum deflection with different fly ash reinforcement for different 

mixing time and curing conditions. 

A maximum deflection of 1.9182mm is obtained for the sample prepared with 10% fly 

ash and cured in a microwave oven. The decrease in maximum deflection value may be due 

to increasing the rigidity of the material with percentage reinforcement of fly ash. Deflection 

for micro oven cured sample found to be higher than that of the oven and atmospheric 

condition. It may be due to modification and rearrangement of polymer chain structures 

during post curing operation. 
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4.1.4 Impact properties 

The impact strength of the fly ash reinforced epoxy composite for different curing conditions 

is plotted in figure 4.9 and figure 4.10. Impact strength was carried out according to ASTM D 

256 in VEEKAY TLVS4 impact tester. In figure 4.9, it is observed that the impact strength 

increased from 1.752J to 1.986J in normal atmospheric treatment, 1.802J to 2.087J in oven 

curing and 1.821J to 2.124J for microwave curing condition for composite with 10% fly ash 

reinforcement. Similarly, in 20% fly ash reinforcement composite; the impact strength 

reaches a maximum value of 1.746J in microwave curing at 30 minutes of mixing time. With 

30% addition of fly ash, impact strength varies from 0.761J (atmospheric curing) to 1.425J 

(microwave curing). For 40% fly ash addition, impact strength increases from 0.619J to 

1.042J in atmospheric curing, 0.637J to 1.061J in oven curing and 1.044J to 1.208J in 

microwave curing condition. 

 

Figure 4.9: Variation of impact strength with mixing time at different curing conditions and 

percentage reinforcement of fly ash. 

The increasing trend of impact strength may be due to uniform grain distribution 

throughout the epoxy matrix which helps in absorbing the energy. The maximum amount of 
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energy is absorbed and transferred to the matrix material. So, once there is an increase in 

percentage reinforcement of fly ash, the continuity of matrix breaks resulting in a decrease in 

strength which is evident that impact resistance decreases with the percentage of fly ash. 

Figure 4.10 shows the effect of curing condition at different mixing times. It is seen 

that; impact strength varies primarily with the curing condition. It is highest for micro oven 

curing followed by oven curing and atmospheric curing condition irrespective of time of 

mixing. 

 

Figure 4.10: Variation of impact energy with percentage of fly ash for different curing conditions and 

mixing time. 

A maximum value of 2.124J of energy is absorbed by the sample prepared with 10% fly 

ash reinforcement, 30 minutes of mixing time and for microwave curing condition. It may be 

due to uniform mixing and release of internal stress and/or stretching/bending vibrations 

occurred during microwave interaction with polymer chains at the above mentioned 

parametric condition. During microwave oven curing, the energy absorbing capacity 

increases which are obvious from the figure i.e. figure.4.10. 

 



48 

 

4.1.5 Microstructural aspect 

Fractured samples are observed under a scanning electron microscope for understanding the 

mechanism of failure.  

Surface morphology of the composite 

In figure 4.11 (A) the surface morphology of 90%epoxy+10%fly ash composite, some 

agglomerated zones are seen. That is because of proper interface bonding and uniform 

distribution of fly ash particles in the matrix material. Figure 4.11 (B) show some fly ash 

particles which are trapped inside the matrix. These entrapped fly ash particles restrict the 

flow of stress and act as stress concentration zones and also responsible for void 

formation/cavitation etc. 

 

Figure 4.11: Micrographs are showing proper mixing of fly ash and epoxy resin (10%FA+90%EP). 

Fracture surface of tensile test specimens 

Figure 4.12, fracture surface of the tensile tested specimen, show some crests on the fracture 

surface. Protruded structures are seen as a result of dislocation of matrix material due to the 

application of load. 

 

Figure 4.12: SEM micrograph showing initiation and propagation of crack at the breaking point 

(10%FA+90%EP in microwave curing condition). 
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When the thermosetting resin is embedded with fibres, there is pull out of fibres from 

the matrix. But in the case of particle reinforced polymer composite, stress distribution varies 

from point to point. So the load is mainly taken by the matrix material and then transfers to 

the reinforced particles. Initially, a small crack is formed/joining of cracks/cavities takes 

place and propagates along the boundaries of the particles i.e. the stress concentration zones, 

to the entire area.  

 

 

Figure 4.13: SEM micrograph showing protruded a portion of the tensile test specimen 

(10%FA+90%EP in microwave curing condition). 

 

Fracture surface of flexural test specimens 

Figure 4.14 show the fracture surface of the specimen failed with flexural loading. Two 

different types of morphology are seen which may be due to; in the flexural test, the side of 

the specimen to which load is applied, faces compressive force and the opposite side face a 

tensile force i.e. different types of loading conditions occurs on the material. Figure 4.14 (A 

& B) show the lower portion having protruded regions which face tensile loading and Figure 

4.14 (C & D) show the upper part which is under compressive loading. It shows river flow 

like pattern which is due to matrix flow under loading condition.  
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Figure 4.14: SEM micrographs of flexural test samples (10%FA+90%EP in microwave curing 

condition). 

The protruded portion shown is the result of tensile loading while the river pattern in 

the specimen is the result of compression in the upper half. So, SEM micrograph of flexural 

testing samples shows both ductile and brittle type of fracture. 

 

Fracture surface of impact tests specimens 

Figure 4.15 show the fracture surface of the impact test specimen. It gives the impression of 

the directional flow of material. The material flows in the direction of applied load. During 

the impact test, the potential energy stored is converted to kinetic energy and that amount of 

energy is transferred to the specimen depending on its capacity of energy absorbance, 

producing a tidal flow/river flow. 

 

Figure 4.15: SEM micrograph of impact test sample showing the direction of energy flow 

(20%FA+80%EP in microwave curing condition). 
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Figure 4.16 (A) show the notch area which is manually made for crack initiation in the 

impact specimen. The pendulum strikes right at the notch and the crack originates from there. 

Figure 4.16 (B) show the crater formed at the notch. 

 

Figure 4.16: SEM micrograph of impact test specimen showing crater (20%FA+80%EP in 

microwave curing condition). 

4.1.6 Differential scanning calorimetry 

The glass transition temperatures of various percentages reinforced of fly ash composites 

made at different curing conditions are determined. DSC analysis of fly ash epoxy 

composites made at four different weight percentages of reinforcements and three different 

curing conditions is shown in figure 4.17. 

 

Effect of post curing on Tg 

Graphs have been plotted between temperature and amount of heat absorbed. Figure 4.17 (a, 

b, c) shows the DSC curves for different percentages of fly ash at various curing conditions 

viz. atmospheric, oven and microwave curing respectively. In all the cases, the Tg is shifted 

towards lower temperature side with an increase in fly ash content. From the graphs, it is 

evident that the Tg increases after treatment/curing in the oven and micro oven.  
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Figure 4.17: Variation of the amount of heat absorbed with temperature for different curing 

conditions. 

The glass transition temperature is the temperature where the material is converted into a 

glassy state/amorphous material and its properties are changed [142, 143]. 

Curing of a polymer occurs when individual chains form strong bonds with other 

neighbouring chains, a process that is sometimes referred to hybridization and/or cross-

linking. Like crystallisation, this process of chain ordering and bond formation is exothermic 

reaction product. The increase in glass transition temperature may be due to main chain 

rigidity, bulky or rigid side groups, increased cohesive energy density, increased molecular 

weight and increased polarity and cross-linking. As the Tg increases, the crystallinity 

increases in the composite; hence microwave cured samples exhibit more strength than 

others. 

 

4.1.7 Spectroscopic analysis 

The effect of curing condition and an increase in reinforcement to the polymer matrix affect 

the composite properties. Infrared spectroscopy is one of the best tools to analyse the bonding 

type and mechanism of the polymer composite, which affect the strength properties of the 

material. 
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Figure 4.18 shows the IR spectra obtained for atmospheric cured specimens. From the 

spectra obtained for atmospheric curing condition, shows six numbers of different band 

patterns and possible chemical bonding and are tabulated in Table 4.1. Similarly, Figure 4.19 

(A & B) shows the IR spectra obtained from oven curing and microwave oven curing 

conditions and possible chemical bonding are tabulated in Table 4.2. In each case, six 

different chemical bonds with high intensity are indicated which may be the reason of 

affecting the strength of the material. 

 

Figure 4.18: FTIR plot between wave number and percentage transmittance for atmospherically 

cured samples. 

Four different lines have been plotted for four different percentage reinforced fly ash 

composite. Here wave numbers of 830, 1506, 1600, 2356, 2930 and 3418 have been 

mentioned. The possible chemical bonding in that range is indicated in Table 4.1 below. 

Table 4.1: Wave numbers showing possible bonding in atmospheric curing samples. 

Wave Number Possible Bond 

830 Aromatic C-H 

1506 C-N=O (Monomer) 

1600 C-N=O (Monomer) 

2356 =NH2
+
 

2930 R-C=O 

3418 Crystal water/ -NH2 
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Figure 4.19 (A&B) have been plotted for the oven and micro oven cured samples. By 

comparing the figure 4.18 and 4.19, the wave intensity matches for all the reinforcement 

percentage of fly ash. Wave numbers match in both the curing conditions but the intensity 

varies. Out of the four compositions, 40% reinforced composite show some deviations from 

the other three. 

 

 

Figure 4.19: FTIR plot between wave number and percentage transmittance for the oven and micro 

oven cured samples. 

 

Wave number of 610 and 1035 were visible in oven curing for 10% reinforcement of 

fly ash, but the same wave numbers vanish after micro oven and become visible for 40% of 

fly ash. Mechanical properties also reveal the change due to curing conditions also. The DSC 

analysis also indicates that there is a change in glass transition temperature of the material 

after the material is cured. All the relative properties imply that there must some change in 

chemical structure of the material. In both the curing condition, there is almost same intensity 

except the line drawn for 40% of fly ash reinforcement. It may be, as the percentage of fly 

ash increases, the rate of silicon increases which is tough to cure/not responds to any reaction 

product/types. Table 4.2 shows the wave numbers and possible bonding in the material. In the 

case of standard atmospheric curing, the maximum transmittance percentage lies in the range 

of 0 to 1.8 whereas for other two curing conditions this lies in the range of 0 to 1.0. 
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Table 4.2: Wave numbers showing possible bonding in oven & micro oven cured samples. 

Oven Curing Micro Oven Curing Possible Bonding 

i. 610 610 C-Cl/C-Br 

ii. 1035 1035 P-O-Alkyl 

iii. 1520 1520 C-N=O (monomer) 

iv. 2360 2360 =NH2
+
 

v. 3620 3620 O-H free 

 

By comparing both tables number 4.1 and 4.2, it is evident that wave number 830 is 

absent after curing. This implies the stretching of the P-O-Alkyl bond, bending of (=NH2
+
and 

O-H free) bonds and scissoring of C-Cl/C-Brand C-N=O (monomer) bonds. This may be the 

possible reason of reducing the percentage transmittance.  
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4.2 Electrical Properties 

Epoxy resin is widely used as an insulating material in electrical and other applications. 

Ceramic fillers are always added to the polymer to enhance its mechanical properties. But at 

the same time, filler materials decrease the electrical properties. So while making the fly ash 

epoxy composite, it is obvious to detect the effect of fly ash reinforcement on the dielectric 

behaviour of the material [144]. The dielectric properties of the composites are measured and 

described below. 

 

4.2.1 Dielectric constant 

Variation of dielectric constant with frequency 

Figure 4.20 is plotted between frequency and dielectric constant at various percentage 

reinforcement of fly ash. It indicates that at lower frequencies dielectric constant decreases at 

a faster rate may be due to the contribution of the space charge for polarisation, but at higher 

frequencies, there is decline trend and becomes almost frequency independent may be due to 

the domination of the ionic and electronic contribution for polarisation.  

 

Figure 4.20: Variation of dielectric constant with frequency for different percentage of fly ash 

reinforcement. 
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In each figure, three different treatment conditions have been shown. From the figure, 

it is clear that the dielectric constant decreases with increasing frequency as is the expected 

behaviour for most of the polymeric materials. As the frequency increases, charges become 

more random and start to oscillate out of phase with the applied voltage and contribute to the 

alternating current causing decrease in K value. It is also seen that the dielectric constant is in 

decreasing order for normal, oven treated and micro oven treated samples only for epoxy 

resin without fly ash addition, once fly ash added the trend is reversed. It may also be due to 

the dielectric relaxation which is the cause of anomalous dispersion. At higher frequencies, 

the orientation of polar molecules along the direction of applied field is disturbed. The charge 

conveyance controls the dielectric properties of polymers. The polarisation of a dielectric is 

contributed by ionic, electronic and dipole polarisation. The electric polarisation happens 

amid a short time of 10-20 sec, however, is more than for electronic polarisation [65]. 

Free volume is additionally imperative for deciding the dielectric quality of the 

material. Free volume is resolved as the space that is not possessed by the polymeric material. 

The free volume connected with one mole of rehashed units of the polymer may be evaluated 

by subtracting the involved molar volume of rehashed unit [66]. 

 

Variation of dielectric constant with curing condition 

From the Figure 4.21, it is clear that dielectric constant is decreasing with increase in 

frequency for a particular percentage of fly ash. A deviation in the trend of the curves is 

observed at about 100Hz frequency range which is more pronounced for 30% addition of fly 

ash in the case of atmospheric cured specimens. But in the case of the oven and micro-oven 

cured samples the deviation is observed at 20% fly ash added specimens. 
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Figure 4.21: Variation of dielectric constant with percentage of fly ash for different curing 

conditions. 

It may be due to the following reasons- 

Polymers are known to be a blend of shapeless and sometimes with some crystalline 

districts. In crystalline regions, the chains are methodical organised. Charge transporters are 

trapped at the crystalline-formless interfaces make a huge commitment to the dielectric 

parameters at lower frequencies [67]. 

The introduction of inorganic fillers having permittivity value higher than the base 

polymer increases the effective permittivity of the polymer composite due to the influence of 

filler particles, hence with an increase in filler content, the dielectric constant increases. The 

dielectric constant of a polymeric material depends on interfacial, dipole, electronic and 

atomic polarisation. The dielectric behaviour involves different polarisation and the 

polarisation rate is dependent on temperature and frequency. At low frequencies, the 

polarisation will have more time to complete compared with that of at high frequencies. Thus, 

the degree of polarisation of material is high and the dissipation of polarisation is small at low 

frequencies. The decrease in dielectric constant with an increase in frequency is ascribed to 

the reason that, the interfacial dipoles have less time to orient themselves in the direction of 

applied field. It reveals the decrease in dielectric constant with increase in frequency. 
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The dielectric properties of materials in combination with the applied electromagnetic 

fields results in the conversion of electromagnetic energy to heat. As polymers and their 

composites have low thermal conductivity, many of the technical challenges associated with 

conventional processing also do exist for polymers. As thermosets undergo cross-linking, the 

dielectric properties change as a result of a change in the network structure. These variations 

in the dielectric properties correspond directly with resin viscosity also. 

 

4.2.2 Effect of frequency on impedance 

Figure 4.22 is plotted between frequency and impedance at various percentage reinforcement 

of fly ash. There is almost no change in impedance for all types of curing condition 

irrespective of percentage of fly ash reinforcement.  

 

Figure 4.22: Variation of impedance with frequency at different percentage of fly ash reinforcement. 
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Figure 4.23 plotted between frequency and impedance at various curing conditions 

viz. on atmospheric, oven and micro oven cured specimens. The graphs show that the 

impedance remains almost same irrespective of curing conditions. 

 

 

Figure 4.23: Variation of impedance with frequency at different curing conditions. 

Impedance is the frequency domain ratio of voltage to current. In other words, it is the 

measure of opposition that a circuit gives to current when a voltage is applied. So, it is 

evident from the above graphs that, neither the percentage reinforcement of fly ash nor curing 

condition alters the resistance to the flow of current.  

 

4.2.3 Effect of frequency on loss factor 

Figure 4.24 plotted between frequency and loss factor at different reinforcement percentage 

of fly ash. It is evident from the figure that, the curing condition has almost no effect on the 

neat epoxy material but, once the fly ash is added there is an alternation in its loss factor. The 

loss factor decreases drastically with the addition of fly ash which is evident from the graph. 

The loss factor is maximum for micro oven cured samples followed by the oven and 

atmospheric cured samples.  
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Figure 4.24: Variation of loss factor with frequency for various percentage reinforcement of fly ash. 

Figure 4.25 is plotted between frequency and loss factor for samples with different 

curing conditions. The loss factor trend to increase immediately and remains constant at 

higher frequencies in case of atmospherically and oven cured specimens. Whereas, a reverse 

trend is observed in the case of microwave-treated samples. Dielectric loss quantifies a 

dielectric material’s inherent dissipation of electromagnetic energy (and is beyond the scope 

of this research project to analyse this effect). 
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Figure 4.25: Variation of loss factor with frequency at different curing conditions. 

 

4.2.4 Effect of frequency on resistance 

Figure 4.26 is plotted between frequency and resistance for different percentage reinforced 

fly ash epoxy composite. At 0 % fly ash reinforcement i.e. neat epoxy has a very low value of 

resistance, but once the fly ash is added, resistance is increased. Resistance is found to be 

increasing with increase in fly ash addition.  
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Figure 4.26: Variation of resistance with frequency for different fly ash percentage. 

 

Figure 4.27 is plotted between frequency and resistance of the material at different 

curing conditions. Results show that curing has no effect on the resistivity of the composite. 
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Figure 4.27: Variation of resistance with frequency at different curing conditions. 

In simple words, the electrical resistance is the measure of the difficulty/obstruction to 

pass the electric current. Figure 4.26 clears that, there is no extra resistance force acting with 

the increase in the percentage of fly ash addition. Curing conditions also have no effect on 

resistance.  

 

4.2.5 Effect of frequency on capacitance 

Figure 4.28 is plotted between frequency and capacitance at various percentage reinforcement 

of fly ash. In each figure, three different treatment conditions have been mentioned. At 0% 

fly ash reinforcement, the capacitance of atmospherically cured samples is more than an oven 

and micro oven cured specimens. But once the reinforcement is added, it reverses its order 

i.e. capacitance of micro oven cured samples are more than oven cured and atmospherically 

cured samples. 
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Figure 4.28: Variation of capacitance with frequency for different percentage reinforcement of fly 

ash. 

Figure 4.29 is plotted between frequency and capacitance at various curing 

conditions. It is clear from the graphs that, capacitance decreases rapidly at lower frequencies 

than at higher frequencies. It is also evident that, with the addition of fly ash, capacitance 

decreases. For micro oven curing, capacitance remains unaltered irrespective of percentage 

fly ash reinforcement. 
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Figure 4.29: Variation of capacitance with frequency at various curing conditions. 
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4.3 Corrosion Behaviour 

In both aerospace and other sectors, which include marine, civil infrastructure and 

energy, environmental conditioning operating environment is a major concern for durability 

and efficiency. In such applications, materials are often required to function in service 

conditions that involve exposure to multiple factors that causes ageing in polymeric 

composites, including high/low temperatures, environmental conditions, moisture, UV rays 

and oxidation, etc. In marine applications, ageing mechanisms include differential swelling, 

residual stress relaxation and hydrolysis [145]. Cracking, creep, leaching, post-crystallization 

and even biodegradation may occur simultaneously. Vinyl ester reinforced with carbon fibre 

composite finds its main application in marine industry. The Marine environment consists of 

simultaneous action of UV rays and moisture. UV rays alter the chemical structure of the 

polymer and moisture cause deeper damage in polymers by affecting the matrix and the 

reinforcement simultaneously [146]. 

Common practice in ageing research is to increase exposure temperature to accelerate 

moisture ageing because low/room temperature ageing requires long times to cause 

observable changes in properties. Hydrothermal ageing causes substantial changes to polymer 

composites often limiting service life and restricting applications. Physical ageing occurs 

regardless of moisture level [147]. The long-term behaviour of composite materials may be 

affected by physical (change in Tg) and chemical (change in molecular, oxidation, change in 

density of reticulation). It is a structural relaxation process and a movement towards 

equilibrium state in which the free volume shrinks. The capabilities of polymers in 

combination with other materials to form new, synthetic structures of improved mechanical 

properties, has led to a real expansion in the employment of composite material. The main 

disadvantage of these polymeric materials is that these are not cost effective when compared 

to conventional materials for emerging applications like rehabilitation of civil engineering 

structures and oil industry. 

In actual use of any material, only one side is exposed to the environmental condition. 

But here the samples are completely dipped inside different mediums and it’s tensile, flexural 

and impact strength has been evaluated on time of treatment. The mechanical property of any 

composite material is the most relevant property to be evaluated since it determines the utility 

of the composite as a structural material. Structural materials require strength, stiffness and 

toughness. 
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4.3.1 Variation of weight 

Figures 4.30 show the change in weight of specimens dipped in different mediums for 

different time periods. From the figure, it can be concluded that 40% reinforced fly ash 

composites have the highest weight change and maximum weight gain is observed with basic 

solution dipped samples followed by an acid solution, sea water and fuel immersed 

specimens.  

 

Figure 4.30: Variation of weight with different fly ash percentage, treated in different environmental 

condition. 

When the samples are immersed in the fluids, the fluids enter inside the material 

through the microcracks and pores. Once they enter inside, there is swelling in the matrix and 

increasing in weight of the sample. Again, these swelling portions act as stress concentration 

zones during application of load. 

As the samples are immersed in the solution medium, the solution is absorbed into it. 

The water absorption in weight percentage (Wt. %) can be calculated by using the following 

equation (4.1). 

Wt. %=(
𝐶𝑊𝑊−𝐷𝑊

𝐷𝑊
× 100)                                                                               4.1 

Where DW= Dry weight 

 CWW= Current wet weight 

Figure 4.30, indicates that 10% weight samples vary enormously and it is maximum in 

case of sea water. It may be due to the effect of other ionic minerals present in the sea water. 

The ionic minerals must have struck over the samples resulting in the increase in sample 

weight. The reason for an increase in weight may be due to the high percentage of silica, 

which absorbs water through micro cracks. These micro cracks act as capillary tube helping 

the solution entering to the core of the specimen [146]. 
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4.3.2 Change in surface morphology 

In normal working condition, only one surface of the sample is exposed to the environmental 

situation. So, degradation takes place only from that side only. But, in this experiment, the 

total sample is immersed in the solution. So, degradation starts simultaneously from all the 

sides of the specimen.  

It has been observed that basic solution corrodes more than any other solution. So, 

SEM micrographs have been taken of the basic solution treated samples. In figure 4.31, the 

degradation is marked, i.e. the sample surface is roughened by the solution attack. Due to 

high stiffness and high aspect ratio of polymer composites, these are better resistance to 

electrochemical corrosion as compared to metals. 

 

Figure 4.31: SEM micrographs showing deposition of materials in sea water (40%FA+60%EP). 

Figure 4.31 show some deposition of salt materials on the sample surface during the 

exposed time. The amount of deposition on the surface increases the weight of the sample 

and in the long term, this deposition may help in developing an additional coating on the 

surface of the sample. Moisture causes deeper damage in polymeric materials. Due to initial 

scratching on the surface of the sample, moisture diffuses into through plasticization process 

and hydrolysis takes place, reducing the strength of the composite. 
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Figure 4.32: SEM micrographs showing crater and etching of surface in the acid solution treated 

specimen (40%FA+60%EP). 

Figure 4.32 show etching and cavity formed at the surface of the sample in acid 

solution. It may be due to the reason that the acidic environment dissolves the alkali and 

alkali earth metals (present in traces in fly ash) and at the same time, it extracts aluminium 

and boron that is present either in the matrix or reinforcement. This extraction leads to the 

formation of a crater on the surface of the sample. 

 

Figure 4.33: SEM micrographs showing swelling of the sample in sea water (40%FA+60%EP). 

Figure 4.33 show degradation of the sample surface. Usually, deterioration of the 

fibre matrix interface is caused by matrix dehydration/swelling, as well as penetration of the 

solution through micro cracks. Polymers absorb water and the amount of water absorbed 

depends on their structure, the degree of crystallinity and polarity of molecules.  

Once the moisture diffuses into the polymer matrix and gets attached to the fly ash 

particle, it shows pozzolana effect. So, there is swelling of the sample and ultimately that 

particular point bursts causing the crack initiation and propagation in the material. The 

greatest influence of water is the matrix that swells. In this way, the interface between the 
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matrix and reinforcement is weakened and an inhomogeneous stress originates/results[145, 

146]. 

 

4.3.3 Tensile properties of different environmentally treated samples 

The tensile test is carried out using INSTRON 1195 for the samples prepared according to 

ASTM D 638 and treated for a maximum period of 28 days in different environmental 

conditions. Their properties have been evaluated in every seven days interval. Each data point 

is the mean value of five tests with maximum 5% deviation. 

Figure 4.34 (A, B, C & D) have been plotted between time dependence of tensile 

strength for samples treated with four different types of solutions. Four different graphs have 

been plotted for four different percentage of reinforcement of fly ash. It is evident from all 

the figures that the tensile strength decreases with increase in time duration. For 10% fly ash 

reinforced composite, tensile strength varies from 90MPa to 77.69MPa in acid solution, 

89.62MPa to 75.06MPa in basic solution, 90.01MPa to 88.25MPa in fuel and 91.03MPa to 

86.22MPa in sea water; for a maximum duration of 28 days. Similarly, for 20% fly ash 

reinforced composite tensile strength varies from a maximum value of 83.13MPa in fuel to 

minimum value of 74.59MPa in basic solution. In the case of 30% and 40% fly ash reinforced 

composite, it follows the same trend of decreasing in its value.  
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Figure 4.34: Variation of tensile strength with duration time (A) for 10% fly ash (B) for 20% fly ash 

(C) for 30% fly ash (D) for 40% fly ash reinforcement. 

The basic solution is found to be most effective for the degradation of tensile strength 

followed by an acid solution, sea water and fuel. For 40% reinforced fly ash composite, a 

minimum value of 52.84MPa is obtained for the sample treated in basic solution for a 

maximum duration of 28 days. There is some increase in tensile strength of 20% and 30% 

reinforcement of fly ash after it is treated in basic solution. It may be due to 

formation/deposition (of some newly formed material) on the surface of the specimens. 

The decrease in tensile strength may also be attributable to the presence of voids and 

microcracks. With the increase in dwelling time in the solution, the solution in which it is 

immersed enters into the composite by capillary action which leads to matrix expansion and 

failure of the material. Increasing the volume fraction of filler material in a composite helps 

in increasing more particle/matrix interfacial area for reaction. Thus, more energy can be 

dissipated at/by the interface. 

Figure 4.35 shows the variation of percentage elongation in tensile tests at various 

days of treatment. The percentage elongation is found to be decreasing with increase in 

percentage fly ash reinforcement. During the treatment process, there is a change in its 
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internal properties so as the modulus of the material that impacts/responsible for the strength 

and the percentage elongation of the material. Elongation percentage is found to be maximum 

for the 10% reinforced fly ash composite in sea water immersion for seven days. It reaches a 

minimum value of 1.68 for the sample treated in basic solution for 28 days. Percentage 

elongation is the minimum for basic treated samples followed by acid, seawater and fuel 

treated samples. 

 

 

Figure 4.35: Variation of the percentage elongation with different amount of fly ash reinforcement 

for different durations. 

Due to change in modulus of the material, percentage elongation decreases sharply. 

From the figure 4.35, samples treated in basic solution found to have the least resistance 

towards the elongation of the material whereas fuel treated samples have maximum 

elongation towards the application of tensile load. As the immersion time is increased, the 

interaction between water and epoxy resin became complex. The water existed as a viable 

resin/fluid binding complex and promoted secondary crosslinking with hydrophilic groups in 
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epoxy resin (hydroxyls & Amines), or the water stayed in the micropores even causing the 

micro cracks. 

It is known that the mechanical properties of composites are closely related to their 

structure and the macroscopic failure modes are even more dependent on microscopic 

damage mechanisms.  

 

4.3.4 Flexural properties of different environmentally treated samples 

Figure 4.36 have been plotted between flexural strength and duration of immersion in four 

different types of liquid solutions. For 10% reinforced fly ash composite, it decreases from 

134.96MPa to 120.54MPa in acid solution, 135.11MPa to 120.11MPa in basic solution, 

135.98MPa to 131.42MPa in fuel and 137.22MPa to 131.05MPa in sea water for a maximum 

duration of 28days. Similarly, for 20% reinforced fly ash composite it varies from a 

maximum of 131.59MPa in sea water to 122.02MPa in basic solution. For other two 

reinforcement percentage of fly ash, it follows the same trend of decreasing. Here basic and 

acid solutions have found to have a dominant effect in reducing the flexural strength. Sea 

water and fuel also show a decreasing trend in flexural strength but at a lower rate.  Fuel has 

the least impact on the flexural strength of the material. 

 

Figure 4.36: Variation of flexural strength with treatment duration periods(A)for 10% fly ash (B) for 

20% fly ash (C) for 30% fly ash (D) for 40% fly ash reinforcement. 
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The decrease in flexural strength may be due to the chemical reactions taking at the 

surface of the samples and entering of solutions to the core of the composite through 

microcracks and voids. More surface area and exposure time of exposure impart more 

changes in the specimens. The mechanism of attack at the interface is decisively governed by 

the chemistry, structure and morphology, etc. at the interface. 

 

Effect of % fly ash on strain 

The variation of strain with curing time for the different amounts of fly ash reinforced 

composites are shown figure 4.37. Each plot is for the samples treated with four different 

environmental conditions viz. acid solution, basic solution, sea water and fuel. The strain is 

found to be decreasing with increase in the percentage of fly ash content. The strain is found 

to be maximum for 10% fly ash reinforced composite in sea water treatment condition for 

seven days. The strain is maximum for the fuel treated samples followed by sea water, acid 

and basic solution treated samples.  

 

Figure 4.37: Variation of strain with different percentage of fly ash reinforcement for different 

duration of immersion. 
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The decrease in strain value is due to decrease in rigidity of the material. From the 

above graph, it is clear that fuel treated samples are more resistance to applied load having a 

very negligible change in strain. Water absorption speeds up the damages/crack initiation 

inside the composites and causes damages. During water or sea water immersion test, many 

properties of the composites are altered. The effects of water absorption on the mechanical 

properties of composites are mainly for the matrix plasticization and interface debonding. As 

the immersion time increases, the interface became weaker and water molecule diffuses into 

the inner part of the composite through the matrix-particle interface in capillary paths and 

then stored in the void regions. This is the cause of deterioration and failure of the material.  

 

Effect of percentage fly ash on (maximum) deflection 

In the flexural test, maximum elongation/compression depth/height before the fracture is 

taken/considered as the maximum deflection i.e. the amount of strain (accumulated) on the 

specimen before starting of plastic deformation (the III
rd

 stage of deformation in the polymer) 

is measured. Figure 4.38 illustrates the variation of maximum deflection of the flexural 

specimens with different percentage of fly ash reinforcement. There is a maximum deflection 

of 0.1823mm for 10% reinforced sample treated in sea water for seven days and minimum 

deflection of 0.1597mm for 40% reinforced sample in basic solution.  
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Figure 4.38: Variation of maximum deflection with different percentage of fly ash reinforcement for 

different duration of immersion. 

The decrease in maximum deflection is due to the rigidity of the material. As the 

samples are treated in various environmental conditions, rigidity varies/affected so as the 

maximum deflection. The increase in fly ash content also reduce the rigidity of the material 

and making it more brittle and lowering the maximum deflection. 

 

4.3.5 Impact properties of different environmentally treated samples 

Figure 4.39 is plotted between impact strength and duration of treatment for a different 

amount of fly ash reinforcement. The impact strength decreases with duration of immersion 

as revealed in the figure. For 10% fly ash composite, impact strength varies from 2.001J to 

1.318J in acid solution, 1.941J to 1.003J in basic solution, 1.965J to 1.644J in fuel and 1.973J 

to 1.649J in sea water, for a maximum duration of 28 days. Similarly, for 20% fly ash 

composite, it ranges from 1.64J in acid (7days) solution to 1.21J in basic solution (28days). 

For 30% and 40% fly ash composites, it follows the same trend and reaches a minimum value 
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of 0.98J and 0.518J respectively. Like earlier, the basic solution has the highest impact on 

decreasing the impact strength followed by an acid solution, sea water and fuel. The decline 

in impact energy may be due to the following reason. 

 

 

Figure 4.39: Variation of impact strength with duration time (A) for 10% fly ash (B) for 20% fly ash 

(C) for 30% fly ash (D) for 40% fly ash reinforcement. 

As the material corrodes with time in different environments, the internal bonding is also 

affected. As the internal structure changes, there is the development of initial/residual strain. 

This residual strain helps in initiation and propagation of crack and decreases the capability 

of storing energy. Larger swellings are also evident with the composites those are saturated 

with water. This promotes larger dimensional change that can affect the performance of the 

composite and even led to failure by mechanical constraints at stress concentration zones. 

The decrease in rigidity may also be the reason of reduction in impact strength of the 

material. 

 

4.3.6 Microstructural analysis 

For tensile test specimens 

Figure 4.40 have been taken on the fracture surface after the sample failed during tensile 

testing. The dog bone shaped samples are stretched and breaks at the midpoint due initiation 



79 

 

of crack at the fly ash embedded site. The morphologies of the fracture surfaces show that the 

failure occurred catastrophically. 

 

Figure 4.40: SEM micrograph of the fractured surface of tensile test specimen (for 10% fly ash 

treated in basic solution after 28 days). 

In the figure, propagation of crack is visible and stress concentration zone is also seen. 

Protruded structures are the result of stretching of material at amorphous regions of the 

composite. 

 

For flexural test specimens 

In three point bend test, a normal load is applied within a fixed span. As the load increases, 

the upper part is imparted by a compressive force and the lower part of a tensile force. Figure 

4.41 (A), shows fracture surface, indicating the path formation as a result of compression 

loading. Figure 4.41 (B), shows the lower part/side (tensile loaded zone) which exhibits river 

like flow pattern. At the site of embedded fly ash particle, stress concentration increases 

which initiate the crack inside the specimen.  

 

Figure 4.41: SEM micrograph of the fractured surface in flexural test specimen (for 10% fly ash 

treated in basic solution after 28 days). 
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For impact test specimens 

In figures 4.42, there is a flow of material from right to left and river-like patterns are visible. 

The river like pattern in the fracture surface is due to energy transfer and the plastic flow 

occurs in the material.  

 

Figure 4.42: SEM micrograph of the fractured surface in impact test specimen (for 10% fly ash 

treated in basic solution after 28 days). 

. 

The amount of energy absorbed is directly proportional to the strength and modulus of the 

material. Impact specimens are subjected to absorb energy. The fracture is due to the 

suddenly applied load, but the fracture is initiated by the maximum amount of energy stored 

per unit area. As the energy flow takes place in a direction, so as the movement of material. 

Hence, there is always some flow pattern observed on the surfaces of impact test specimens.  

 

4.3.7 Thermal analysis 

Glass transition temperature 

Figure 4.43 shows the plot between heat and temperature which is a measure of enthalpy. The 

area under the curve illustrates the amount of heat energy required/used for completion of 

reaction during the curing operation. The fuel treated sample has the minimum area of groove 

that implies least energy consumption/amount of energy spent/absorbed during the reaction. 

The area of the groove for a basic solution has the highest value which indicates; there may 

be a decrease in crystalline regions with this treatment. The same trend is followed by all 

(reinforce percentage of fly ash i.e. 20, 30, 40) composites. 
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Figure 4.43: Variation of the amount of heat absorbed with temperature treated in different ways 

(10%FA after 28 days & 40%FA after 28 days). 

The glass transition temperature of 10, 20, 30 & 40 % fly ash reinforced sample 

treated with different mediums for 28 days is evaluated and shown in figure 4.44 below. 

 

Figure 4.44: Variation of glass transition temperature with different treatment conditions (10% fly 

ash after 28days). 

From the figure, it is evident that the glass transition temperature decreases from the 

normal value with increase in the time duration of the treatments. It also indicates that fuel 

has the least impact on Tg whereas basic solution exhibits the highest impact. Water can 

cause plasticization of the polymeric matrix composite reducing its glass transition 

temperature and affecting the particle-matrix interface strength. For any material, Tg is 

directly proportional to the crystallinity and the crystallinity is commensurate with the 

strength of the material. So, these Tg temperatures show that fuel has the least impact on 

decreasing the strength of these composite material.  
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4.3.8 Spectroscopic analysis 

IR spectra of 10% fly ash reinforced specimens after 28 days treatment is shown in figure 

4.45. Here the percentage transmittance does not vary so much. Wave numbers like 610, 

1035, 1520, 2360 and 3620 are also present (as was in previously discussed cases) in the 

normal sample. The fingerprint of the samples in the form of wave number indicates the 

structural change in the specimens. 

 

Figure 4.45: IR spectra of 10% fly ash reinforced specimens after 28 days of treatment. 

One addition wave number of 1650 is observed which is a (-NH2) bond. The addition 

of (–NH2) might be helping in altering the strength properties of the sample. These structural 

changes ultimately result in the decrease in strength of the composite. 

Figure 4.46 represent the IR spectra of 40% fly ash reinforced specimens at 28 days 

treatment. There is a lot of change between 10% and 40% fly ash reinforced composites. 

Here the wave numbers like 610, 1035, 1520 and 2360 are absent.  
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Figure 4.46: IR spectra of 40% fly ash reinforced specimens after 28 days immersion. 

One new wave number of 720 is found which also represents the same bond of C-Cl. 

The percentage transmittance does not change much in both the cases. But there is a deviation 

in both the cases. The spectral line obtained for fuel immersed sample deviates, a pattern 

opposite to samples with other treatment conditions. 

 

Table 4.3: Wavenumbers are showing possible bonding in oven & microwave curing samples. 

Sl 

No 

Wave number Probable chemical 

bonding 

Existence in 

10%reinforced 

FA composite 

Existence in 

40% 

reinforced FA 

composite 

i.  610 C-Cl / C-Br Present Present 

ii.  720 C-Cl / C-Br Absent Present 

iii.  1035 =C-O-C= Present Absent 

iv.  1520 C-N=O Present Absent 

v.  1650 -NH2 Present Absent 

vi.  2360 =NH2
+
 Present Absent 

vii.  3260 =CONH2 Present Present 

 

Table 4.3 represent the possibility of bonding and corresponding wavenumbers. It is 

evident from the above table that most of the bonds vanish in 40% fly ash reinforced 

composite after immersion duration of 28 days. It may be the possible reason of losing 

strength in a higher percentage of fly ash reinforced epoxy composite. 



84 

 

4.3.9 XRD analysis 

Figure 4.47 shows the X-ray diffractograms of 10% and 40% fly ash reinforced samples 

treated in different environmental conditions. It illustrates the compounds formed and the 

amount of crystallinity in the specimens. In X-ray analysis, large broader peaks show the 

amorphous regions while the stiff peaks show the crystalline regions 

 

Figure 4.47: XRD analysis of various samples treated in different environmental conditions (after 28 

days). 
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The crystallinity of the polymeric samples is measured by- 

𝑿𝒄 =
𝑰𝒄

𝑰𝒄 + 𝑰𝒂
 

 Where, Xc= % crystallinity 

  Ic= Intensity of crystalline region 

  Ia= Intensity of amorphous region 

Table 4.4:% Crystallinity of fly ash reinforced composites. 

Sl No Treatment 

Condition 

Crystallinity 

 of  

10% FA Resin 

Crystallinity 

 of  

40% FA Resin 

% change 

 in  

crystallinity 

1 Acid Solution 44.56 69.23 24.67 

2 Basic Solution 45.80 72.06 26.26 

3 Fuel 68.30 67.19 1.11 

4 Sea Water 43.68 68.49 24.81 

 

Table 4.4 indicate that change in percentage crystallinity is minimum for fuel treated and 

maximum for basic solution treated samples. It indicates that samples treated in fuel undergo 

a very minimal change in its properties and samples treated in basic solution have the highest 

change in its mechanical properties. It is evident from the figure that, with the addition of fly 

ash, crystallinity increases. By analysing the diffractograms, it is clear that presence of silica 

in fly ash might be influencing the crystallinity and amorphous regions and transformations 

in their amount during curing and chemical treatments. 
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4.4 Wear Behaviour 

4.4.1 Statistical Analysis 

The statistical analysis method is used for considering the experimental variables responsible 

for wear. Experiments have been carried out for 32 numbers of samples for each treatment 

condition and result in the form of wear, frictional force and coefficient of friction are 

obtained by the change in parameters as demonstrated in Table 4.5, Table 4.6 and 4.7. In all 

the three cases, these are multi-objective parametric conditions are converted to the single 

objective state by applying TOPSIS. A relative closeness value is obtained for each condition 

which is the combined output of all the software estimated outputs. The optimal parametric 

combination is then assessed which come about most noteworthy relative closeness value. 

 

Table 4.5: L32 Orthogonal array with results for atmospheric curing condition. 

Sl 

no 

%  

FA 

Time 

(Min) 

Speed 

(RPM) 

Load 

(N) 

Track 

diameter 

(cm) 

Wear 

(µm) 

Frictional 

force 

(N) 

COF 

(µ) 

Relative 

closeness 

coefficient 

(P) 

1 10 5 200 10 40 140 2.77 0.04 0.82856 

2 10 5 400 20 50 250.78 10.17 0.04 0.615883 

3 10 5 600 30 60 147.09 14.79 0.05 0.643091 

4 10 5 800 40 70 371.35 22.18 0.05 0.260846 

5 10 10 200 40 40 136.15 20.17 0.04 0.562478 

6 10 10 400 30 50 171.58 11.2 0.05 0.684963 

7 10 10 600 20 60 333.52 6.34 0.05 0.566212 

8 10 10 800 10 70 60.08 9.98 0.04 0.826147 

9 20 5 200 10 50 134.27 3.83 0.05 0.822666 

10 20 5 400 20 40 47.91 11.43 0.05 0.788616 

11 20 5 600 30 70 297.03 17.13 0.05 0.434593 

12 20 5 800 40 60 272.15 23.03 0.06 0.362369 

13 20 10 200 40 50 505.83 27.39 0.06 3.80E-06 

14 20 10 400 30 40 145.41 14.01 0.05 0.65989 

15 20 10 600 20 70 395.76 9.98 0.05 0.458599 

16 20 10 800 10 60 108.99 2.05 0.05 0.853708 

17 30 5 200 20 60 60.98 7.93 0.04 0.873544 

18 30 5 400 10 70 21.87 3.84 0.04 0.999999 

19 30 5 600 40 40 197 16.92 0.05 0.552097 

20 30 5 800 30 50 91.48 13.36 0.05 0.720155 

21 30 10 200 30 60 222.23 12.77 0.04 0.607281 

22 30 10 400 40 70 248.9 19.45 0.05 0.450608 

23 30 10 600 10 40 281.17 3.31 0.05 0.648674 

24 30 10 800 20 50 408.76 7.48 0.05 0.484069 
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25 40 5 200 20 70 110.65 5.13 0.05 0.845886 

26 40 5 400 10 60 54.78 2.21 0.05 0.909899 

27 40 5 600 40 50 297.21 13.22 0.05 0.504077 

28 40 5 800 30 40 46.83 9.71 0.05 0.827162 

29 40 10 200 30 70 144.34 8.81 0.05 0.757246 

30 40 10 400 40 60 120.27 11.85 0.05 0.726858 

31 40 10 600 10 50 31.02 3.31 0.05 0.931367 

32 40 10 800 20 40 43.88 9.85 0.05 0.825404 

 

Table 4.6: L32 Orthogonal array with results for oven curing condition. 

Sl 

no 

%  

FA 

Time 

(Min) 

Speed 

(RPM) 

Load 

(N) 

Track 

diameter 

(cm) 

Wear 

(µm) 

Frictional 

force 

(N) 

COF 

(µ) 

Relative 

closeness 

coefficient 

(P) 

1 10 5 200 10 40 59.84 5.59 0.2 0.914565 

2 10 5 400 20 50 32.25 9.61 0.2 0.770425 

3 10 5 600 30 60 92.07 11.67 0.2 0.887507 

4 10 5 800 40 70 79.24 12.13 0.2 0.867243 

5 10 10 200 40 40 60.78 15 0.2 0.802059 

6 10 10 400 30 50 41.44 11.53 0.2 0.78233 

7 10 10 600 20 60 223.31 5.69 0.2 0.975153 

8 10 10 800 10 70 14.58 3.52 0.3 0.805525 

9 20 5 200 10 50 45.64 1.56 0.2 0.966949 

10 20 5 400 20 40 22.7 0.05 0.2 0.997802 

11 20 5 600 30 70 112.76 9.09 0.3 0.9254 

12 20 5 800 40 60 85.1 9.61 0.3 0.898532 

13 20 10 200 40 50 98.06 13.9 0.3 0.875849 

14 20 10 400 30 40 30.44 12.94 0.2 0.701706 

15 20 10 600 20 70 31.41 6.31 0.3 0.832715 

16 20 10 800 10 60 48.23 4.43 0.3 0.915875 

17 30 5 200 20 60 102.96 14.26 0.1 0.878348 

18 30 5 400 10 70 19.27 20.38 0.1 0.486003 

19 30 5 600 40 40 96.72 15.59 0.1 0.861188 

20 30 5 800 30 50 35.03 11.76 0.1 0.748664 

21 30 10 200 30 60 162.92 14.77 0.1 0.916878 

22 30 10 400 40 70 259.91 14.21 0.1 0.948161 

23 30 10 600 10 40 26.77 40.15 0.1 0.40003 
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24 30 10 800 20 50 46.17 1.64 0.2 0.965698 

25 40 5 200 20 70 62.75 1.64 0.2 0.97453 

26 40 5 400 10 60 36.25 3.89 0.2 0.903089 

27 40 5 600 40 50 25.77 15.56 0.1 0.623518 

28 40 5 800 30 40 10.42 10.3 0.1 0.502896 

29 40 10 200 30 70 26.61 11.51 0.2 0.698059 

30 40 10 400 40 60 15.7 13.8 0.2 0.532203 

31 40 10 600 10 50 26.38 4.99 0.2 0.840931 

32 40 10 800 20 40 29.37 11.44 0.2 0.719677 

 

Table 4.7: L32 Orthogonal array with results for micro oven curing condition. 

Sl no %  

Fa 

Time 

(min) 

Speed 

(rpm) 

Load 

(N) 

Track 

diameter 

(cm) 

Wear 

(µm) 

Frictional 

force 

COF 

(µ) 

Relative 

closeness 

COF (P) 

1 10 5 200 10 40 80.32 4.41 0.2 0.052048 

2 10 5 400 20 50 126.66 11.16 0.3 0.080975 

3 10 5 600 30 60 103.55 13.47 0.2 0.115109 

4 10 5 800 40 70 110.72 20.83 0.4 0.158343 

5 10 10 200 40 40 98.13 17.01 0.3 0.147733 

6 10 10 400 30 50 70.91 12.32 0.3 0.148024 

7 10 10 600 20 60 280.53 7.07 0.3 0.024583 

8 10 10 800 10 70 41.8 6.82 0.6 0.140271 

9 20 5 200 10 50 102.74 1.98 0.17 0.018908 

10 20 5 400 20 40 39.79 3.99 0.23 0.091138 

11 20 5 600 30 70 198.63 13.93 0.5 0.065534 

12 20 5 800 40 60 143.25 18.63 0.72 0.115085 

13 20 10 200 40 50 147.05 21.27 0.3 0.126366 

14 20 10 400 30 40 82.43 16.91 0.22 0.170223 

15 20 10 600 20 70 67.92 9.03 0.24 0.117349 

16 20 10 800 10 60 58.89 5.02 0.39 0.078548 

17 30 5 200 20 60 50.68 11.92 0.35 0.190415 

18 30 5 400 10 70 23.77 5.88 0.38 0.198314 

19 30 5 600 40 40 54.41 17.73 0.21 0.245772 

20 30 5 800 30 50 72.43 12.37 0.18 0.145873 

21 30 10 200 30 60 181.22 15.06 0.17 0.076727 
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22 30 10 400 40 70 221.49 17.92 0.11 0.074851 

23 30 10 600 10 40 183.17 5053 0.8 0.965018 

24 30 10 800 20 50 163.77 3.46 0.6 0.02069 

25 40 5 200 20 70 84.55 5.22 0.2 0.058149 

26 40 5 400 10 60 41.57 4.04 0.32 0.088577 

27 40 5 600 40 50 138.49 11.36 0.4 0.075809 

28 40 5 800 30 40 23.98 10.11 0.1 0.296568 

29 40 10 200 30 70 58.63 10.85 0.23 0.15616 

30 40 10 400 40 60 84.72 14.1 0.28 0.142684 

31 40 10 600 10 50 35.8 4.46 0.34 0.11078 

32 40 10 800 20 40 36.87 10.15 0.41 0.215866 

 

The average wear values for diverse levels of selected parameters are indicated in 

Tables 4.8, 4.9 and 4.10. From the table 4.8 below, the mean value of time at level 1 is higher 

than the average value of time at level 2 which indicates that level 1 is better than level 2. 

Similarly, better choices have been found out in other parameters. The same comparison has 

been carried out and given in table 4.9 and table 4.10. 

 

Table 4.8: Mean response table for relative closeness coefficient for atmospheric curing condition. 

Level Time % FA Speed Load Track diameter 

1 -3.764 -4.529 -15.742 -1.445 -3.067 

2 -10.229 -17.476 -2.961 -3.573 -16.644 

3  -3.813 -4.784 -3.652 -3.508 

4  -2.168 -4.499 -19.316 -4.767 

Delta 6.465 15.308 12.782 17.871 13.576 

Rank 5 2 4 1 3 

 

Table 4.9: Mean response table for relative closeness coefficient for oven curing condition. 

Level Time % FA Speed Load Track diameter 

1 -12.717 -11.364 -11.684 -13.341 -12.299 

2 -11.050 -12.521 -12.600 -13.269 -13.757 

3 

 -9.444 -10.119 -11.442 -10.427 
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4  -14.207 -13.133 -9.483 -11.053 

Delta 

1.667 4.763 3.014 3.859 3.330 

 

Rank 5 1 4 2 3 

 

Table 4.10: Mean response table for relative closeness coefficient for micro oven curing condition. 

Level Time % FA Speed Load 

Track 

diameter 

1 

-1.770 -2.058 -1.562 -3.967 -3.485 

 

2 -3.088 -2.052 -1.693 -2.039 -1.965 

3 

 -4.020 -4.127 -1.526 -2.189 

 

4  -1.586   -2.334 -2.184 -2.078 

Delta 

1.317 2.434 2.565 2.441 1.520 

 

Rank 5 3 1 2 4 

 

Figure 4.48, 4.49 and 4.50 show the S/N ratio plots for mean values which are the 

output result of Table4.8, 4.9 and 4.10 respectively. Taguchi suggested a robust method 

having a minimum sensitive to all noise factors. In this, the loss function is used to find out 

the deviation between the experimental value and calculated/desired value. Moreover, this 

loss function can be converted from signal to noise ratio. The loss functions are categorised 

into lower-the-better, higher-the-better and nominal-the-better. 
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Figure 4.48: S/N ratio plot (atmospheric condition). 

 

Figure 4.49: S/N ratio plot (oven treated the condition). 
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Figure 4.50: S/N ratio plot (micro oven treated the condition). 

The above three main effect plots ultimately show the optimum parametric condition to get 

minimum wear, frictional force and coefficient of friction. 

The contribution of each parameter viz. time, the percentage of reinforcement, speed, 

load and track diameter on wear rates fond out using ANOVA and results have been shown in 

Table 4.11- 4.13. The procedure is to a high degree accommodation to reveal the level of 

essentialness of effect of factor(s) on a particular reaction. It secludes the total variability of 

the response (total of squared deviations about the terrific mean) into commitments rendered 

by each of the parameter and the blunder [148-150]. The analysis has been carried out with at 

95% level of confidence. The last column in each table below shows the significance of each 

parameter having very lower value. At the same time, it also shows which parameter has no 

direct impact on the outputs. From Table 4.11, the percentage of fly ash reinforcement and 

load has the highest significance and time has the least significance. 

Table 4.11: ANOVA table with adjusted sum of square for tests (atmospheric treatment) 

Source DF Seq SS Adj SS Adj MS F P 

Time 1 0.018507 0.018507 0.018507 2.65 0.121 

% FA 3 0.262953 0.262953 0.087651 12.57 0 

Speed 3 0.093677 0.093677 0.031226 4.48 0.016 

Load 3 0.785823 0.785823 0.261941 37.56 0 

Track diameter 3 0.078732 0.078732 0.026244 3.76 0.029 

Error 18 0.125542 0.125542 0.006975     

Total 31 1.365234         
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Table 4.12: ANOVA table with adjusted sum of square for tests (oven treatment). 

Source         DF    Seq SS     Adj SS     Adj MS       F       P 

Time             1   0.003924   0.003924   0.003924    5.79       0.027 

%FA          3      0.134776         0.134776         0.044925   66.29      0.000 

Speed              3      0.020945         0.020945         0.006982   10.30      0.000 

Load                    3      0.068034         0.068034         0.022678   33.46      0.000 

Track diameter    3      0.023958   0.023958   0.007986   11.78      0.000 

Error         18   0.012198   0.012198   0.000678 

Total          31   0.263834 

 

From Table 4.12, only time has the least significance while other parameters have an 

influence on the output. 

 

Table 4.13: ANOVA table with adjusted sum of square for tests (micro oven treatment). 

Source      DF    Seq SS     Adj SS     Adj MS       F       P 

Time         1   0.039258   0.039258   0.039258   214.81   0.000 

%FA      3   0.044797   0.044797   0.014932   81.71     0.000 

Speed          3   0.023814   0.023814   0.007938   43.44     0.000 

Load         3   0.031945   0.031945   0.010648   58.27      0.000 

Track diameter 3   0.004484   0.004484   0.001495    8.18       0.001 

Error       18   0.003290   0.003290   0.000183 

Total       31   0.147587 

 

From Table 4.13, only track diameter has no impact on the output while others have some 

influence on the output. 

 

Confirmatory experiment for minimum wear rate: The confirmatory test helps in 

determining and analysing the actual experimental value with the predicted value. In the 

wake of assessing the optimal parameter settings, the following step is to be anticipated and 

check the enhancement of quality characteristics utilising the optimal parametric 
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combination. The estimated relative closeness coefficient 




 using the optimal level of the 

design parameters can be calculated as: 

 





n

i

mm

1


  

Where m = total is mean Grey relational grade 

  = mean Grey relational grade at the optimal level 

 n =number of the main design parameters 

Table 4.14, 4.15 and 4.16 compares the value between predicted value of input parameters 

and actual value using optimal parametric condition. The error is calculated by the difference 

in actual value and the predicted value. In all the three conditions, a minimum percentage of 

error is obtained which confirms that the results are least varied. 

 

Table 4.14: Confirmatory test results (atmospheric condition). 

 Initial parameter 

setting 

Optimal parameter condition 

Predicted value Experimented value 

Level of factors A2B3C1E3D2 A1B4C2D1E1 A1B4C2D1E1 

Time  10  5 

% FA 30  40 

Speed 200  400 

Load 30  10 

Track diameter 50  40 

Relative coefficient 

value  

0.9999   

S/N ratio of relative 

coefficient value 

 14.5811 14.4461 

    

Improvement in relative coefficient value = 0.93% 

 

Table 4.15: Confirmatory test results (oven treatment condition). 

 Initial parameter 

setting 

Optimal parameter condition 

Predicted value Experimented value 

Level of factors A1B2C1D1E2 A2B3C3D4E3 A2B3C3D4E3 
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Time  5  10 

% FA 20  30 

Speed 200  600 

Load 10  40 

Track diameter 50  60 

Relative coefficient 

value  

0.142315   

S/N ratio of relative 

coefficient value 

 -3.84420 -3.6830 

    

Improvement in relative coefficient value = 0.97% 

 

Table 4.16: Confirmatory test results (micro oven condition). 

 Initial parameter 

setting 

Optimal parameter condition 

Predicted value Experimented value 

Level of factors A2B3C1E3D2 A1B4C1D3E2 A1B4C1D3E2 

Time  5  5 

% FA 20  40 

Speed 200  200 

Load 10  30 

Track diameter 50  50 

Relative coefficient 

value  

0.870022   

S/N ratio of relative 

coefficient value 

 1.30663 1.24129 

    

Improvement in relative coefficient value = 0.95% 

 

4.4.2 Morphology of worn surfaces: 

Morphology of worn out surfaces reveals the actual cause of wear during the process of 

sliding. Two figures of each type of treatment condition are shown in figure 4.51. It is very 

difficult to differentiate between normal; oven treated and micro oven treated sample 

surfaces. White marks in the figure indicate the plastic flow region of the material. The 

plastic movement of material is due to the unidirectional rotation of the sample and also may 
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be due to heat generated at the sliding surface. Although there is no micro-crack seen around 

the void, the smoothness of the specimen surface was deteriorated so as to affect the wear 

resistance. 

 

Figure 4.51: SEM micrographs of worn surfaces (for 10% fly ash reinforced, microwave 

cured specimen). 

Figure 4.51 (A & B) are the surface morphology of the samples for the normal 

atmospheric treatment condition, (C & D) for the oven treated the condition and (E & F) for 

the micro oven treatment condition. The straight lines in the above figures show the direction 

of sliding. The circular marks indicated the protruded surfaces where only matrix epoxy 

material is accumulated due to overheating. Figure 4.51(C) seems to be smoothest of all as it 

is oven treated. In figure (B and D) crack propagation and erosion of reinforcement material 
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are visible. Track broadening has taken place due to the secondary erosion which is due to the 

entrapment of eroded fly ash particle at the initial stages of wear. Figure 4.51(F) which is at 

500X magnification shows that matrix material is highly responsible for the erosion of the 

material. River pattern which is visible in the figure is due to the overheating and overlapping 

of material. 
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Chapter 5  

Discussion 

5.1 Effect of ultrasonic mixing 

Ultrasonic vibration/sonication acts as a special initiator for chemical bonds to break and 

reformation etc., thus enhance polymerization. It has been found that under same conditions, 

the molecular weight of composites prepared by ultrasonication is higher than that fabricated 

by conventional method [151]. It has also been observed that ultrasonic stirring/mixing has 

given improved mechanical properties of fly ash reinforced composites than that of the same 

composite made with magnetic stirring even [152]. So we have chosen this technique to 

process our composite to have better interfacial bonding of polymer chains on the surface of 

the fly ash (ceramic) particles.  

Ultra-sonication around monomer droplets provides sufficient radicals for 

polymerization. Therefore, compared with conventional polymerization it can be regarded 

that sonication offers some attractive features such as low reaction temperature, faster 

polymerization rates and higher molecular weight of polymers. Overlapping of different 

segments of polymer chain during polymerization reaction process increases with the 

increase of molecular weight. So under ultrasonication, the increment of polymer-polymer 

interaction in composites affect the viscosity with more distinct shear thinning behaviour, this 

might also be a cause factor for better interfacial bonding of polymer chains on the surface of 

(fly ash) ceramic particles. 

Meanwhile, a continuing ultrasound leads to the degradation of polymer chains, resulting 

in a low molecular weight [151]. So, in our work, a pulse time of 5 sec is used during the 

time of sonication and the process is restricted to 30 minutes only to prevent degradation of 

the composite. Increasing the mixing time causes air entrapment and void formation in the 

composite, for which we have restricted the mixing time to 30 minutes for fabrication of the 

composite (to minimise void formation) and to retain homogeneous distribution of fly ash 

particles in the composite. 

 

5.2 Effect of post curing treatment 

The response of interface within the composite plays an important role in determining the 

gross mechanical performance because it is transmitting the load from the matrix to the 
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reinforcement, which contributes the greater portion of the composite strength [153]. 

Adhesion chemistry at the interface influenced by post curing phenomenon and this effect is 

supposed to increase with conditioning time [154]. Thermal conditioning also causes matrix 

shrinkage due to volatile loss and additional cure of matrix, but above the glass transition 

temperature, polymer composites are susceptible to thermo-oxidative degradation [155]. 

Thermal conditioning is to induce further polymerization process with the development of 

penetrating and/or semi-penetrating network at the interface. Thermal conditioning (i.e. 

microwave curing) at/above ambient temperature might improve adhesion at the interface. It 

is also found that, during microwave curing, the material will not only absorb heat but also 

dissipate heat to the cold surrounding. In the prophase, the material absorbs more heat energy 

than it dissipates, so the temperature increases with increase in time. When heat absorption 

equals to heat dissipation a thermal equilibrium will be created in the material, so the 

temperature gradually tends to stabilise and levels off to a constant value [155]. So, these 

mechanisms in microwave curing (of our specimens) help in improving/increasing the 

mechanical properties. 

It has also been observed that the FTIR peak at 830cm
-1

, which corresponds to the 

vibration of an epoxy ring, is known to be the characteristics after microwave curing the 

intensity of that peak becomes very weak and hardly distinguishable [155]. This suggests that 

an epoxy group reforms/disintegrate etc. during microwave curing. In our case, similar 

observation is also noticed (Figure 4.19), for both oven and microwave cured specimens. 

From the IR spectra (Page 52-54) it reveals that the peaks at 1365cm
-1

 (Bis-methyl symmetric 

deformation vibration of Bisphenol-A) and development of new fingerprint at 610cm
-1

, 

envisage that, microwave curing has caused a modest change in the cross-linking path and the 

network structures obtained in oven and microwave curing. Hence microwave cured samples 

have superior/better mechanical properties than that of the samples cured in an oven or 

atmospheric condition. 

 

5.3 Effect of viscosity on composite fabrication 

Several factors are responsible for the viscosity of polymeric melts. The most significant 

factors influencing the melt viscosity are temperature, pressure, molecular characteristics, the 

volume of added filler and structure of the polymeric string and addition of auxiliary 

processing additives. At high viscosity, the chain termination reaction and eventually the 

chain propagation reaction becomes diffusion controlled. But as the temperature increases, 
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the viscosity decreases. At higher temperature, the molecular movement of the polymer is 

easier due to a decrease of the solvent viscosity, decrease of the inter-chain liaisons but helps 

in polymer solubility [156]. Hence, the mixing time is found to be an important 

factor/condition to prepare the composite before casting into desire shaped moulds. 

As the polymerization reaction starts, the rate of translational diffusion of the large 

polymer molecules is reduced by the polymer-polymer interactions. This helps in the 

formation of a uniform coating of polymer on reinforced particles which helps in increasing 

mechanical strength; due to the presence of a continuous matrix network and helps in 

increasing interface bond strength; also helps in making a composite material with a 

homogenous distribution of reinforced particles. But with an increase in the amount of 

reinforcement, such effect does not become feasible on each particle surfaces; resulting in a 

decrease in mechanical properties [157]. A similar trend is also observed in our studies 

(revealed from Figure 4.2 and Figure 4.3) that, with an increase in the amount of fly ash 

reinforcement the mechanical property of the composite deteriorate. 

 

5.4 Effect of Tg on mechanical properties  

Tg is a parameter considered for evaluating the flexibility of a polymer molecule and the type 

of response the polymeric material would exhibit to mechanical stress. Polymers above their 

Tg exhibit a delayed elastic response (viscoelasticity), while those below Tg will exhibit 

dimensional stability. General common sense prevails that higher the Tg better the 

mechanical properties [158]. Organic matrix resins such as epoxies soften as the temperature 

is increased. Above Tg, the resin exhibit a significant decrease in strength and stiffness due to 

increased chain mobility. There are several factors which influence the magnitude of the 

temperature region where Tg occurs, i.e. composition of the resin molecule, cross-linking 

density, the polar nature of the resin molecules, functional group, curing agent/catalyst, 

curing time and temperature/conditions etc. [37]. In our study, the improvement/variation of 

mechanical properties are affected due to variation of Tg in case of samples processed at 

different curing conditions ( Figure 4.17 and Figure 4.44 ) and microwave cured samples 

offer better mechanical properties than that of the samples cured in oven and atmosphere 

condition. 

It has been suggested by various researchers [145, 146] that, free segmental motion is 

restricted in chemically cross-linked polymers; because it is cured and cooled through its 

glass transition temperature. Both capillary effect through the matrix and wicking along the 
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interface consequently facilitate penetration of the solution through the polymer. Specimens 

are immersed in different chemicals viz. acid, base, fuel and sea water under the laboratory 

conditions to determine the sustainability of the composite for various applications. The basic 

solution found to have maximum impact on the strength of the material while fuel has a 

negligible impact on the strength. The mechanical and thermal properties deteriorate with 

increase in duration of treatment. The decrease in strength may be due to the penetration of 

liquid/solutions into the core of the material through micro cracks resulting swelling, pitting 

and surface degradation etc.  

From the SEM observations, it is found that particle agglomeration takes place with 

increasing fly ash amount in the composite and shows a mixed mode of fracture; as crack 

initiations that take place at the agglomerated particles boundary (Figure 4.11) and at inter 

particle space/voids (Figure 4.12). The polymer composite is a combination of amorphous 

and crystalline structures. This amorphous portion also helps for the formation of dislocation 

and initiating a fracture in the material. 

From the corrosion tests it is observed that there is weight gain of the samples, which 

is increasing with increase in fly ash content. This effect is more pronounced for the sample 

treated with NaOH solution. This is due to high silica content (in fly ash) which might be 

responsible for formation of different compounds on the sample surface (as revealed from 

Figure 4.31) and also hydrolysis reaction might be taking place; which is responsible for 

decrease in strength of the composite. In case of microwave cured specimens these reactions 

find obstruction due to improved interfacial bonding of polymer chain on particle surface.  

 

5.5 Overview 

By incorporating the ceramic particle/particulate filler (i.e. fly ash) into epoxy resin, better 

mechanical properties have been obtained. The change in chemical bonding structure leads to 

increase the glass transition temperature which is a good sign for industrial application than 

normal epoxy resin (for composite casting and forming operations). The increased value of 

dielectric constant show some hope of using this developed composite replacing the 

traditional material in electronics applications. 

The developed particulate filled composite can also be suitable for use as flooring 

tiles etc. As the floor is subjected to sliding wear, this developed polymer composite has 

better sliding wear properties, i.e. with low rate of wear, low coefficient of friction. The 

influence of various parameters viz. load, percentage of fly ash reinforcement and sliding 
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distance has been studied. The influence of load is found to be detrimental for wear. Time of 

operation has the least impact on the wear rate.  

By increasing the mixing time and changing the post curing processes, the mechanical 

properties are affected. The mechanical property increases with the mixing time and found to 

be maximum for the specimens prepared at 30minutes of mixing. It may be due to low 

viscosity of epoxy resin mix which helps in good incorporation of filler material. Curing in 

the oven and micro oven also increase the properties to a larger extent. It may be due to the 

change in internal structure and chemical bonding during the curing process. The change in 

bonding and chain structure is confirmed from differential scanning calorimetry and fourier 

transformation infrared spectroscopic analysis. Curing also helps in increasing the dielectric 

strength which opens a new path for the composite material to be utilised in electronics 

devices. 
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Chapter 6  

Summary and Conclusions 

6.1 Summary  

The evaluation of mechanical, thermal and electrical characterization of any newly developed 

composite material is highly essential to find out its suitable and productive application. In 

the current research, a set of original research data have been provided for the newly 

developed fly ash reinforced epoxy composite which can be used in future.  

The findings of the current research are broadly classified into three main parts. 

i. The first part consists of the effect of varying parameters on the various properties of 

fly ash reinforced polymer composite. A novel idea and procedure for making a low-

cost polymer composite are described. Mechanical characterization of the polymer 

composite i.e. tensile strength, flexural strength and impact strength are measured. Its 

glass transition temperature and its possible chemical bonding have been determined 

to know the phase transition and structural fingerprint of the composite. The electrical 

resistivity, dielectric constant and dielectric loss are measured to have an idea of 

electrical property. 

ii. The second part discussed the environmental conditioning of the polymer composite 

in different solution/ mediums viz. an acid solution, basic solution, sea water and fuel. 

The variation in weight, change in surface morphological structure and effect on 

mechanical properties for the duration of immersion in different mediums have been 

discussed. DSC and FTIR analysis have also made to find out the change in glass 

transition temperature due to immersion in different mediums and the possible 

changes in bond structure. 

iii. The third part discussed for the wear behaviour of the developed polymer composite. 

Wear parameters were varied and some experiments are restricted with the help of 

design of the experiment using statistical analysis methods. The wear characteristic, 

the impact of each parameter on wear is discussed elaborately. So, this chapter gives 

an idea of using the developed fly ash reinforced polymer composite for various 

applications. 
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6.2 Conclusions 

The analytical and experimental investigation of the current research work led to the 

following conclusions. 

i. Successful fabrication of particulate filled epoxy composite is possible by normal 

casting method without the application of external pressure. 

ii. Mechanical properties are greatly influenced by mixing time of fly ash and epoxy 

resin. 

iii. Due to the process of post curing, there is an internal modification 

(structural/bonding) which leads to increase in mechanical strength and change in 

glass transition temperature.  

iv. Fly ash reinforced epoxy composite show good wear resistance capability as 

compared to virgin epoxy. Wear resistance decreases with increase in amount fly ash 

reinforcement. 

v. Out of three differently cured samples, oven treated samples show better sign of wear 

resistance. 

vi. Various parameters like load, percentage reinforcement of fly ash, duration of 

operation, speed and track diameter influence the amount of wear of the material. Out 

of these, the load is the most influencing parameter for an increase in wear rate. 

vii. Mechanical and thermal properties are highly influenced by environmental treatment/ 

conditioning. These properties decrease with increase in durability time of exposure in 

the solution/medium.  

viii. Out of four mentioned conditions, basic solution affects the most and fuel affects the 

least to the properties of the material. 

ix. Fly ash reinforced epoxy composite can be commercially used as flooring tiles, 

especially in fuel industries even for fuel carrying containers. 

6.3 Scope of future work 

i. Other wastes, fillers and catalysts can be used for improving the mechanical, electrical 

and wear properties. 

ii. Surface treatment of fly ash before reinforcement can be made to affect the interface 

bonding of polymer and ceramic. 

iii. Other post curing/treatment methods viz. γ- ray radiation etc. may be studied. 
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iv. Other polymers can be used as matrix material for the making of fly ash reinforced 

composites. 

v. Fatigue behaviour of the composites needs to be evaluated. 

vi. Damping behaviour is to be studied. 
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Annexure-I 

Load Transfer Mechanism in Fibre-Reinforced Polymer Matrix Composite 

There are two reasons why fibre length and the fibre /matrix interface have such a strong 

effect on the properties; (a) the fibre length and the interface control how effective the fibre is 

in carrying load (b) the number of fibre ends and the interface effect the fibre/fibre interaction 

and the average strain enhancement the fibres will experience as a consequence of the strain 

concentration from fibre ends [159]. 

According to shear lag approach, the tensile stress in the fibre is build up from zero at 

the fibre ends to a maximum value in the middle portion of the fibre. The distance along the 

fibre to go from zero load to the applied load is called stress transfer length. The strength of 

the interface will determine the stress-transfer length. Stronger, tougher interfaces will lead to 

a shorter stress transfer length and will lead to a shorter stress transfer length and thus more 

of the fibre will carry the applied load leading to higher modulus and strength at a given 

volume fraction. A weaker or more brittle interface will have a longer stress transfer length 

and less of the fibre will carry the applied load leading to lower modulus and strength [160].  

 

Load Transfer Mechanism in Particle-Reinforced Polymer Matrix Composite 

Many factors contribute to the mechanical properties of Nano ceramic/polymer composites, 

including size and shape of ceramic nanoparticles, ceramic/polymer phase composition and 

dispersion of nanoparticles, physical or chemical interactions between the ceramic and 

polymer phase and inherent properties of the polymer matrix. It is intriguing to speculate why 

well-dispersed Nano ceramics in polymer composites improved the mechanical properties of 

the composites and how the fracture behavior of Nano composites could be modified through 

controlling the dispersion. The interfacial PLGA (PLGA, poly-lactic-co-glycolic acid)-

ceramic structure played a critical role in determining the mechanical properties of the 

composites. For example, it was reported that a better bonding between the polymer matrix 

and the reinforcing phase resulted in a higher elastic modulus and a higher strength. Since the 

predominant feature of the nanoparticles lies in their ultra-fine dimension, a large fraction of 

filler atoms can reside at the PLGA-ceramic interface which can lead to a stronger interfacial 

interaction, but only if the nanoparticles are well-dispersed at the Nano scale in the 

surrounding polymer matrix. Nano composites with a greater number of smaller interfaces 

could be expected to provide unusual properties and the shortcomings induced by the 



ii 

 

heterogeneity of conventional (or micron) particle filled composites would also be decreased 

or even eliminated [161]. 

Scientifically, it is a great challenge to transfer the desirable mechanical properties 

(such as Young’s modulus (E), compressive strength and hardness) of Nano scale ceramics 

into macro scale ceramic/polymer Nano composites, although single-phase Nano ceramics 

possess exceptional compressive strength, stiffness and hardness. Mechanical properties of 

nanoparticle-filled polymer composites have been significantly improved compared with 

conventional larger particle-filled polymer composites, but they are still far below the 

predicted theoretical values which were determined based on the assumption that Nano scale 

building blocks were individually dispersed in the matrix, except in the case of very low 

volume fractions of the reinforcing phase. Non-ideal mechanical properties of 

ceramic/polymer Nano composites are largely related to the difficulties in dispersing large 

volume fractions of the reinforcing Nano ceramics in polymer composites. As mentioned, 

nanoparticles have a strong tendency to agglomerate in the composites, especially when they 

take up more than 2 wt. % of the composites. In addition, it is important to control an 

effective load transfer from the polymeric matrix to the Nano scale ceramic components (that 

is, particle/matrix bonding) and understand the respective mechanical properties of the 

particles and matrix as well as the interactions of the two constituents at the Nano scale [162]. 
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Annexure-II 

 

 

Figure: A typical set of (mixing time dependent) stress-strain curve for [(A) 10% (B) 20% (C) 30% 

(D) 40%] fly ash reinforcement in case of microwave treated samples.  
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Figure: A typical set of curing time dependent stress-strain curve for samples treated in (A) Acid 

Solution (B) Basic Solution (C) Fuel (D) Sea Water for 10% fly ash reinforcement samples. 
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Table: The maximum tensile strength obtained for the samples prepared and treated in various 

conditions. 

Serial 

Number 

Weight 

Percentage of 

Fly ash 

Reinforcement 

Mixing Time 

(in Minutes) 

Treatment 

Condition 

 Maximum 

Tensile 

Stress 

(MPa) 

1 10 10 NORMAL 85.76 

2 10 10 OVEN 95.48 

3 10 10 MICRO 106.05 

     

4 10 20 NORMAL 88.24 

5 10 20 OVEN 99.34 

6 10 20 MICRO 109.98 

     

7 10 30 NORMAL 90.07 

8 10 30 OVEN 101.32 

9 10 30 MICRO 113.57 

     

10 20 10 NORMAL 79.37 

11 20 10 OVEN 90.35 

12 20 10 MICRO 96.92 

     

13 20 20 NORMAL 81.17 

14 20 20 OVEN 90.93 

15 20 20 MICRO 101.47 

     

16 20 30 NORMAL 82.57 

17 20 30 OVEN 94.21 

18 20 30 MICRO 104.58 

     

19 30 10 NORMAL 67.23 

20 30 10 OVEN 78.2 

21 30 10 MICRO 85.72 

     

22 30 20 NORMAL 70.71 

23 30 20 OVEN 79.23 

24 30 20 MICRO 88.67 

     

25 30 30 NORMAL 73.27 
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26 30 30 OVEN 83.32 

27 30 30 MICRO 92.88 

     

28 40 10 NORMAL 54.51 

29 40 10 OVEN 63.07 

30 40 10 MICRO 74.32 

     

31 40 20 NORMAL 58.67 

32 40 20 OVEN 68.28 

33 40 20 MICRO 76.84 

     

34 40 30 NORMAL 61.77 

35 40 30 OVEN 72.01 

36 40 30 MICRO 80.53 
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