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Abstract 

      Epoxies as a thermoset polymer gained a considerable attention in structural, 

electrical, and marine applications. To widen their usage and overcome their 

brittleness, many polymers were blended with it. The addition of Polysulfide 

rubber helps in increasing the impact resistance of Epoxy, while in the other hand; 

it reduces tensile strength and hardness. That leads to the need of another material 

to compensate the reduction in these properties. 

         Carbon NanoTubes (CNTs) with their exceptional mechanical properties 

compensate many drawbacks of polysulfide addition in enhancing mechanical 

properties. Dispersion of CNTs were evaluated and simplified by achieving many 

experimental tests in which sonication, shear mixing and hand mixing (variables 

affect the blending process) are chosen with the best sequence.       

        Taguchi    development of a method for designing experiments to investigate 

how different parameters affect the mean and variance of a process performance 

characteristic. That method defines how well the process is functioning. Taguchi 

principles were used to design an experimental work using Design of Expert (DOE 

-8) software. The design process includes the affecting variables, in which all 

percent’s of polysulfide ranging from 2-10 wt. % and 0.2-0.6 wt. % for CNTs were 

used to design the experimental work. 

      The composite material with Epoxy-Polysulfide matrix properties were 

evaluated by conducting the mechanical tests which include tensile test, hardness 

test, impact resistance test , flexural bending test in addition to Wear test and  free 

vibration test. The fracture surface of composite samples was observed by the 

Optical Microscope, Scanning Electron Microscopy SEM and Fourier Transform 
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Infrared Spectroscopy FTIR tests for all designed experimental samples. Results of 

tensile test showed that the tensile strength decreases as Polysulfide percentage 

(PS) increase. While the multi walled carbon nano tubes (MWCNTs) addition 

helped in balance or overcomes the original tensile strength reduction up to 0.4% 

wt. of MWCNTs, and then the strength decreased. The results confirmed that the 

best enhancement is of the 4% polysulfide and 0.4% MWCNTs considering tensile 

strength and hardness.   

  The Free Vibration results showed that the damping ratio increases as PS 

percentage and MWCNTs percentage increase combined with an increase in 

impact resistance up to 0.4%wt. of MWCNTs. Natural frequency and bending 

stress decrease as PS percentage increases while MWCNTs percentage causes an 

increase in these properties. Wear results showed that wear rate increase as the 

applied load increases and decreases as PS and MWCNTs percentage increase. 
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Chapter One 

INTRODUCTION AND LITERATURE SURVEY 

1.1. Introduction 

Epoxies are widely used nowadays in a variety of engineering 

applications due to their unique characteristics of high adhesive 

strength, relatively high strength, high stiffness, good hardness, and 

excellent chemical and heat resistance. However, most cured Epoxy 

systems show low fracture toughness, poor resistance to crack initiation 

and propagation, and inferior impact strength. For this reason, Epoxy is 

modified with a wide range of materials depending on the desired final 

properties. Composites are simply a result of uniting two different or 

similar materials, one of them is called matrix which is Epoxy- 

Polysulfide rubber (PS) as modifying component,   while the other is 

called reinforcement which represented carbon nano-tubes (CNTs). 

Blending Epoxy with different materials causes an improvement in 

physical, mechanical and chemical properties [1] .Low fracture toughness 

of Epoxy can be improved by blending Epoxy resins with additives, 

such as rubbers, thermoplastics, and organic and inorganic particles  [2]. 

The incorporations of rubbers, thermoplastics and the other 

polymer particles into Epoxies can effectively increase their fracture 

toughness [3]. Polysulfide rubber (PS) is a special kind of rubbers that 

can be transformed from a liquid state into a solid elastomer, even at 

low temperatures, which makes its use convenient for adhesives, 

coatings and sealants. Its success is due to good moisture, solvent and 

ozone resistance . However, the improvement gained by the addition of 

PS is compromised by the reduction in some basic properties, such as 

strength, modulus and glass transition temperature (Tg) [4] .  
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The addition of fillers, on the other hand, improves the modulus and 

strength of Epoxy but decreases its fracture toughness.  The full 

reinforcing effects from these fillers are diminished due to their large 

size and agglomeration, and application of the well-dispersed nano-

fillers into rubber/Epoxy to obtain beneficial mechanical and physical 

properties is becoming crucial[5,6]. 

 

      In recent years, a great deal of attention has been paid to carbon 

nanotubes (CNTs), which consist of rolled-up graphite sheets built from 

sp2 carbon units, because CNTs possess outstanding electrical, thermal, 

and mechanical characteristics[7] . As ideal reinforcing fillers in polymer 

composites, CNTs are expected to provide a better reinforcement effect 

compared to other Nano-fillers due to their inherent superior properties. 

As a consequence, CNTs have been widely exploited in different 

kinds of polymers, and considerable enhancements of electrical 

conductivity and mechanical properties have been achieved in some 

instances. The framework of the reinforcement phase must be formed in 

rubber polysulfide for enhancing the low modulus and strength of a neat 

rubber. At present, the batch production of CNTs is available because of 

the progress in developing synthetic methods [8]. 

 

In order to have an optimistic properties of composites both 

modifying Epoxy with rubber and the inclusion of reinforcements are 

used.  Although the key of importance, the CNTs dispersion remains an 

issue and one of the limitations to the utilization of the CNTs in a 

polymer matrix. This occurs mainly due to the CNTs tendency to 

agglomerate and entangle together because of strong Van der Waals 

bonds which become predominate as the CNTs length increases. Next to 
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that, the lack of functional sites on the surface of the CNTs is also 

complicating the dispersion issue [9]. 

Many researchers [16-20, 24-26] have experimentally investigated 

effective methods to disperse CNTs homogeneously within a matrix and 

improve the interfacial bonding between CNTs and the matrix. In terms 

of nanotube dispersion, the two main approaches followed are 

categorized as mechanical / physical and chemical. Under chemical, 

methods are considered the techniques affecting the chemical structure 

of CNTs (e.g., functionalization, covalent bonding, and incorporation of 

other atoms in the carbon lattice). The physical dispersion routes, on the 

other hand, include the ultrasonication, high-shear and high-impact 

mixing [10]
. 

 

Reducing the particle size to a nano-scale level is assumed to reach 

a significant efficiency. Nano-composites are very promising materials 

for various applications. The addition of nano-filler is an interesting 

field which includes a lot of fillers and their concentration in the nano-

composite materials. They are expected to replace polymers-polymers 

blends and their traditional composites in products produced by many 

processing techniques. This prediction is justified by the improvements 

in properties without sacrificing the melt rheological properties. How 

these materials must exactly be designed depends on the requirement 

profile of the particular application [9, 10].  

The enhancement of toughness in composites was demonstrated 

by modifying the polymer with multiwall carbon nanotubes (MWCNTs) 

that explains nanotubes bridging phenomenon [11]. This bridging 

mechanism of nanotubes reduces the growth of nano-pores as well as 

the crack propagation in the composite that contributes positively to 

fracture toughness. The effect of the stiffness of Epoxy matrix to the 
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reinforcement role of carbon nanotubes was evaluated by controlling the 

curing process [12].  

So, maintaining the structural integrity under variable temperature 

conditions has become an important issue for CNTs based 

nanocomposites. The ductile nanocomposites had shown improved 

mechanical and electrical properties. A favorable property of Epoxy 

resins is the low viscosity in the uncured state that enables the resin to be 

processed without the use of high pressure equipment’s. The main 

drawback of Epoxy systems is their inherent brittleness which causes the 

searcher to find a wide range spectrum of polymers that are compatible 

with Epoxy to discover a new composite for many applications. The 

blending and reinforcing of Epoxy are interesting and necessary science 

to be studied and discovered [13]. 

In an attempt to have optimal investigation of blending the ternary 

composite with all variables affecting the process, a statistical program 

based on Taguchi approach was used to design the experimental work. 

Taguchi developed a method for designing experiments to investigate how 

different parameters affect the mean and variance of a process 

performance characteristic that defines how well the process is 

functioning. The experimental design proposed by Taguchi involves using 

orthogonal arrays to organize the parameters affecting the process and the 

levels at which they should be varies. Instead of having to test all possible 

combinations like the factorial design, the Taguchi method tests pairs of 

combinations. 

This allows for the collection of the necessary data to determine 

which factors mostly affect the product quality with a minimum amount 

of experimentation, thus saving time and resources. The Taguchi 

method is best used when there are an intermediate number of variables 

(3 to 50), few interactions between  
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Variables, and when only a few variables contribute significantly. 

Optimizing the resulted responses to have an estimation of the blending 

and reinforcing process and an evaluation of mechanical properties is 

obtained [14].  

 

1.2. Literature survey 

Increased attention has been paid in recent years to researchers on 

polymer composites in general and thermosetting composites in 

particular, from the point of view of their potential uses in mechanical, 

optical, electrical, thermal and ablative applications. Vast investigations 

in resin-based nanocomposites have been reported, mostly CNTs 

reinforced resin nanocomposites. A brief summary of recent 

developments in the above-mentioned fields is given below:- 

 

  1.2.1. Effect of  addition of CNTs on mechanical properties 
 

In 2003, Abdul Kader [15] studied the effect of fillers on the 

mechanical and aging properties of rubber-plastic binary and ternary 

blends derived from acrylic rubber, fluorocarbon rubber, and 

multifunctional acrylates. The addition of fillers, such as carbon black 

and silica, changed the nature of the stress-deformation behavior with a 

higher stress level for a given strain. The tensile and tear strengths 

increased with the addition of fillers and with loading, but the 

elongation at break decreased. 

In 2003, L. K. Tak and S. Shi [16] studied the micro-hardness and 

flexural properties of carbon nanotube/Epoxy composites with different 

amounts of nanotubes content. The results showed that the hardness of 

the nanotube composites varied with different nanotube weight 
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fractions. The flexural strength decreased by 10% for a nanotube 

composite beam with 2 wt. % of nanotubes. The SEM images also 

revealed that all nanotubes were completely pulled out after the flexural 

strength test due to a weak-bonding strength between the nanotube and 

the matrix . 

In 2004, Qianqian Li and M. Zaiser [17] investigated the 

strengthening of carbon nanotube/Epoxy resin. Composites were 

achieved by adding a small amount of copolymer (0.03 wt% of Epoxy 

resin) as a dispersant.   Young’s modulus and fracture stress of the 

carbon nanotube composites with the copolymer were found to be about 

50% higher than for the pure Epoxy resin, and about 20% higher than 

for the composite without the dispersing agent. 

In 2007, Smrutisikha Bal[18] fabricated multi-walled carbon 

nanotubes (MWCNTs)/ Epoxy resin composites by dispersing very low 

content (0.2%) of MWCNTs in the Epoxy matrix using ethanol. To 

analyze the dispersion of CNTs, the optical microscope was used. 

Further ductile nanocomposites (NCs) were prepared by setting samples 

at low temperature. With a little wt% of CNTs, composite samples 

yielded higher mechanical and electrical properties than pure resin 

samples. Improvement in flexural modulus and electrical conductivity 

were observed in NCs containing well dispersed CNTs. Lower values 

are due to inhomogeneous dispersion of nanotubes in polymer matrix. 

Moreover, ductile samples having better dispersion state exhibited 

significant improvement in mechanical and electrical properties.  

In 2008, Herna´ndez-Pérez [19] experimentally investigated 

the mechanical, thermo-mechanical, and electrical properties of a brittle 

Epoxy matrix reinforced with two different types of multi-walled 

carbon nanotubes. The nanotubes investigated have significantly 

different aspect ratios and slightly different content of metal impurities. 
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The results indicated that the nanotube morphology and impurity 

content can significantly affect the effective properties of the resulting 

composite. 

In 2011, T. H. Hsieh and A. Lee [20] studied multi–walled 

carbon nano-tubes (MWCNTs) modified an anhydride-cured epoxy 

polymer. The modulus, fracture energy and fatigue performance of the 

modified polymers were investigated. Microscopy showed that long 

MWCNTs were agglomerated and that increasing the MWCNTs 

contents increased the severity of the agglomeration. The addition of 

nano-tubes increased the modulus, fracture energy and fatigue 

performance of Epoxy, while the glass transition temperature was 

unaffected. 

 

1.2.2. Effect of the Reinforcement on Tribological Behavior 

 

In 2009, M. S. Bhagyashekar, [21] observed the effects of 

material and test parameters on the wear behavior of particulate filled 

composites (sic-epoxy and gr-epoxy composites). Results showed that 

the wear resistance and coefficient of friction of both the composites 

increased with sliding distance and contact load (contact pressure) for 

the range of filler contents (5–40% wt.) considered 

In 2009 Suresha B. [22] investigated particulate filled Epoxy 

composites for the three-body abrasive wear behavior using the rubber 

wheel abrasion test (RWAT) apparatus. The Epoxy composites were 

fabricated with (0-20) % weight of the boron carbide. Angular silica 

sand particles of size in range (200-250 μm) were used as dry and 

loose abrasives. It was observed that inclusion of boron carbide filler 

in particulate form into Epoxy matrix showed improved abrasion 

resistance.   
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In 2010, Byung ChulKim and Dai Gil Lee[23] explored  the 

fractural and tribologyical behaviors of Nano-particle carbon black and 

nanoclay reinforced Epoxy. The results showed that low weight of 

nano-particles have little effect on the friction coefficient of the Epoxy. 

While, the carbon black and nanoclay of 3.0 wt.% decreased the 

specific wear rate by 20% and 70%,  respectively  due to the increase 

of the fracture toughness. From these results, it was concluded that the 

fracture toughness had much influence on the wear resistance of the 

Epoxy, and that the nanoclay was efficient to improve the wear 

resistance of the epoxy. 

 

1.2.3. Damping properties of Epoxy blends and reinforcements 

 

In 2010, R. M. Lin and C.Lu[24] observed the interfacial 

friction damping of carbon nano composite reinforced Epoxy and 

proposed a theoretical model to represent the stick and slip of Epoxy 

/CNTs reinforcement. Damping characteristics were calculated and 

compared with the experimental works. The results showed that the 

increases in CNTs cause an increase in damping ratio. 

In 2013, M. Nadim Nahas[25] researched introducing a new 

application to carbon nanotube CNTs composites in the repairing 

process of a cracked specimen to restore the natural frequency of the 

specimen and increasing damping ratio. The research showed that even 

low stiffness materials, such as Epoxy reinforced with CNT, can 

contribute to the repair of a cracked specimen. A two-dimensions (2D) 

finite element (FE) simulation was used to study the effects of bonding 

CNTs composite patches over the crack location to repair cracked 
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metal specimens. Results showed an increase in the natural frequency 

of 31% compared to the cracked specimen. 

In 2013, Shiuh-Chuan Her and Chun-Yu Lai[26] reported 

the  influence of multi-walled carbon nanotubes (MWCNT) on the 

structural dynamic behavior of MWCNT/epoxy nanocomposites . Two 

different types of MWCNTs, pristine MWCNT and functionalized 

MWCNT, were used. Carboxylic acid-functionalized MWCNTs 

(MWCNT-COOH) were obtained by oxidation pristine MWCNTs via 

sonication in sulfuric-nitric acid and characterized by Fourier transform 

infrared spectroscopy (FTIR). Dynamic behaviors of the MWCNT 

reinforced nanocomposite including the natural frequency and damping 

ratio were determined using free vibration test. Experimental results 

showed that the damping ratio of the nanocomposite decreases with the 

increase of the MWCNT addition, while the natural frequency is 

increasing with the increase of the MWCNT addition. 

 

1n 2008, R.L. Dai and Nutt [27] found that the composites of 

carbon nanotubes (CNTs) and epoxy resin can greatly enhance the 

damping ability while the stiffness is kept high. Experimental results 

showed that the CNTs additive can provide the composite with several 

times higher damping as compared with pure epoxy. A finite element 

results showed that the composite damping is insensitive to CNTs 

segment length, while the effect of CNTs diameter on the composite 

damping is significant. 
. 

1.2.4. Epoxy –polysulfide curing characteristics 

In 2003, Cui and Co-workers [28] examined the influence of 

incorporation of surfactant during MWCNTs-Epoxy composite 

processing. In a typical experimental procedure, the Epoxy resin 

Araldite D (diglycidyle ether of bisphenol) was mixed with an amine 
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type hardener (HY 956) under the ratio 10:2 in weight. The MWCNTs 

prepared by CVD were purified by high temperature treatment and 

dispersed ultrasonically in acetone with 2 wt% of surfactant-Tergitol 

NP-7.The study showed that the incorporation of surfactant to 

MWCNTs increases their ability to react with polymers and enhances 

the bonding interface with Epoxy matrix. 
 

In 2011, Abdouss and Tohid[29] studied the effect of Epoxy–

polysulfide copolymer curing methods on the mechanical-dynamical 

and morphological properties. It showed that the addition of Epoxy to 

polysulfide and curing with amine hardener nearly always leads to 

improvement in material properties, particularly the development of 

some mechanical properties and ductility.  

  

In 2002, Najlaa[30] prepared two binary blends, polysulphide 

rubber (PSR) and Epoxy resin (ER), polysulfide rubber and unsaturated 

Polyester resin (UPS). DSC and microscope examination as well as 

mechanical tests were done. It was found that all binary blends have one 

value of Tg. Also, samples of composite material were prepared by 

using one value of volume fraction from fiber glass reinforcement 

material, and it was found that the mechanical properties of composites 

whose matrix is blended are larger than the properties of the composites 

whose matrix is single polymer. 

In 2010, Ban Ayyoub Yousif [31], investigated the 

development and characterization of ternary thermosetting polymer 

blends. The Epoxy and novolac were  resins mixed with either 

polyurthane (PUR) or polysulfide (PSR) rubbers to compose ternary 

polymer blends. These polymeric blends are the matrix, which is 

reinforced with TiO2 nano powder type with volume fraction of 10%. 
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Results showed that the samples of blends reinforced with TiO2 powder 

possess better mechanical properties of impact strength, tensile strength, 

compression strength, hardness and wear resistance. 

In 2006, Nida[32] prepared a binary and ternary polymer blends 

from Epoxy, unsaturated polyester resins and polysulfide rubber. 

Mechanical and physical properties of these blends were studied. The 

composite materials, based on polymeric blends matrices,were 

improved in impact strength as well as in thermal conductivity. 

  

In 2011, Noraiham Mohamad[33] investigated the fracture 

behavior of Epoxidized natural rubber- alumina nanoparticle 

composites. An Epoxidized natural rubber alumina nanoparticle 

composite was successfully prepared through direct melt compounding 

process using an internal mixer. 

 

1.3. Concluding remarks 

1.Modifying Epoxy with rubbers shows enhancement of Epoxy 

toughness, fracture toughness and wear resistance. While on the other 

hand, reduction in tensile strength and modulus was noticed  

2.CNTs as reinforcement result in good mechanical properties, if they are 

dispersed well. Dispersion of CNTs is a wide field of researcher’s 

studies. 

3. Studying the functionalized CNTs / polymer led to the fact that it 

enhances the mechanical properties much more than pure CNTs. 

4. The addition of Polysulfide rubber and CNTs causes a change in the 

mechanical properties to a quantity that depends on the amount of 

rubber and CNTs. 

Improving Epoxy toughness by blending it with PS is limited to 

some extent (0-10 %) due to degradation in mechanical properties of the 
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blend, also the addition of CNTs in small amount (0-0.4%) is better 

because of their effect on the mechanical behavior of ternary blend. The 

ternary blend should be well balanced for better mechanical properties to 

be obtained. The blending methods, dispersion methods with a study of 

best sequence to mix are well studied in this research. Ternary blend with 

homogenous properties and good mechanical properties is obtained due 

to studied selection of mixing process and composite percent. The 

reduction in mechanical properties when PS blended with Epoxy was 

compensated by the addition of CNTs. The resulted ternary blend has 

better mechanical properties than pure Epoxy, PS and CNTs.  

  

1.4 The aims of research 

To meet the main objectives of this study, this thesis summarizes the 

following goals:- 

1– Assessing the blend and composite mixing processes in accordance 

to mechanical properties, morphology and topography of the blend, 

and the composite fracture surface. 

2- Evaluating the effect of Polysulfide addition on the mechanical 

properties of Epoxy. 

3- Studying the effect of CNTs addition on the mechanical properties 

of Epoxy-Polysulfide blend. 

4- Assessing the behavior of Epoxy-Polysulfide/ CNTs composite 

under slide wear state. 

5- Studying the damping characterization of Epoxy-Polysulfide / 

CNTs. 
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Chapter Two 

THEORETICAL CONSIDERATION 

 

2.1. Introduction 

Recent technological progress has created new challenges in the field of 

materials, composites in particular.  Previous works have generally shown that 

virtually most types and classes of nano-composite materials lead to new and 

improved properties when compared to their macro-composite counterparts. 

Nano-composites can be defined as a composite material in which at least one 

of the phases (mostly the filler) shows dimensions in the nanometer range. As 

the fillers size reaches the nanometer level, the interactions at the interfaces 

become considerably large with respect to the size of the inclusion, and thus 

the final properties show significant change or modification [34]. 

 
Polymer blending is a fascinating method for polymer modification 

because it has simple processing and unfolds unlimited possibilities of 

producing materials with variable properties. Polymer can be blended with 

other polymers or with some other materials. The physical properties of the 

resulting blends would depend directly on several factors, namely:- 

 

1-The properties and the percentages of the original components. 

2-Degree of compatibility and dispersion. 

3-The nature of the interaction between the mixed materials and the industrial 

processes that are utilized to produce those polymers [35]. 
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2.2. Epoxy resins 

Epoxy resin is defined as a molecule containing more than one epoxide 

groups. The epoxide group also termed as, oxirane or ethoxyline group, is 

shown figure(2-1) [36]. 

 

Fig.(2-1): Oxirane group of Epoxy resin[36] 

 

These resins are thermosetting polymers and are used as adhesives, high 

performance coatings and potting and encapsulating materials. These resins 

have excellent electrical properties, low shrinkage, good adhesion to many 

metals and resistance to moisture, thermal and mechanical shock. Viscosity, 

epoxide equivalent weight and molecular weight are the important properties 

of epoxy resins. A (DGEBA) and novolac Epoxy resins are most commonly 

used Epoxies[36]. 

2.2.1. Diglycidyl Ether of Bisphenol-A (DGEBA) 

Diglycidyl ether of bisphenol-A (DGEBA) is a typical commercial 

Epoxy resin and is synthesised by reacting bisphenol-A with epichlorohydrin 

in presence of a basic catalyst [37]. 

 

Fig.(2-2): Structure of DGEBA  Epoxy[37] 
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The properties of the DGEBA resins depend on the value of n, which is 

the number of repeating units commonly known as degree of polymerization. 

The numbers of repeating units depend on the stoichiometry of synthesis 

reaction. Typically, it ranges from 0 to 25 in many commercial products. 

Epoxy resin is most commonly used as a matrix for advanced properties; 

dimensional stability and chemical resistance. Epoxy surface coatings are 

among the most widely used industrial finishes and provide superior adhesion, 

flexibility and corrosion resistance when applied to metallic substrates. Epoxy 

resins are also used with various curing agents, diluents and modifiers to 

create products with an almost unlimited range and variety of performance 

properties [38]. 

Epoxy resins are widely used as high-grade synthetic resins, for example, 

in the electronics, aeronautics and astronautics industries. Depending upon the 

exact application, sufficient matrix conductivity is needed to provide 

electrostatic discharge or electromagnetic-radio interference shielding. 

However, Epoxy resins are electrical insulators, and the widespread use of the 

Epoxy resins for many high-performance applications is constrained because 

of their inherent brittleness, delamination and fracture toughness limitations. 

There were quite a few approaches to enhance the properties of Epoxy resins 

which included[39]:- 

1. Chemical modification of Epoxy backbone to make it more flexible. 

2. Increasing the molecular weight of Epoxy. 

3. Lowering the cross-link density of the matrix. 

4. Incorporation of a dispersed toughened phase in the cured polymer matrix. 

Though Epoxy resins can be toughened effectively, such methods result 

in a decrease in other desirable mechanical and physical properties. In another 

approach, micro-sized filler materials have been used to modify the brittle 
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polymers aiming at synergistic improvements in toughness and rigidity. The 

addition of filler, usually harder than the matrix, generally leads to an increase 

in Young’s modulus and a reduction in the ultimate elongation of the 

matrix[40]. 

2.2.2. Toughening of Epoxy 

When polymerized, Epoxy adhesives are amorphous and highly-cross-

linked (i.e., thermosetting) materials. This microstructure results in many 

useful properties for structural engineering applications, such as a high 

modulus and failure strength, low creep, and good performance at elevated 

temperatures. However, the structure of such thermosetting polymers also 

leads to one highly undesirable property in that they are relatively brittle 

materials, with a poor resistance to crack initiation and growth. Nevertheless, 

the incorporation of a second phase of dispersed rubbery particles into the 

Epoxy polymer can greatly increase their toughness, without significantly 

impairing the other desirable engineering properties [41, 42]. 

 The actual microstructure of a cured rubber-toughened Epoxy adhesive 

is obviously dependent upon the detailed polymerization chemistry of the 

starting products and the heating cycle used to cure the adhesive. The 

microstructure as indicated by figure (2-3), in turn, controls the mechanical 

behavior of the cured adhesive and these properties, together with those of the 

materials to be bonded and the design of the adhesively-bonded joint, control 

the final properties of the bonded component. Thus, it is not surprising that 

predicting the behavior of bonded joints from first principles as one travels up 

the length scale from molecular considerations to engineering structures is still 

a major challenge! [43]  
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Fig.(2-3): Structure of Epoxy modification process[43] 

The problem of obtaining a rubber which is initially miscible with the 

Epoxy resin, but which will itself polymerize and so phase separate during the 

cure process, is met by using a polar, low molecular-weight (liquid) rubber 

which possesses functional, reactive end-groups[38]. 

The important research work on rubber modified Epoxy resins was 

pioneered by McGarry[44]. After that work was published, many investigators 

started exploring the area in detail. Mariad. M. Salinas et. al. [45] studied the 

addition of CTBN reactive liquid rubber to modify Epoxy loaded with CNTs. 

The toughening effect of the phase separated rubber particles is enhanced by 

the presence of the CNTs, through a change in the morphology in the presence 

of the rubber. CNTs alone produce a minimal effect upon the thermo-

mechanical characteristics of the resin. Anandh Balakrishnan, Mrinal Saha [46] 
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studied the mechanical properties of rubber particles modified Epoxy /CNTs. 

The study revealed a maximum of a 23% increase in the elastic modulus at 

0.6% CNTs. However, the fracture strength showed a maximum decrease of 

about 11% CNTs as a function of increasing MWNTs loading. 

A number of rubbers has been considered and studied as modifiers for 

Epoxy resins. When a solution of rubber in Epoxy is cured, rubber particles 

precipitate out as a second phase. With just 10 phr (parts per hundred parts 

resins) rubber modifier, the fracture toughness of modified Epoxy resins 

increases dramatically with only slight reduction in the glass transition 

temperature and the modulus. The reactions between the carboxylic acid 

groups of liquid rubbers and Epoxies can be considered as chain-extension 

reactions. Three reactions may occur between rubbers and DGEBA Epoxy 

resins.The carboxylic acid moiety reacts with an epoxy group to form a 

hydroxypropyl ester, which then undergoes polymerization with other Epoxy 

groups. The carboxylic acid may react with the secondary hydroxyl groups to 

form esters, but in a minor degree, if at all. When the reaction is base 

catalyzed, the first reaction proceeds until all the carboxylic groups are 

consumed [47]. 

Several toughening mechanisms have been proposed with the use of 

nano-fillers and have been thoroughly studied in literature. Secondary phase 

nanoparticles located near the tip of a propagating crack disturb the crack 

front, causing a reduction in stress intensity. Some of the very common 

toughening mechanisms observed in carbon-fiber or carbon -tube/Epoxy 

composites are crack bowing, crack deflection, bridging and plastic 

deformation. Among these mechanisms, crack bowing and crack deflection 

are a simultaneously occurring phenomenon. The first produces a nonlinear 
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crack (can be in the same plane) while the second produces non-planar crack 
[48]. 

 

2.3. Polysulfide rubber (PS) 

.Epoxy resin has been modified with liquid polysulfide rubber because it 

is compatible with Epoxy resin. The polysulfide is of low molecular weight of 

general –SH (thiol group) terminal reacts with Epoxy groups to cause chain 

extension but not crosslinking and becomes an integral part of three 

dimensional networks and therefore don’t migrate during storage/ageing and 

also impart flexibility of high order .Optimal performance and properties are 

obtained by crosslinking the Epoxy resin to a three-dimensional insoluble and 

infusible network by reacting it with curing agent [49]. 

Liquid polysulfide resins are obtained by splitting preformed high 

molecular and cross-linked latex into shorter di and tri-functional chains. SH-

terminated polysulfide is mainly used as base polymers in elastic sealants for 

insulating-glass windows and in construction purposes. The liquid polysulfide 

is converted to elastomers by chain extension and cross linking. During the 

curing process, the terminal thiol groups react with each other to form 

disulfide bonds. Polysulfide- based materials are known for their special 

strength and relaxation properties. Cured polysulfide shows low gas and 

vapor- diffusion rates, a high chemical resistance, especially against fuel and 

solvents and good weathering stability. Because of their highly reactive SH-

end groups, liquid polysulfide can be used as starting materials for other poly-

functional macromolecules. Epoxy-PS is hybrid polymers which combine the 

unique properties of polysulfide (softness) with those of Epoxies (hardness). 

Cross linking of Epoxy-PS is usually achieved using polyamines or poly 

(amidoamines). Epoxy-PS can be varied from low viscosity to high viscosity, 
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depending on the type of Epoxy resin. Because of this resin has both traits of 

Epoxy and polysulfide, it is used in different objects, such as producing paint, 

gum and elastic sealant [50]. 

The structure of polysulfide is:- 

HS-(R-SS)a-CH2-CH-CH2-(SS-R)b-SH 

 (SS-R)c-SH 

R= -(CH2)2 –O-CH2 –O-(CH2)2-         a+b+c = n  < 7                              

2.4. Carbon nanotubes 

Carbon nanotubes, which were first discovered by Sumo Iijima in 1991[51], 

are comprised of sheets of carbon in a hexagonal lattice that are rolled into a 

cylinder. Since their discovery, carbon nanotubes have been gaining popularity 

in research area due to their unprecedented physical and chemical properties. 

Carbon nanotubes are long, slender fullerenes with walls composed of hexagonal 

carbon and capped ends, figure (2-4). Their name is derived from their size, since 

the diameter of a nanotube is on the order of few nanometers (approximately 

1/50,000th of the width of a human hair) [34, 52]. 

 

Fig.(2-4):  Allotropes of carbon[52] 

Three types of carbon nanotubes exist; they are  
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1. Multi-wall (MWCNTs) 
2. Double-wall (DWCNTs) and  
3. Single wall carbon nanotubes (SWCNTs) 

Multi-wall carbon nanotubes shown in figure (2-5) consist of a central tube 

of nanometric diameter surrounded by graphitic cylinders separated by 

approximately 0.34 nm.  MWCNTs can have diameters ranging from 2 to 100 

nm and lengths of microns.  DWCNTs have two graphene sheets rolled up to 

form a cylinder. Single wall carbon nanotubes have only one central tube. Their 

diameter is approximately 1 nm and their length is up to few centimeters. The 

density of a SWCNT is approximately 1.33-1.40 g/cm3 and its elastic modulus is 

around 1.2 TPa[52,53].  

 

Fig.( 2-5): Schematic of (a) SWCNT, ( b) DWCNTs, (c) MWCNTs[52] 

Because of the carbon-carbon bond symmetry of the cylindrical tube, 

CNTs have a discreet number of orientations which are called chirality. Chirality 

is the way of rolling graphene into a tube and is defined by a circumferential 

vector (chiral vector (n and m)).  Figure (2-6) shows how a hexagonal sheet of 

graphene is rolled to form a carbon nanotube.  If n and m are equal (n=m), then 

it is an arm chair circumference (arm chair CNT).  If (n,m)=(n,0) or (0,m), then 
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it is a zigzag circumference (zigzag nanotubes).  All armchair SWCNTs are 

metallic, whereas SWCNTs with n-m= 3i (i being an integer different than 0) 

are semi-metallic and n-m! 3i are semiconductors. For MWCNT, the chirality 

is more complicated, since each tube that forms the nanotube may possess a 

different chirality [54, 55]. 

 

Fig.(2-6): Chirality of CNTs a) arm-chair b) zig-zag c) chiral [55] 

Carbon nanotubes exhibit exceptional properties that are a consequence of 

the covalent ״sp bonds formed between the individual carbon atoms. CNTs are 

not nearly as strong under compression, additionally, the tubes can undergo 

plastic deformation under excessive tensile strain. This deformation begins at 

strains of approximately 5% and increases the maximum strain which the tubes 

undergo before fracture by releasing strain energy. Because of their hollow 

structure and high aspect ratio, they tend to undergo buckling when placed under 

compressive, torsional or bending stress [56]. Nanocomposites found great 

attention in the research and industry areas; however, they are still not well-

industrialized materials.  

The main reason is that the synthesis of carbon nanotubes and purification 

processes increased the cost of these materials.  In order to reduce costs 
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associated with the production of these nanofillers, different fabrication methods 

have been explored.  Some of these methods are arc discharge, laser ablation and 

chemical vapor deposition [35]. 

 

2.5. Degree of compatibility and dispersion 

A compatible polymer blend is an immiscible polymer mixture (which 

means the inability of its mixture to form a single phase), but it exhibits 

macroscopically uniform physical properties. The compatibilization process is 

the process of modifying the interfacial properties in an immiscible polymer 

blend which results in the formation of the interphases and stabilization of the 

morphology that leads to the creation of a polymer alloy. This process is 

normally done by adding a polymer (or copolymer) which can be produced by 

combining two or more monomers in a single polymer chain which is called 

compatiblizer. When this compatibilizer is mixed with an immiscible polymer 

blend, it modifies the blend interfacial character and usually stabilizes its 

morphology. Compatibility is often established by the observation of 

mechanical integrity under the intended applied conditions [57,58]. A number of 

rubbers has been considered and studied as modifiers for Epoxy resins. 

Polysulfide rubber was chosen in this study because it is compatible with 

Epoxy resin and with CNTs that become a new ternary composite material. 

Figure (2-7) shows four possible types of structure of copolymers based on 

two monomers [57, 59]. 
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Fig.(2-7): Structures of copolymers made up of two monomers  [57] 

In the other hand, the key challenge for nano composite materials is to 

obtain a homogenous dispersion of nanotubes in the polymer matrix.  Because of 

their small size, the attractive interactions between nanotubes are very strong, and 

this strong interaction causes agglomeration of CNTs. Especially, SWCNTs 

aggregate to form bundles that are very difficult to disperse, and these bundles 

are entangled with one another. Several methods have been developed to prepare 

uniformly dispersed nanotube reinforced composites. These include the use of 

surfactants, high shear mixing , sonication , in situ polymerization of monomers 

in the presence of carbon nanotubes, and chemical functionalization of the 

outside wall of the tubes[60].  

Each one of these methods has its drawback; choosing one method over the 

others depends on the desired properties and application of the composite. In this 

research,   sonication dispersion is used because sonication is a simple technique 

that uses high-intensity acoustic energy to mix and disperse materials. During 

sonication, nanotube entanglements are reduced. However, this technique 

damages and degrades the structure of the fillers which in turn could eventually 

reduce the length of the nanotubes. The sonication effect has been evaluated by 

Suave et al. which Observe that the tensile strength of CNTs systems increased 

after sonication at high amplitude for a short period of time (20 min) with the 

best results were observed for low power sonication (165 W) performed over a 
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longer period of time (40 min) [61].  

2.6. The nature of the interaction between the mixed materials 

Epoxy and polysulfide are immiscible polymer blends that have an 

interface surface between them which is Interpenetrating Polymer Network 

(IPN). The term “IPN” covers a broad range of polymeric systems, varying in 

chemical composition and structure. The IPNs form a particular class of multi 

component polymeric systems, consisting of two or more separate cross linked 

polymers with no covalent bonds between networks [38]. At least one of the 

polymers is synthesized and/or cross linked in the presence of the others. As 

such, IPNs share some of the advantages of both polymer blends and network 

polymers. If the two polymers in an IPN are thermodynamically immiscible, 

phase separation will occur as the monomer or monomers polymerize.  

However, the size of the dispersed phase will be smaller (10 to 100 nm) than 

would be the case for a physically mixed blend or for a block copolymer or 

graft of the two components. A wide range of morphologies is possible, 

depending upon the volume fraction of components, the viscosity of the 

phases, and the relative rates of cross linking and phase separation [39]. Figure 

(2-8) illustrates the idealized structure. 

 

Fig. (2-8): The idealized structure of the IPN’s
 [39] 
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IPNs can be formed by sequential or simultaneous cross linking of the 

component networks, in the latter case, the resulting IPNs are designated as 

SIN IPNs [62]. 

 

2.7. Selection of processing methods 

No processing machine or method is universal and, therefore, a proper 

selection of a processing method must be made for each reinforcement/resin 

system. When one selects a processing method, the following factors play a 

major role [62]. 

 

2.7.1. Aspect ratio of the reinforcing material 

This is the length/diameter ratio of the reinforcing material. Usually, a 

reinforcing material with a high aspect ratio is difficult to injection mold or 

extrude, thus a particulate-filled, milled glass fiber-filled or chopped glass 

strand-filled resin is used for this type of process. Continuous fibers are used 

for filament winding and pultrusion. Sometimes, performs made of continuous 

fibers are used with reaction injection molding and resin transfer molding. 

Woven materials are suitable for compression molding, hand lay-up 

processing, and pultrusion[63]. 

 

2.7.2. Shape of the final product 

Screw injection molding can make complicated shapes, while 

compression molded parts are relatively simple. Intermediate complexity can 

be achieved using transfer molding or plunger type injection molding. 

Filament winding can produce relatively complex shape with dull curvatures 

while pultrusion produce complex shape only in the cross-sectional direction. 

Among the pultrusion method, vertical pultrusion is suitable for more complex 
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shapes than horizontal pultrusion. However, the majority of pultrusion is now 

done using horizontal pultrusion. Hand lay-up and spray-up methods are time 

and labor consuming but can be used to produce large, complicated shapes [61]. 

 

2.7.3. The time necessary to form hard solid 

This concept applies mainly for thermosetting resins since most of them 

are either liquid or soft solid. Thermosetting resins require chemical reactions 

during processing in order to form usable, solidified composites while 

thermoplastics need only to experience a solid molten liquid-solid cycle 

without chemical reaction. Using thermal polymerization, chemical reaction is 

relatively slow and requires somewhat a long hold-up time of the machine per 

part[64]. 

 

2.8. Wear in polymer 

Polymer and its composites are finding ever increasing usage for 

numerous industrial applications in sliding/rolling components, such as 

bearings, rollers, seals, gears, cams, wheels, piston rings, transmission belts, 

grinding mills and clutches where their self-lubricating properties are 

exploited to avoid the need for oil or grease lubrication with its attendant 

problems of contamination [65].  

 

However, when the contact between sliding pairs is present, there is the 

problem of friction and wear. Wear is a progressive loss of material from 

surface as a result of sliding or rolling contact between surfaces [66]. It is the 

result of a combination of physical-chemical processes that take place on 

polymer friction surface and boundary layers [67]. The wear process involves a 

number of complex interactions, but it can be considered to be caused by the 
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energy created by the frictional work and released during sliding within the 

contact zone. 

The mode in which the frictional energy is dissipated depends on the 

contact configuration, which therefore, should be considered as an important 

factor in friction and wear behavior of polymers. Wear behavior is frequently 

characterized as being mild or severe. Mild wear is generally used to describe 

wear situations in which the wear rate is relatively small, and the features of 

the wear scar are fine. Severe wear, on the other hand, is associated with 

higher wear rates and scars with coarser features. Most materials can exhibit 

both mild and severe behavior, depending on the specific of the wear system 

in which they are used [68]. 

Changes in roughness of surfaces show up in the intensity and 

mechanism of wear. It has been noted that an increase in roughness of a hard 

surface during wear of rigid polymers leads to the appearance of longitudinal 

plowing trenches and to abrasive wear. Rigid and brittle polymers wear 

abrasively even during friction on smooth surfaces. For extremely smooth 

surfaces, the wear rate of polymer (where adhesion is at a maximum)) is fairly 

high. As the amount of surface roughness increases, the wear to the polymer 

surface decreases [67]. 

 

A lot of experimental works have been done to investigate this subject:- 

Hooke et al.[69] and Lawrence and Stolarski[70] reported that the friction 

coefficient can, generally, be reduced and the wear resistance increased by 

selecting the right material combinations. Several researchers [71-73] observed 

that the friction force and wear rate depend on roughness of the rubbing 

surfaces, relative motion, type of material, temperature, normal force, stick 

slip, relative humidity, lubrication and vibration. The parameters that dictate 
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the tribological performance of polymer and its composites also include 

polymer molecular structure, processing and treatment, properties, viscoelastic 

behavior, surface texture, etc. [74-77]. 

There have been also a number of investigations exploring the influence 

of test conditions, contact geometry and environment on the friction and wear 

behavior of polymers and composites. Stuart [78] and other researchers [79-81] 

showed that the value of friction coefficient increases with the increase in 

load. Friction coefficient and specific wear rate values for different 

combinations of polymer and its composite were obtained and compared. For 

all material combinations, it was observed that the coefficient of friction 

decreases linearly with the increase in applied pressure values. Unal et al. [82, 

83] reported that the applied load exerts greater influence on the sliding wear of 

polymer and its composite than the sliding velocity. 

Moreover, it was found that applied normal load, sliding speed and fiber 

orientations have more pronounced effect on wear rate than sliding distance. 

Wang and Li [84] observed that the sliding velocity has more significant effect 

on the sliding wear as compared to the applied load, and variations of wear 

rate with the operating time can be distinguished by three distinct periods. 

These periods are running-in period, steady-state period and severe wear 

period. 

 

Tsukizoe and Ohmae[85] showed that the reinforcement of fiber or filler 

significantly improves  the tribological behavior of polymeric material, but 

this is not necessarily true for all cases. Suresha et al. [86] showed that there is a 

strong interdependence on the friction coefficient and wear loss with respect 

to the applied loads for steel-composites contact. Friction process with 



Chapter Two  Theoretical Consideration 

30 

vibration is an important practical phenomenon, because the influence of 

vibration can cause significant change in this process. 

It is known that vibration and friction are dependent on each other. 

Friction generates vibration in various forms, while vibration affects friction 

in turns. Some explanations [87-91] are given in order to justify the decrease in 

the friction coefficient under vibration condition though some of the 

researchers have different views. Skare and Stahl [95] claimed that the mean 

friction force increases as well as decreases depending on the vibration 

parameters. 

 

 2.9. Damping in composites 

Composite structures for aerospace and wind turbine applications are 

subjected to high acoustic and vibrational loading and exhibit very high 

amplitude displacements and thus premature failure. Materials with high 

damping or absorbing properties are crucially important to extend the life of 

structures. The vibration and acoustic reduction can be obtained in structural 

materials by increasing the damping capacity (expressed by the loss factor) 

and/or decreasing the stiffness (expressed by the storage modulus). Traditional 

damping polymers perform poorly at elevated temperatures. Nanocomposites 

can provide excellent damping at high temperatures, suggesting a great 

potential for a variety of applications in aircraft, spacecraft, satellites, 

automobiles, wind turbines, sensors for missile systems, as well as any 

structure that is exposed to unwanted vibrations [93]. 

The methodology behind this essentially consists of the introduction of 

nano-scale particles into traditional composite for the purpose of increasing 

their damping characteristics. The interfacial friction between   the 

nanoparticles and polymer matrix and PS rubber is the primary source of 
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energy dissipation in CNTs based nano-composites. In CNTs-modified 

polymer composites, the interfacial friction between the nanoparticles and the 

polymer resin are also a main source of energy dissipation. This has been 

found to be the dominant damping mechanism between the two. This damping 

mechanism is illustrated in Figure (2-9) [61,93]. 

 

Fig.(2-9): Illustration of the damping mechanism within nanocomposites[93] 

As a uniaxial strain is applied to the matrix of the nano-composite, the 

nanoparticles de-bond from the matrix in the applied direction. In response to 

this, the particle remains in contact with the matrix in the transverse direction, 

while sliding out of plane in the third direction. The friction generated from 

this interfacial sliding is the primary source of energy dissipation. 

 This interfacial slip between the surface of the nanoparticle and matrix 

result in very high mechanical damping. The aspect ratio of the nanoparticles 

greatly contributes to their damping properties. Higher aspect ratio causes 

increased interfacial contact. For this reason, long nano-carbon tubes are used 

rather than shorter nano-fillers. 

In engineering, the damping ratio is a dimensionless measure describing 

how oscillations in a system decay after a disturbance. Many systems exhibit 

oscillatory behavior when they are disturbed [94]. 

 

http://www.ask.com/wiki/dimensionless
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2.9. Design of Expert (DOE) 

The technique for defining and investigating all possible conditions in an 

experiment involving multi factors is known as the Design of Expert (DOE). 

DOE found to be a very necessary tool in; planning, conducting, analyzing 

and interpreting data investigated from the engineering experiment. The 

objective of a good designed experiment is to identify which set of factors in 

the process influences the process performance most, and then the best levels 

for these factors, in order to reach the desired quality level[95-96] . 

DOE is important in maximizing information gained when minimizing 

the resources is necessary. It has more to offer than "one change at a time" 

experimental methods, because it permits a judgment on the significance of 

the output when the input variables affecting individually or when they acting 

in combination with. 

Of importance, this method is considered to be advantageous from an 

economic perspective concept as a large amount of analyzed data that can be 

obtained from few numbers of experiments, and requires fewer runs than 

haphazard or unplanned experiments. In the DOE technique, the parameters 

that would change in the experiment are named “factors” or “variables” as 

well. The different possibilities for a factor are called the levels which might 

be either qualitative or quantitative [97]. 

 The measured output from the experiment is named as response. Once 

the experiment has been run, the effect of each factor can be determined by 

contrasting the average response. For each input variable, a number of levels 

are defined that represent the range for which the effect of that variable is 

desired to be known. The response is then measured for each run as well. 

Designed experiments are often happened in four phases: planning, screening 

(also called process characterization), optimization, and verification [98]. 
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2.9.1. Planning 

Planning step is considered to be of great necessity to avoid the problems 

that might be observed during the implementation of the experimental plan. 

As examples to these, the personnel, equipment availability, funding, and the 

mechanical aspects of the system found to be parameters that disturb the 

ability to complete proposed experiment. Even more, the needed preparation 

before beginning experimentation depends on the nature of the problem itself. 

The steps that are necessarily needed in the planning phase are problem 

identification, define the goal, build up an experimental plan that will provide 

meaningfull information and validation of the process and measurement 

systems is in control[99]. 

2.9.2. Screening 

Screening designs, as next step of DOE, are usually used in the prior 

stages of investigations to allow more information to be obtained about a 

process. These are generally carried out before the implementation of 

Response Surface Methodology (RSM) experiment. Through the screening of 

studies, it is possible to identify which factors have the greatest effect on the 

process and thus allow the factors under investigation to be reduced. 

Information can also be obtained about the parameter space under 

investigation, and thus allow the correct range to be selected for each 

parameter [100]. 

2.9.3. Optimization of the response.  

In industry, a very important problem is determining the conditions that 

optimize the process. Further to the present work conditions and as example, 

increase/decrease sonication time and/or mixing time and hand mixing time, 

this implies determining the levels of responses that result in maximum yield.  
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The optimization methods considered in “Design Expert 8” software 

include general full factorial designs (designs with more than two-levels), 

response surface designs, mixture designs, and Taguchi Designs [101]. 

 

2.10. Taguchi design 

In the 1980s, Genichi Taguchi proposed an approach called parameter 

design for reducing variation in products and processes [102]. Dr. Taguchi 

greatest contribution lies not in the mathematical formulation of the design of 

experiments, but rather in the accompanying philosophy. His approach is more 

than a method to lay out experiment. His technique is a concept that has 

produced a unique and powerful quality improvement discipline that differs 

from traditional practices [103]. In robust parameter design, the primary goal is 

to investigate factor settings that minimize the response variation, while 

adjusting (or keeping) the process on target. When the factors affecting 

variation have been determined, it could be used to find settings for 

controllable factors that will either reduce the variation, make the product 

insensitive to changes in uncontrollable (noise) factors, or both. A process 

designed with this goal will produce more consistent output. A product 

designed with this goal will deliver more consistent performance regardless of 

the environment in which it is used. Evidently, Taguchi parameter design has 

the advantageous to reduce the fluctuation of system performance and quality 

to the source of variation [97]. 

 

2.10.1. Optimizing techniques 

Generally, the final properties of the blend are directly influenced by the 

way it is blended and the composite components. Blending in composite can 

be considered as a multi input multi-output process. 
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 Unfortunately, a common problem that has faced the manufacturer is the 

control of the process input parameters to obtain best mechanical properties 

with minimal defects and distortion. Therefore, looking for optimal or 

acceptable solutions by a suitable optimization technique based on input–

output and in-process parameter relationship or objective function formulated 

from models with or without constraints is necessary in the present case. As is 

a critical and difficult task for researchers and practitioners, a wide scale of 

techniques was developed by researchers to solve these types of parameter 

optimization problems [98]. 
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Chapter Three 

DESIGNE OF EXPERIMENTAL WORK 

3.1. Introduction 

Carbon nanotubes have been attractive for reinforcement in composite 

materials due to their high aspect ratio, fiber-like structure, low density, and 

extraordinary mechanical and barrier properties. Particularly, carbon nanotubes 

and carbon nanofibers have shown to have a unique combination of high 

modulus (640 GPa to 1TPa) and strength (150-180 GPa). These fillers offer the 

possibility of enhancing thermal, electrical, damping and mechanical properties 

with relatively lower amounts (0.01-0.4 wt %) and with minimal degradation of 

the original systems [51]. 

  They are excellent candidates to substitute or complement the conventional 

fillers in the fabrication of multifunctional polymer composites. At present, it is 

well recognized that to maximize the final performance of these materials, 

uniform dispersion of CNTs in polymeric system and good interfacial adhesion 

are two critical issues during the fabrication of CNTs-polymer nano 

composites[52].   

Polysulfide rubber in the other hand is another challenge considering its 

properties and the way of mixing with the best percentage, this chapter will be 

divided into two parts:- 

1-Experimental design and optimization.  

2-Experiemental work. 

3.2. Design of expert program 
 
3.2.1 The fundamental terms of Taguchi design 

3.2.1.1 Orthogonal arrays 

Taguchi, as approach, employs orthogonal arrays from design of 

experiments theory so as to investigate a large number of variables from 

relatively small number of experiments. Therefore, the using of orthogonal 

arrays can efficiently reduce the number of experimental configurations that 
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need to study. Furthermore to these, the conclusions drawn from small scale 

experiments are valid over all experimental region spanned by the control 

factors and their settings as well. Taguchi has simplified their use as this was 

achieved through providing uniform sets of standard orthogonal arrays and 

corresponding linear graphs to fit specific projects.  The followings are examples 

of standard orthogonal arrays[104]: 

L-4, L-8, L-12, L-16,   L-32 and L-64     all at 2 levels. 

L-9, L-18 and L-27                                  at 3 & 2 levels. 

L-16 and L-32 modified                          at 4 levels. 

L-22                                                         at 5 levels. 

Standard identifications for orthogonal arrays: 

L-9 (3- 5),   where   

 9 = Number of experiments 

 3 = Number of levels 

 5 = Number of factors 

             In order to select an appropriate orthogonal array for the experiments, 

the total degrees of freedom need to be computed at first, wherein degrees of 

freedom are defined as; the number of comparisons between the process 

parameters that need to be made to determine which level is better and 

significantly how much better it is. In the present study, there are six degrees of 

freedom owing to three-three level blending parameters in the process of 

composite blending. When the degrees of freedom are defined, the next required 

step is selecting an appropriate orthogonal array to fit the specific task. The 

degrees of freedom for the orthogonal array should be greater than or at least 

equal to those for the process parameters. The typical orthogonal arrays used in 

this research with coded values are included in DOE sheet layout [ 105]. 

3.2.1.2 Analysis of variance (ANOVA) 

In general, the Analysis of Variance (ANOVA) is used to discuss the 

relative importance of all control factors on the blending quality and also to 
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determine which control factor has the most significant effect. Hence, the main 

purpose of ANOVA is to apply a statistical method to identify the effect of 

individual factors. Added to these, the results from ANOVA will determine very 

clearly the impact of each factor on the process results. The percentage of 

contribution using ANOVA is used to compensate all effects. ANOVA seems to 

be similar to regression and so that it is used to investigate and model the 

relationship between a response variable and one or more independent variables. 

Table (3-1) indicates the ANOVA table used for analysis of the models 

developed in this work. Sum of squares and mean square errors are calculated 

using the equations below [106]. 

Table.( 3-1): Sample of ANOVA table for a model 

Source SS Df MS Fcal-Value p-value   or  prob   F 

Model SSM P Each SS 

divided 

by its df 

Each MS 

divided by 

MSE 

From table or software 

library P SS1 1 
S SS2 1 
F SS3 1 
PS SS12 1 
PF SS13 1 
SF SS23 1 
P2 SS11 1 
S2 SS22 1 
F2 SS33 1 
Residual SSr n-p-1 - - 
Cor Total SSt n-1 - - - 
 

Where;  

P: Number of coefficients in the model, 

df: Degree of freedom 

SS: Sum of squares, MS: Mean squares 

n: total number of runs (For this work, n = 9) 

Cor. Total: Sum of squares total corrected for the mean. 

    ∑( ⏞   ̅)
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3.2.2 Experimental procedure 

This work aims to improve the quality of the blended components, wherein 

the improved quality can be resulted in when a higher level of performance is 

consistently obtained. For this, the highest considered performance is obtained 

in terms of determining the optimum combination of design factors. In Taguchi's 

method, the optimum design is investigated by using design of experiment 

concept, and consistency of performance is achieved by carrying out the trial 

conditions under the influence of the noise factors. To develop and optimize a 

mathematical model in case of blending the composite materials, the following 

steps are illustrated as follows [107] . 

3.2.2.1 Planning experiments 

It is considered as a first step in any application. The session should include 

individuals with firsthand knowledge of the project. The following steps have to 

be included herein: 

 Depending on previous researches that have been studied, determination of 

the vital process factors (mixing method parameters); i.e., hand mixing, 

sonication time and homogenization time should be selected and evaluated.     

 Identify the significant parameters among the other input parameters. 

 Determine the factor levels; in order to find the range of each process input 

parameter, trial mixing process were performed by changing any of the 

process parameters at a time. Once the operating range was determined, 

Design-Expert 8-0-1 software was used to divide the operating range into 

levels according to the considered design in this work. 
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3.2.2.2 How to design the experiments 

   Depending on the factors and levels stated in the previous step, it is 

possible now to design and implement the experiments through selecting the 

appropriate orthogonal array and assign these parameters to the orthogonal 

array. In this engineering analysis, Taguchi‟s orthogonal arrays have been 

utilized as they consist of the blending process parameters based on three-level 

design of experiments. This applied orthogonal array is compromised of three 

columns and twenty seven rows depending on the degree of freedom in this 

experiment. Six degrees of freedom demand to three levels of blending 

parameters which reflect nine experiments for each level within the L27 Taguchi 

method. The mixing parameters and their ranges were determined due to the 

experimental casualties of the blending process in this work. 

 

3.2.2.3 Running experiment 

In the Taguchi method, the test runs were carried out randomly in a way to 

avoid any systematic error creeping into the experimental procedure.  Included 

in the “Design of Expert-8” as statistical software, this method was used to carry 

out this objective efficiently. After carrying out the joining process, the 

responses were mentioned earlier in this work as they were tested and measured.   

These processes were done in sequential order following the standard 

procedures for each response. For accurate analysis, an average of at least three 

(in most cases) recorded measurements has been calculated and considered for 

further optimization cases. 

 

3.2.2.4 Results analysis. 

Prior to the analysis, it is of necessity or otherwise the raw experimental 

data might have to be combined into an overall evaluation criterion. This is 

particularly valid when there are multiple criteria of evaluation available for any 
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considered design. However, the analysis in all situations of this work aims to 

satisfy the following: 

• The optimum design. 

• Effect of individual factors. 

• Performance at the optimum conditions. 

• Relative influence of individual factors. 

Furthermore to these, the results analysis can be followed by: 

3.2.3. Development of the mathematical model 

DOE develops the possible modules which can fit the input data, as well as, 

it suggests the model, as a default, that best fits the experimental data. The 

functional relationship representing any response of interest can be expressed as:  

y = f (Epoxy, PS, CNTs) ,   and the response becomes as follows[108]:- 

 

Y=bo+b1Epoxy+b2PS+b3CNTs+b11Epoxy2+b22PS2+b33CNTs2+b12EpoxyPS+b13 

EpoxyCNTs+b23PSCNTs  ……………………………………………… (3-5)                                                                                                                                                                                                                                                                                               

Where bo ,b1 ,b2……….bn are the values of the coefficients. 

 

 3.2.4. ANOVA outputs. 

ANOVA in this statistical package has been employed to test the adequacy 

of the models developed, wherein the significance of the models developed and 

each term in the regression equation were examined by; the sequential F-test, 

lack-of-fit test and other adequacy measures (i.e., R2, Adj.-R2, Pred.R2 and 

Adeq. Precision ratio) using the same software to achieve the best fit.  

The Adequate Precision compares the range of the predicted value at the 

design points with the average predicted error. The adequate precision ratio 

above (4) indicates adequate model discrimination. In this study, the values of 

adequate precision are significantly greater than (4). The degree of freedom (df) 

equals to the number of experiments minus the number of additional parameters 

estimated for that calculation. In addition to these, the Prob.>F ( P-value) of the 
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model and of each term in the model can be computed by means of ANOVA. If 

the Prob.> F of the model and of each term in the model does not exceed the 

level of significance (α = 0.05) then, the model may be considered adequate 

within the confidence interval of (1- α). For the lack-of-fit test, the lack of fit 

could be considered insignificant if the Prob.>F of the lack of fit exceeds the 

level of significance. The adequacy measures can be calculated in terms of the 

equations below [108]: 

      
   

       
                                                                                 

                (
     

       
)                                                         

       ∑(    ⏞    )
 
                                                                      

 

   

 

Where 

R2 : residual of treatment 

PRESS: predicted sum of squares 

3.2.5. Model reduction. 

In general, the full model consists of insignificant model terms that need to 

be eliminated; i.e., these terms with p-value greater than the level of significance 
[118]. In other word, model reduction includes eliminating the terms that are not 

desired or statistically insignificant. This can be done manually or automatically 

by the software as well. 

3.2.6. Development of final model form. 

Basically, the final reduced model can be developed since it was 

investigated by applying the above steps. In fact, this model contains only the 

significant terms and the terms that are necessary to maintain hierarchy. This 

software automatically defaults to the "Suggested" polynomial model so as to 

achieve best fit to the considered criteria in this study. The responses could be 

predicted at any midpoints using the adequate model as well as the essential 

plots such as; Contour, 3D surface, and perturbation plots of the desirability 
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function at each optimum can be used to explore the function in the factor 

space[109].   

 

3.2.7. Running confirmation experiments. 

As a final step, predicting and verifying the improvement of the response 

can be carried out using the optimal level of the blending process parameters. In 

addition to these, verification of the satisfactoriness of the developed models can 

also be achieved depending on other confirmation experiments. These will be 

done using new test conditions at optimal parameters conditions, which obtained 

using the Design Expert-8-0-1 software [108].  

3.2.8. DOE flowchart.  

  The optimization process involved combining the goals into an overall 

desirability function. The numerical optimization would find one point or more , 

whilst in the graphical optimization with multiple responses, the main goal is 

defining regions where the requirements simultaneously meet the proposed 

criteria. Superimposing or overlaying critical response contours on a contour 

plot are performed. Figure( 3-1A )depicts schematically flow chart which 

exhibits the optimization steps in the design expert  [109],while Figure ( 3-1B )  

depicts flow chart of experimental work. 
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B 

Figure ( 3-1 ) : Optimization steps(A) and Flow chart of experimental 

work.(B) 
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3.3. Experimental work 

3.3.1. Materials 

The materials used in the experimental work are:- 

3.3.1.1. Epoxy 

The matrix material used in the present work is Epoxy resin type 

Quickmast 105 (DCP). Table (3-2) shows the specification of Epoxy resin used. 

The hardener used is a liquid material, which has low viscosity and transparent 

color. It was added to the resin in 3:1 ratio. 

 

Table (3-2): The specification of Epoxy resin used in the research [62]  

Test method Typical results 

Compressive strength (MPa)(min.) 70.0  at 20 ◦C 

Tensile strength (MPa)(min.) 30.0  at 35 ◦C 

Flexural strength (MPa)(min.) 63.0 at 35 ◦C 

Young modulus in compression (GPa) 16  

Pot life 
90 minutes at  20 ◦C 

40 minutes at  35 ◦C 

Specific gravity 1.04 

Mixed viscosity 1.0 poise at 35 ◦C 

Hardness (Shore D)( min.) 72 

Impact strength (Charpy)KJ/m2 (min) 4.4 

Water absorption % 0.013 

Tg. (◦C) 375 

 

3.3.1.2. Polysulfide (PS) 

  One of the most properties that distinguish this rubber is that it contains 

sulfur as part of a series of linear polymer whose trademark is DCP. The 

polysulfide is supplied in the shape of white dough that changes to elasticity 

shape by adding PbO2 (black dough) in the ratio 1:16 with density 1.35 g/cm3 

and Tg of 292 ◦C. Table (3-3) shows the properties of polysulfide polymers [110]. 
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Table (3- 3 ): Properties of polysulfide polymer[110] 

Property Typical value or description 

General chemical structure 
-[R-S]- 

R=(CH2CL)2or( CH2 (OCH2CH2CL)2 

                           -50 to 95 

Mixng ratio 1: 16 

Density (g/cm3)  1.35  

Tg (◦C) 292  

Hardness (Shore A) 22-39 

Ultimate elongation (%) 126-412 

Tensile strength (MPa) 0.74 - 0.91 

 

3.3.1.3. MWCNTs 

MWCNTs used in this research have properties listed in table (3-4). 

Table (3-4): MWCNTs properties 

Purity 95%   

Number of walls 3-15 

Outer diameter (nm) 2-6 

Inner diameter  (nm) 2-6 

Length  (μ ) 1-10 

Density (g/ cm3) 0.15 -0.35 

 

3.3.2. The mixing method 

Blending PS  resin with Epoxy resin was achieved by conducting one of the 

following methods:- 

1-Hand mixing. 

2-Sonication device. 

3-Mechanical stirrer. 
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3.3.2.1. Hand mixing 

In hand mixing the following steps were followed:- 

1- PS resin was added into Epoxy resin and mixed by hand for 15 minutes. 

 2-Two hardeners of Epoxy and PS with a weighted percentage were added. 

3- Mixing all the components by hand for five minutes, poured into the prepared 

mold and then cured. 

3.3.2.2. Sonication 

An ultrasonic mixer (UP400S, Hielscher) was used to disperse the PS resin 

into the Epoxy resin. PS and Epoxy resins were carefully weighed and mixed 

together in a beaker. A high intensity, ultrasonic probe was employed for the 

mixing process for 15 minutes with the amplitude of 60%. In order to avoid 

overheating, temperature of the mixture was kept low by submerging the 

container in ice bath, as shown in figure (3-2). 

 

 
Fig.(3-2): Sonication probe device 

  

  Probe sonicators have an adjustable amplitude of frequency ranging from 

20% to 60% and a power of 100–1500W. This means that the energy from the 

wide base is focused on the tip, thus giving the probe high intensity. The 

application of this configuration is that sonication can generate heat rapidly so 

ice prevents the mixture from being very hot.[111] 



Chapter Three                                                                    Design of Experimental Work 
 

03 
 

3.3.2.3. Mechanical stirrer. 

The mixer is used considering its time as a parameter , while its revolutions 

per minute are constant in each minute. In other words, since the motor rotation 

is constant, the materials must be mixed as long as a homogenized mix is 

obtained. It is used to mix rubber with polymers and other additives. Rotation 

rate of the mixer‟s tip can be determined based on the kind of the polymer. The 

special design of mixer tip makes the mixture enter and move rapidly through 

the space between two very close plates and leaves it through the space between 

embedded slots in outer layer. This procedure results in making the mixture of 

rubber and polymer more homogeneous. Figure (3-3) shows the homogenizer 

used in this research (WISETISE) with 15000 r.p.m. The two resins were mixed 

in the homogenizer for 15 minutes and left ten minutes for cooling. The two 

hardeners were then added, and the molded composite was kept in a vacuum 

oven to remove the bubbles then cured.  

 

 

Fig.(3-3): High shear rate homogenizer 

To know which method of the three methods (hand mixing, sonication and 

mechanical mixing) is the best for mixing. A designed experiment was done 

according to DOE experimental layout, and the program analysis of the 

responses made the choice of   the best method for mixing is possible. Although 

all the additives were chosen according to the designed layout, there are still 
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many variables that affect the blending process but they are not designed in a 

way showing a detail of how to mix or which is the first method to be used 

firstly.  Testing experiments were done to choose the best sequence in mixing 

the blend. To evaluate the results, the tensile strength and % elongation were 

studied, as shown in table (3-5). 

Table (3-5): Mixing procedure for the blend 

 

 

3.3.3. Dispersions of MWCNTs 

MWCNTs were dispersed by sonication and / or homogenization. The 

ultrasonic mixer and homogenizer were used to disperse MWCNTs   into the 

Epoxy resin. Many variables affect the mixing process like:- 

1-Temperature. 

2-Sequence of material processing. 

3- Time of sonication and homogenization.  
 Considering all these parameters, an experiment was first conducted to 

check out the time of solidification and curing in environmental state and in 

vacuum oven . This experiment showed that the composite material takes about 

two hours for complete solidification in vacuum oven at 100°C and 72 hours at 

room temperature[50]. With the availability of the test, the procedures for 

blending were specified and chosen, as shown in figure (3-5). 

Sample no.  

Ep% 

 

PS% 

Hand mixing 

time (minute) 

Shear mixing 

(minute) 

Sonication 

time (minute) 

A-1 90 10 15 0 0 

A-2 90 10 0 0 15 

A-3 90 10 0 15 0 
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Fig.(3-5): Processing of Epoxy –PS / MWCNTs composite 

 

3.3.4. MWCNTs percent 

MWCNTs were carefully weighed and added to the Epoxy   with the 

desired volume fraction according to the designed percentage. Volume fractions 

of additives were calculated using the equation [112]:- 

  

 

ϕ = W/ ρ /(WA /ρA +Wm /ρm (……………………………………………  (3.9) 
 

 

Where ϕ   is the volume fraction of additive in nano composite material.

  WA , Wm: weight percentage of additive and matrix in nanocomposite material, 

respectively, 

 ρA: density of additive ( g / cm3), and  ρm: density of matrix. 

the theoretical calculation of density was carried out according to equation[112]; 

PPAAmmc VVV   …………………………………………..  (3.10) 

Where V is the volume fraction of each material, and the subscript A 

indicates for additive, m for matrix and p for rubber polymer. 

 when using a small amount of additive, it is appropriate to  employ the weight 

fraction
[112]

 by:-  

W = ϕ ρA /  ϕ ρA + ϕm ρm  ……………………………………………….  (3.11)  
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3.3.5. Preparing of composite material 

The designed blends and composites were prepared according to the 

following procedure:- 

1- Since the composites to be molded have high adhesion tendency, the mold 

material should have moderate strength and toughness. Acrylic was chosen 

since it can be easily formed. With the assistance of lubrication materials, 

the composite can be removed from the mold easily. 

2- Manufacture the molds to have the required speciemens according to the 

dimensions of the ASTM standards requirements, as shown in table (3-6). 

 

 Table (3-6): Samples dimensions and standard specification for testing specimens  
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3. The blend was obtained according to the ratios taking from DOE sheet  by 

adding Epoxy polymer which is still in a liquid state to Polysulfide rubber in 

a thick liquid state, mixing well by using a mechanical mixer to form a 

binary blend and then adding CNTs to form the ternary blend. 

4. Pouring the blend into the mold, since the three components are still low 

viscosity liquid, and fastening the mold as shown in figure (3-6). 

5.  The composite materials were left inside the mold at room temperature about 

72 hrs to complete curing. Figure (3-7) shows the tensile samples in the 

solidification state. 

6. After solidification, the samples were released from the mold and charged to   

oven at 100°C setting temperature for 2 hrs to post cure the considered 

composite.  

 
Fig.(3-6): Acrylic mold with the composite material in the solidification step 

 
Fig.(3-7): Acrylic mold of tensile specimen with few prepared samples 
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3.3.6. Micro structural characterization 

 Characterization and/or morphology of the individual composite 

componenets and  Epoxy- PS /MWCNTs composite was studied by:- 

3.3.6.1. Nanoparticle size test  

  Nano powder of MWCNTs of 0.3g was added in one liter of 

acetone(weighted by electronic balance with 0.0001 accuracy in Iran lab.) and 

exposed to ultrasonic waves, and the obtained solution of the sample was used 

for test, as shown in figure (3-8). It can be seen that the range of the particles 

diameter is between 0.004-0.055 µm in the first part of the figure. The second 

part of the figure shows the increased value of particles diameter (0.445 - 1.0) 

µm because of the bad dispersion of MWCNTs in acetone while preparation of 

sample test. From this figure, it can be seen that the average of the diameter is  

0.193 µm . 

 

Fig.( 3-8:)  Particle size distribution for MWCNTs 
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3.3.6.2. Stereo Optical microscope examination (SOM) 

 A stereo microscope used consists of two compound microscopes which 

focus on the same point from slightly different angles. This allows the specimen 

to be viewed in three dimensions. Stereo microscopes are relatively low power 

compared with other microscopes, usually below 100X.    

3.3.6.3 Scanning electron microscope (SEM) 

Scanning electron microscope (Jeol JSM-6480 LV) was used to conduct 

the dispersion behavior and fracture surface topography characterization.     

3.3.6.4. Atomic force microscope (AFM) 

           Atomic Force Microscope is used as an indirect method for 

morphological analysis of the sample. Maximum scanning size of the 

microscope probe was 2x2 μm. Resolution of AFM was 300X300 pixels.  

Useful information include the length and diameter distribution of nanotubes, 

the amount of bundling in nanotube dispersion in a sample can be detected.  

 

3.3.6.5. Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy measurements were performed using FTIR 

spectrometer type ( TENSON 27)  with 128 scans at a resolution of 2.0 cm-1. 

Each spectrum was recorded from 4000 to 500 cm-1 at room temperature. 

Spectra were analyzed using  a window-based software BRUKER 5.1.  The 

FTIR spectra of pristine MWCNTs, Epoxy, PS and composite were obtained in 

a transmittance mode by using a 10 mmX10 mm sample. Figure (3-9) shows the 

FTIR device. 
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Fig.(3-9): FTIR device 

  FTIR spectrophotometer was used to scan the IR spectra of pure Epoxy, 

Epoxy-PS and Epoxy- PS/ CNTs. In Epoxy systems oxirane ring in 

transmittance mode has two characteristics which were observed in the range 

between 4000 cm-1 and 400 cm-1. 

       The first one, at 915 cm-1, is attributed to the C-O deformation of the 

oxirane group.  The second band is located at 3050 cm-1 approximately and is 

attributed to the C-H tension of the methylene group of the Epoxy ring. This 

band is not very useful since its intensity is low and it is also very close to the 

strong O-H absorptions; but in low polymerization degree Epoxy monomers, it 

can be used as a qualitative indicative of the presence of Epoxy groups. 

     FTIR of Quickmast Epoxy in figure (3-10) shows peaks at 3471 cm-1  

attributed to C-H stretching aromatic , 2968-2858 cm-1 peaks ascribed to C-H 

stretching aliphatic,1608 cm-1 attributed to C=C stretching ,1246 cm-1 ascribed 

to stretching symmetry, 829 cm-1peak attributed to stretching symmetry[29,50]. 



Chapter Three                                                                    Design of Experimental Work 
 

43 
 

 

Fig.(3-10): FTIR  of Epoxy resin 

 

         While in figure (3-11), the FTIR spectrum  shows that the thiol group (-SH 

group) of PS reacts with the Epoxide group of DGEBA  type Epoxy resin [24] to 

give S-CH2 linkage and –OH groups .PEAKs at 1510 due to C=C stretching 

aromatic,1200 due to S-H stretching aromatic, 2775 due to S-H stretching 

aromatic  [110] . 

In spite of FTIR spectra of  CNTs shows no obvious vibrational mode of 

carboxylic groups around 1700 cm- 1, as shown in Figure (3-12) , vibrational 

modes of CNTs  at peaks of 3425 cm-1, 1710 cm-1  and 1100 cm-1  are attributed 

to the O–H stretching, carboxyl stretching and C–O bending, respectively.          

     The presence of the characteristic peak at 3425 cm-1 is attributed to the 

remained moisture in CNTs which usually appears in FTIR.                                 
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   Fig (3-11): FTIR of Polysulfide 

 

Fig ( 3-12 ): FTIR  of MWCNTs 

 

3.3.7. Mechanical tests 

In order to fully understand the impact of carbon nanotubes and PS rubber 

on the performance of polymeric materials, various characterizations, tests have 

to be done. This evaluation enables the user to decide which is the most suitable 
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combination of the three materials to be employed in the desired application. 

The mechanical tests done in this research include:- 

3.3.7.1. Tensile test 

The mechanical properties of MWCNTs composites were measured using a 

servo controlled electromechanical testing device. The samples with size of 12 x 

4.0 mm2 according to ASTM D638 were stretched at a constant load speed of 5 

mm/min for a span length of 50 mm until the specimen fractured. From the 

stress-strain curve, the tensile strength of the samples was determined and the 

modulus of elasticity (stiffness) was determined as well as elongation. At least 

three independent samples of particular composite were investigated. Figure (3-

13) shows the tensile samples before and after test.          

     

 

(a) 

 

(b) 

Fig.(3-13): ASTM D638 tensile samples before(a) and after test(b) 
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3.3.7.2. Hardness test  

  Shore test was carried out according to ASTM D 2240 with the device shown 

in figure (3-14) [112]. The device readings were obtained at least three times, and 

then the average was considered for all blend and composite samples.    

 
Fig.(3-14): Shore D hardness device 

3.3.7.3. Wear test  

     Wear test specimen dimensions are 10 mm in diameter and 20 mm in length. 

It was prepared according to ASTM-G99 standard. The specific wear rate is 

defined as the volume loss of the specimen per unit sliding distance which is 

376800 cm per unit applied normal load. The pin-on-disk instrument is a 

popular wear testing apparatus shown in figure (3-15), where the pin is loaded 

normally.   The motion is transferred from the electrical motor to the disc. The 

disc has angular velocity of 900 r.p.m. Wear disc was manufactured from a  

quenched and tempered low alloy steel  with hardness of 55 HRC . 

 

 
Fig.(3-15): Wear test device 
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The sample was initially weighed using a digital electronic balance (0.1mg 

accuracy). The test was carried out by applying different normal loads and run 

for 10 minutes for each load. At the end of wear test, the sample was again 

weighed  to find the material loss from the  surface during sliding test and the 

specific wear rate (mm3/N.m) is then expressed on „volume loss‟ basis. The 

difference between the initial and final weight was a measure of slide wear loss. 

A minimum of three trials was conducted to ensure test data repeatability [85]. 

 
Ws =  ∆ m / ρ.t.   ˈ FN …………………………………………..  (3.12) 
  
Where ∆m  is the mass loss in (g), ρ is the density in ( g /mm3), t is test 

duration in (s),   ˈ is the  sliding  velocity in (m/ s) and FN is the normal load in 

(N). Wear rate was taken with different loads (5,10 and15 N) and constant time 

(10 minutes) for each sample shown in figure (3-16).  

 
Fig.(3-16): Wear test samples  

 

3.3.7.4. Impact test  

The specimen according to ASTM D256-78 was fixed in its pertaining 

place, and then the energy gauge was initialized (on zero position). After that, 

the pendulum was freed, whereas its potential energy would be changed to 

kinetic energy. All the test specimens were un-notched. A total of three samples 

were tested and the mean value of the absorbed energy was taken.  

Impact strength (I.S) was calculated by applying the relationship [114]:- 

 I.S = U / a ………………….…………………………………. (3.13) 
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Where U: is the fracture energy (kilo Joule) which is determined from Charpy 

impact test instrument. A: is the cross-sectional area of the specimen (m2).  

 

3.3.7.5. Flexural test. 

Flexural tests were carried out according to ASTM D 790. The test was 
conducted using Instron Universal Testing Machine (Tinius Olsen, U.K., model 
HKT 50 KN). The cross-speed was set to 5 mm/minute. The span length is 50 
mm.The specimens were cut from a composite sheet into rectangular sizes with 
4 mm thickness, 12 -14 mm width, and 96 mm length. Flexural strength and 
flexural modulus were determined by using three specimens for different 
composite formulations.  

 

3.3.7.6. Damping test 

         In this research, specimens size of 100 mm X 12 mm X 4 mm were 
prepared according to the standard test methods ASTM E 756-05 .The specimen 
were subjected to impulse force by a test hammer which is adapted for  FFT 
analysis of structure behavior testing. Impulse testing of the dynamic behavior 
of mechanical structure involves striking the test object with the force-
instrumented hammer, and measuring the resultant motion with an 
accelerometer. The specimens were treated as self-supporting materials with 
cantilever beam configuration with sufficient length for fixing the beam [115]. The 
experimental setup consists of an accelerometer KISTLER - 4371 with 
sensitivity 9.8mV/g which is used to measure the beam response, and then there 
is a condition amplifier, type 7749.  The amplifier measures the response signal 
from the accelerometer and gives the output signal to the digital storage 
oscilloscope (oscilloscope model GDS-810 with the maximum frequency 100 
MHz), FFT spectrum analysis, and two input channels. This digital storage 
oscilloscope system can be driven with a computer by using the serial 
connection, which is modifies the signal and changes the acceleration into 
displacement information. Data acquisition is through national instruments eight 
channel industrial platform sound and vibration measurement module having 24 
bit resolution and acquisition rate capability of 1024 kS/s FREECAPTURE. 
Then, analysis of response signal is read from the digital storage oscilloscope to 
FFT function by using SIG-VIEW program to get the fundamental natural 
frequency of the sample with different parameters studied. Logarithmic 
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decrement is calculated from the response signal obtained from SIG VIEW and 
natural frequency was obtained as:- 

  
 

 
  

  

    
------------------------------------------------------------(3-14) 

  
 

√      
---------------------------- -------------------------(3-15) 

  The experimental setup for vibration measurement is shown in figure (3-17). 
While the vibration test diagram is in figure (3-18).Three specimens were 
subjected to testing for each composite, and the average value was taken to 
compute the damping ratio and the natural frequency.   

 

 

Fig. (3-17): Free vibration test setup with assembled sample 

 

 

Fig.(3-18). Vibration test diagram 
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Chapter Four 

RESULTS AND DISCUSSION 

4.1. Introduction 

Blending of Epoxy with another polymer especially rubber, is an important 

issue that has to be studied and evaluated carefully, there is no specific way 

reported   studying the ternary blend of Epoxy - PS /MWCNTs. A lot of variables 

affect the blending process. These variables include processing the composite 

matrix (hand mixing time, sonication time and stirring time) and dispersion of 

MWCNTs . 

4.1.1. Processing of the Composite matrix 

 

The way of processing the composite matrix was chosen depending on   

experimental works. There is no specific method for mixing PS with Epoxy as 

reported previously [28-33]. To have best evaluation of the three mixing methods, 

hand mixing, sonication and mechanical stirring were introduced for various times 

to the Epoxy- 10% PS  blend, as shown in table (4-1). 

 

 Maximum tensile strength was used as an optimization factor. Best results 

obtained when shear mixing is used with a 166 %, 177% and 200% increase in 

tensile strength than hand mixing and a 25%, 50% and 10% decrease in elongation 

than hand mixing, considering 15, 30 and 60 minutes as time of processing.  The 

reason for this enhancement attributed to the fact that in shear mixing, the shear 

rate of the two resins converges due to the continuous mixing which causes an 

increase in temperature and a little difference in resin phase’s distribution [92, 45]. 
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Table (4-1):  Characteristic and tensile strength of three mixing methods 

 

 

 

 

 

 

 

 

 

4.1.2. Sonication time 

Have been decided that the tensile strength of shear mixing method is better 

than the other methods in blending the matrix components (table 4-1), a way of 

dispersing MWCNTs into the blended matrix should be decided. Dispersing of 

MWCNTs into Epoxy resin was done at different times of sonication as reported in 

the literature. Anandh Balakrishnan and Mrinal C. Saha[46] studied the 

Epoxy/MWCNTs. The dispersion process was by sonicating MWCNTs in part-B 

of  Epoxy system for 15 minutes at 60 W then loaded into Epoxy system. 

 Tensile results showed that MWCNTs cause a marginal increase in stiffness 

and a drop in tensile strength values. Zhe Wang [115] studied the embedding of 

CNTs-IL into Epoxy, the best dispersion is achieved by adding CNTs-IL and 

curing agent into ethanol then sonicated for 4 hours at room temperature. 

Sample characteristics 

Epoxy-10 %PS 

 

 

Time 

15 min. 

Time  

30 min. 

 

  

30 

Time 

60 min. 

 

Time 

2  hr. 

Time  

3 hr. 

3 hr. 

Time 

4  hr 

Hand mixing 

Tensile strength  ) MPa( 12 13 13 - - - 

%Elongation 8 16 10 - - - 

Ultrasonic time at 60 % power 

Tensile strength  ) MPa(  14 12 8 7 7 3 

%Elongation 17 16 24 20 14 48 

Shear mixing at 15000 rev. 

Tensile strength    )MPa( 32 36 42 21 9 8 

%Elongation 6 8 11 9 17 15 
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 Epon 862 was added and shear mixed with CNTs-IL for 30 minutes and 

sonicated for an additional 30 minutes.      

Previous studies showed that there is no specific time for dispersion 

MWCNTs into blend matrix to obtain maximum mechanical properties, and this is 

obviously shown in table (4-1). Since increasing the time of sonication resulted in 

a decrease in tensile strength, which can be explained well according to the heat 

rise effect on the polymeric blend and its effect on the thermal residual stresses 

which in turn resulted in the reduction of tensile strength [29].  

 In an attempt to have best experimental results, a set of experimental works 

was done as indicated by table (4-2). Tensile test results of the experimental work 

including two, three and four hours sonication of the composite cause 6%, 18% 

and 47% decrease in tensile strength, respectively  than one hour sonication. 

 This is  due to defects and breakage of MWCNTs occurred during sonication 

process, improper impregnated of MWCNTs in the blended matrix which works 

like impurities that cause failure at low load,  temperature rise which  increase the 

composite viscosity and cause non uniform distribution of PS and  

MWCNTs[29,47,50]. In contrast to the tensile deformation, since an increase in 

elongation  of 7%, 64% and 135% in the two, three and four  hours sonication 

because of the fact that  increasing sonication time enhance bond ability of two 

resin which cause linking and extension of matrix chain[ 29 ]. 

 From these results and the previous results of the blend matrix, it is obviously 

concluded that the sonication time should be as less as possible to be useful in 

mixing and de-agglomerating process. 
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Table (4-2): Effect of sonication time on the composite mechanical properties 

 

4.1.3. Mixing the composite 

The conclusion drawn from the previous results is that the three methods of 

mixing have different effects on the tensile strength and elongation. Therefore, 

other experimental works were done considering the three mixing methods. The 

mixing procedure of the ternary blend is shown in table (4-3) and can be 

summarized as:- 

First, MWCNTs were dispersed in Epoxy resin using high shear mixing 

homogenizer for 30 minutes, and then PS was added to the mixture and stirred for 

additional 15 minutes. 

The second test was done by dispersing MWCNTs in Epoxy matrix by 

sonication for 15 minutes. Then, the mixture was stirred for 30 minutes in 

homogenizer. The three components mixture was stirred in homogenizer for 15 

minutes. Comparison of the calculated results showed  18% reduction in tensile 

strength when sonication technique is introduced. 

Materials properties Sonication time Tensile strength MPa % Elongation 

Epoxy-10PS/0.1CNTs 1hr 17 34 

Epoxy-10PS/0.1CNTs 2hr 16 36 

Epoxy-10PS/0.1CNTs 3hr 14 56 

Epoxy-10PS/0.1CNTs 4hr 9 80 
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In the third test, MWCNTs was dispersed in Epoxy resin using high shear 

mixing homogenizer for 60 minutes, and then PS was added to the mixture and 

stirred for additional 15 minutes. 

In the fourth test, MWCNTs was dispersed in Epoxy matrix by sonication for 

15 minutes. Then, the mixture was stirred for 60 minutes in homogenizer. Then, PS 

was added to the mixture and stirred for additional 15 minutes. Comparing the 

results showed almost same tensile results. The converged results when using 60 

minutes shear mixing with 15 minutes sonication could be attributed to the good 

bonding between the three components predominant the reduction in mechanical 

properties due to sonication. 

 Procedure of sample (B-4) showed the best results of tensile strength without 

a considerable loss in elongation, therefore it was followed in doing the 

experimental work in this research. 

The obtained results from table (4-3) agree well with the previously reported 

results. Naser Cordani[116]  dispersed  MWCNTs into Epoxy by sonication into the 

hardener with 60% power, and a high shear mixer was used at 700 r.p.m. for 30 

minutes, an increase in damping ratio as CNTs increased was obtained. G Venkata 

Ramana[117] studied mixing  CNTs to Epoxy. CNTs homogenously dispersed by 

ultra-sonication for one hour then the curing agent mixed using a mechanical 

stirrer for 10 minutes. The results showed an increase in flexural strength and 

flexural modulus as CNTs increased. T. H. Hsieh et.al[118] mixed nanotubes with 

DGEBA using an ultrasonic probe for 30 minutes and a mechanical stirrer for 30 

minutes . 
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 The results showed an increase in Young's modulus, fracture toughness and 

fracture energy as the nano tubes increased. 

Table (4-3): Mixing and dispersion methods characteristics 

 

 

 

 

Sample 

No. 

 

Ep.% 

 

PS% 

 

MWCNT  

% 

 

Ultra 

Sonication 

 

mechanical mixing 

 

 

Tensile 

strength 

MPa 

 

Elongation   % 

 

B-1 

 

89.9 

 

10 

 

0.1 

 

0 

30 min. mixing Ep+CNTs  

then 15 min. mixing 

PS+Ep+CNTs  

 

40 

 

13 

 

B-2 

 

89.9 

 

10 

 

0.1 

15min. 

mixing 

EP+CNTs 

30 min. mixing  Ep+CNTs  

then  15min. mixing 

PS+Ep+CNTs 

 

35 

 

13 

 

B-3 

 

89.9 

 

10 

 

0.1 

 

0 

60 min. mixing Ep+CNTs  

then    15min. mixing 

PS+Ep+CNTs 

 

42 

 

11 

 

B-4 

 

89.9 

 

10 

 

0.1 

15min. 

.mixing 

EP+CNTs 

60 min. mixing  Ep+CNTs   

then 15min. mixing 

PS+Ep+CNTs 

 

44 

 

10 

  *After following the previous procedure for mixing Epoxy with PS and with CNTs., Epoxy  and   polysulfide hardeners added to the blended resins and 

hand mixing for 10 min. then molded in the mold according to ASTM specifications. 
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4.2. Surface morphology examination 

Samples of DOE work layout were subjected to the following examinations:- 

4.2.1. Stereo microscope examination 

The stereo optical microscope used to study the surface morphology. Stereo 

observation showed that the Epoxy exhibits a relatively smooth tensile fracture 

surface with every directional deformation lines, which means that the crack 

propagation is not interrupted and Epoxy presents the typical characteristics of 

brittle fracture with characteristic (river-markings) [123]  . The initial transparency of 

neat Epoxy   indicates a high degree of miscibility between the Epoxy resin and the 

hardener, as shown in figure (4-1 A). 

 

While the addition of PS displayed a two-phase morphology with Epoxy rigid 

continuous phase and a dispersed rubbery phase of isolated spherical particles. The 

elastomer material was phase separated from the hard Epoxy matrix during the 

early stage of cure [45]  as can be noticed in figure (4-1 B). 

 

Qualitative investigation of figure (4-2) showed that the presence of the 

nanoparticles reflect itself which significantly increased the roughness of the 

tensile fracture surface surrounding the MWCNTs, as previously noted by other 

authors[45,64]  and represented by arrows which show the direction of crack 

propagation in various directions due to presence of CNTs. Further increase in 

surface roughness as MWCNTs wt. % increased is shown in figure (4-3). 
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                        A 

                

B 

Fig.(4-1): Stereo optical microscope examination of Epoxy (A) and Epoxy-2PS (B) 

 
Fig. (4-2): Stereo optical microscope examination of Epoxy / 0.2% wt. CNTs 
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Fig.(4-3): Stereo optical microscope  of examinated  Epoxy / 0.4 % wt. CNTs 

 

Epoxy-PS/CNTs matrix characteristics attributed to the inherent material 

characteristics of nanotubes, such as aspect ratio, the degree of dispersion and the 

interaction with the Epoxy-PS matrix. The tensile fracture surface shows the 

differences between the fracture surface of the blend in figure (4-4 A) and the 

fracture surface of the composite in figure (4-4B). The blend surface exhibits 

relatively smooth behavior with directional fracture propagation, while the 

composite surface shows various directions of crack propagation due to the 

interruption of MWCNTs which cause the surface to be rough.  

Figure (4-5 A) depicts the Epoxy-4PS, it is clear that there is some PS 

particles which are not dissipated in the matrix. The addition of MWCNTs makes 

the surface rough due to some agglomeration and not homogenous dispersion, as 

shown in bright dots in figure (4-5 B)
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(A)            

(B)      

Fig.(4-4): Tensile fracture surface of Epoxy -2 PS(A) and Epoxy - 2PS/0.4CNTs(B)     
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(A) 

        

(B) 

Fig. (4-5): Composite tensile fracture surface of Epoxy -4 PS (a) and Epoxy4PS/0.4CNTs(B)     

    Although in figure (4-6 A) the surface of Epoxy- PS  seems to be rough due to 

the presence of some large separated particles of PS, figure (4-6 B) shows the 

increased agglomeration of MWCNTs which in turn lead to further increase in 

surface roughness. . 
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(A) 

    

(B) 

Fig.(4-6): Composite tensile fracture surface of Epoxy -6 PS (a) and Epoxy – 6PS / 0.4CNTs
 

 
The same behavior was noticed in figure (4-7 A and B) and figure (4-8 A and 

B), that the increase in PS content in the blend increases the tendency of PS  

separation, and this separated  phase shows a continuous layer. The non-uniform 

dispersion and agglomeration of MWCNTs are also due to the presence of two 

phases and reduced viscosity of Epoxy which make the dispersion of MWCNTs to 

be difficult . 
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(A) 

 

(B)   

Fig. (4-7): Composite tensile fracture surface of Epoxy -8 PS (a) and Epoxy – 8PS /0.4CNTs
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(A)                                                                  

 

 

(B  (  

Fig. (4-8): Composite tensile fracture surface of Epoxy-10 PS (a) and Epoxy–10PS 0.4CNTs 

 

4.2.2. Scanning electron microscope (SEM) examination 

SEM images from fracture surfaces were used to observe the morphology in 

nano scale of the blend and nanocomposites in detail. Figure (4-9) shows the SEM 

of tensile fracture surface of Epoxy-10PS blend, from which a relatively smooth 

fracture surface is observed, though some PS were observed in big agglomerates.  
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MWCNTs in Epoxy-PS/ 0.2CNTs cause the surface to be rougher than the 

blend and the distribution to be relatively uniform with some agglomerates still 

exist, as can be seen from figure (4-10). 

While the tensile fracture surface of Epoxy- PS / 0.4CNTs reveals cavities 

(white –big circles) and CNTs (blue-small circles) to be interweaved with each 

other and with the Epoxy- PS chains, forming a reasonably homogeneous structure. 

And this confirmed a good exfoliation and a homogeneous distribution of 

MWCNTs within a polymer matrix, but the surface became rougher than that of 

Epoxy-10PS, as can be seen in high magnification of figure (4-11). 

          
Fig.(4-9): SEM image of Epoxy- 10PS blend 

                

Fig.(4-10): SEM image of Epoxy- 10PS/ 0.2CNTs 
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Fig.(4-11): SEM image of Epoxy-10 PS/ 0.4CNTs 

                

Fig.(4-12): SEM image of Epoxy-10 PS/ 0.6CNTs 

 

The SEM image of fracture surface of the Epoxy-PS / 0.6% wt. MWCNTs is 

illustrated in figure (4-12) which shows the CNTs agglomeration  to be more  and 

larger than that of Epoxy-PS/ 0.2% wt. and Epoxy-PS/0.4% wt. and the surface to 

be rougher than Epoxy-PS/0.4% wt. MWCNTs. 

 The determination of particle size of fillers in matrices which aggregated 

with a size under 100 nm. However, the pure MWCNTs aggregates are 

concentrated in small areas, as shown in figure.(4-13). 
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Fig.(4-13): SEM image for determination the size of agglomerations 

4.2.3. Atomic force microscope (AFM) examination 

Structural properties of multiwall carbon nanotubes, their heterostructures, 

and composites were characterized by means of atomic force   microscopes.  The 

composite samples were measured in tapping mode. Nominal diameter of tip was 

10 nm. Figure (4-14) shows the structures and nano particale size of 

Epoxy/0.6%wt. MWCNTs in two and three dimensions. The surface analysis with 

tapping-mode manifests the topography of the surface, and a relative smoothness is 

observed. The surface features on the whole look is very similar to those observed 

in SEM examination but with advantages of having a three-dimensional view.  

 

 

Fig.(4-14): Atomic force microscopy image (a) Epoxy/O.6% wt. MWCNTs in two 

dimensions (b) Epoxy/O.6% wt. MWCNTs in three dimensions 
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4.2.4. Composite FTIR examination 

The ideal structure for reactive Epoxy-PS copolymers comprising a PS  

molecule capped with two poly-epoxide molecules. This type of copolymer is 

formed from a stoichiometric excess of oxirane groups over mercaptan groups. The 

resulting liquid polymer products have no residual mercaptan groups, and have 

free oxirane groups, which can be opened in chain extension/cross linking 

reactions using the amine hardener [29]. This behavior can be understood well 

according to the following figures:-   

 

FTIR of Epoxy-2 PS /0.2, 0.4, 0.6 % wt. MWCNT in figure (4-15) shows that 

there isn’t any peak in 2575 cm
-1(S-H of PS), which means this bond is reacted 

with the Epoxy resin. It can  be seen that  Epoxy- 2PS  blend  has a noticed peak at 

about 3358 cm-1 which comes from shifting to the right of the O-H  Epoxy resin. 

3472 cm-1 peak due to the addition of PS which causes chain extension and 

stretching.  C-H aromatic of Epoxy resin 3036 cm-1 comes from shifting 3150 cm-1 

peak of Epoxy  which becomes with less sharpness and the transmission intensity 

increase from 74T % to 95T % . 

 

Peaks at 2966, 2927, 2859 cm-1with transmission intensity about 35-55T% 

shifted to the right to  2959, 2923, 2852 cm-1of Aliphatic C-H in Epoxy and PS 

with intensity 75-85T% . C=C Aromatic of Epoxy resin at 1608, 1508 cm-1 peak, 

CH2 1458 cm-1 in Epoxy and PS increase its transmission intensity from 40T% to 

57T%.  CH2-S peak at 1244 cm-1 of sulfide bond wagging vibration. C-N at 1180 

cm-1peak of  amin of the hardener (curing of Epoxy and amin). C-O at 1035 cm-1, 

C-S stretching  vibration of carbon and PS at 826 cm-1 ( instead of Epoxy peaks) 

and  S-S  of PS  at 556 cm-1, this is expected since PS stretches the structure  . 
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All the previous peaks strengthen when a 0.2% and 0.4% CNTs added and 

become sharper because of good bonding between the MWCNTs and the matrix 

which provides large interfacial area resulted in a good interaction and revealed 

that the reaction between mercaptan and epoxide groups of resin had occurred [29]. 

 

Increasing the MWCNTs% causes these peaks to weaken at 0.6%wt. 
MWCNTs due to less bonding between molecules because of poor dispersion and 
agglomeration of MWCNTs. 

 

Fig.(4-15): FTIR of Epoxy -2 PS/0.2, 0.4, 0.6% MWCNTs with characteristic peaks 

 

Epoxy- 4PS composite FTIR peaks, shown in figure (4-16), at 3363, 3057-

2853, 1607, 1508, 1245 cm-1 and 826  cm-1, seem to be shifted to the right in 

comparison with Epoxy peaks due to the increase in PS amount and became 
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sharper  due to strong interaction of the two structures. Especially the aliphatic 

peaks at 3057-2853 cm-1 which increase their intensity, since this range is of 

MWCNTs stretching . Although the addition of 0.2% wt. MWCNTs weaken the 

peaks because of poor dispersion of MWCNTs, the addition of 0.4% and 0.6% wt. 

MWCNTs strengthen the peaks noticeably due to best bonding  occurred at Epoxy 

4PS/0.4%wt. CNTs. This could be attributed to the fact that MWCNTs 

interpenetrated and homogenously dispersed within the Epoxy- PS blend, causing a 

good cross-linked network. 

 

 

Fig.(4-16): FTIR Epoxy -4 PS /  0.2,0.4,0.6% MWCNTs 

      In figure (4-17), Epoxy- 6PS is considered, in which  peaks at 3363, 3036-2853, 

1607, 1508, 1245-826 cm-1 are shown. Peaks at 3035-2853 cm-1 are broaden due to 

the effect of rubber stretching and become intensive with more sharpness towards 

the strength, except the peak at 0.2% wt. CNTs which is weakened according to 

less bonding caused by  bad interaction of the three composites in this percentage. 
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The 0.4% and 0.6% MWCNTs strength of the peaks is attributed to the cross-liking 

of the composite. 

 

Fig.(4-17): FTIR Epoxy -6 PS /  0.2,0.4,0.6% MWCNTs 

 

While Epoxy- 8PS composite FTIR is in figure (4-18), it can be seen that the 

peaks become with less sharpness and tend to weaken for all MWCNTs weights, 

except that of 0.4% MWCNTs which seems to be the best percent that made good 

bonding and linking with the matrix structure. PS compatibility with Epoxy is very 

good in small weights of PS, but increasing PS amount causes phase separation 

resulted in bad linking and connection. Figure.(4-19) of 10% PS shows  that all 

peaks weakened significantly, except a small peak at 1100 cm-1 which is strengthen  

due to the effect of increasing PS. The agglomeration of MWCNTs and phase 

separation of PS   cause weakness in connection and cross-linking 
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Fig.(4-18): FTIR of Epoxy-8 PS / 0.2, 0.4, 0.6% MWCNTs 

 

 

Fig.(4-19): FTIR of Epoxy -10 PS / 0.2, 0.4, 0.6% MWCNTs 
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4.3. The mechanical properties 

 4.3.1. Epoxy 

    Epoxy blends and reinforcement percentage additives were specified according 

to designed work layout of DOE program. The detailed classification of the 

obtained results of Epoxy-PS and Epoxy-PS/CNTs is to clarify and evaluate the 

blending and reinforcing results clearly. Experimental and nominal mechanical 

properties of neat Epoxy are listed in table (4-4). According to the obtained 

mechanical properties, it can be concluded that Epoxy achieved the manufacturing 

requirements. 

Table (4-4): Experimental and nominal mechanical properties of  Epoxy 

       Properties 

 

Material 

Tensile 

strength 

(MPa) 

Elongation   

(%) 

Impact 

resistance 

(KJ/m2) 

Flexural 

strength 

(MPa) 

Modulus 

at fracture 

(GPa) 

Hardness 

Shore( D) 

 

Epoxy(nominal) 

 

>30 

 

- 

 

4 

 

63 

 

2.8 

 

72 

 

Epoxy(Exp.) 
38 9 7 81 2.95 81 

 

4.3.1.1. Wear test results 

Wear test was done to samples of  Epoxy at different loads 5, 10, 15, 20 and 

25 N at 10 minutes as duration time for testing figure 4-20). It can be seen that the 

wear rate increases with the increasing of applied load, because when the applied 

load increases, the mating surfaces increase, the shear force and frictional thrust 

are increased and these increments accelerate the wear rate. In this figure, three 

region of wear can be noticed. 
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First region: at the 5-10 N applied load which is called Mild Wear, since the 

wear rate is mild because of low normal load which in turn resulted in less contact 

surfaces and less shear force exerted on the higher asperities that are in intimate 

contact. 

Second region: at the 10-15 N applied load which is called Transition Wear. 

In this region, there is an increase in surfaces of contact because of increasing load. 

Increasing the applied load causes an increase in wear rate due to almost direct 

contact between contact surfaces which lead to breakage and departure of 

asperities connected to the weak surface, since the Epoxy samples have less 

hardness   than the hardness of the wear disc device which is made of high carbon 

steel [192]. 

     Third region: at the 15-25 N applied load which is called Sever Wear. The 

severity of this region comes from the increasing applied load with the increasing 

broken asperities which play as ploughing materials, causing an increase in wear 

rate [81].The predominant effect of increasing the applied load is to increase the 

number of junctions. Initially, the junctions increase in size by plastic flow as the 

load is increased. The effect of increasing the normal load is to expand the true 

area of contact, by two processes: (1) the existing area expands, and (2) fresh areas 

form elsewhere [192]. This is the most important region of wear which all 

mechanical engineering interested about. 

4.3.1.2. Free vibration test results  

Impact hammer test was done to samples of Epoxy to calculate natural frequency 

and damping ratio. Figure (4-21) shows the frequency response function (FRF) of 

Epoxy, from which the natural frequency can be recorded as it is the peak value. It 

is obvious from the sharp peak that the Epoxy has a brittle nature. Typical response 
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of acceleration in the time domain for the cantilever sample is shown in figure (4-

22). It exhibits an oscillatory decay due to the damping.    

 

Fig.(4-20): Applied load effect on wear rate  

  

 

Fig.(4-21): Frequency response of Epoxy 
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Fig.(4-22): Time response of Epoxy 

4.3.2. Epoxy-CNTs mechanical properties 

4.3.2 .1.Tensile test 

Due to the nature of the Epoxy resin, both neat and nano modified systems 

behave in a typical brittle manner as noticed in stress-strain curves in appendix-C. 

Tensile test was performed for Epoxy and 0.2, 0.4 and 0.6 %wt. MWCNTs, as 

shown in figure (4-23). 

 

Fig.(4-23): MWCNTs % effect on tensile strength of Epoxy 
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It can be noted that the tensile strength increases about 32% when 0.2% wt. 

MWCNTs added, after that, a negligible reduction in tensile strength is noticed at 

0.4% wt. MWCNTs and 13% reduction in tensile strength at 0.6 % wt. MWCNTs  

addition. This can be explained well by the theory which stated that, the 

reinforcement potential of the MWCNTs can only be activated if there is an 

effective load transfer from the surrounding Epoxy matrix into the MWCNTs. 

Therefore, a good dispersion into the matrix, together with a strong interfacial 

adhesion, has to be ensured. However, the larger the provided interface, the more 

difficult it is to efficiently disperse the reinforcing phase. 

 

 

Fig.(4-24): MWCNTs effect on Elongation 

MWCNTs cause an increase in elongation as shown in figure (4-24), because 

MWCNTs present a particular reinforcement with high aspect ratio and highly 

flexible elastic behavior during loading, which are very different from micrometer-

size fibers. Additionally, the curved MWCNTs are typically twisted and entangled 

and can therefore continuously stretch. By means of strong interfacial bonding 

with cross-linked matrix, promoted by the pre-curing treatment, such behavior 
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contributes to continuous absorption of energy and results in increased strain in the 

Epoxy thermoset. 

Modulus at fracture is obtained from tensile test of neat Epoxy and the 

MWCNTs modified Epoxy, as shown in figure (4-25). A noticed improvement can 

be documented for the system with 0.2%wt. MWCNTs reinforcement and a small 

reduction when 0.6%wt. MWCNTs due to agglomeration of MWCNTs which 

become as impurities, causing reduction in mechanical properties. This 

improvement in stiffness with the addition of a small amount(0.2%) of MWCNTs 

was documented by Cho. Jw. and Nadler M. et al [126, 127]. 

 

 

Fig.(4-25): CNTs effect on modulus 

 
 4.3.2.2. Impact resistance 

Reinforcement of Epoxy by adding 0.2- 0.6 %wt. of MWCNTs causes about 42% 

increase in impact resistance up to 0.4% MWCNTs (figure(4-26). While increasing 

MWCNTs to 0.6 %wt. causes a 14% decrease in impact resistance. This reduction 

is because of MWCNTs agglomeration which is difficult to entangle and disperse 

in Epoxy matrix which causes inhomogeneous structure led to stress concentration 

which reduces the resistance to impact load [32]. 
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Fig.(4-26): CNTs effect on impact resistance  

4.3.2.3. Hardness 

Figure (4-27) shows a slight increase in hardness because CNTs with their 

effect as obstacles resist penetration of external load [129]. 

 

Fig.(4-27): CNTs effect on Hardness 
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4.3.2.4. Flexural test 

The addition of MWCNTs up to 0.6% caused a 35% increase in flexural 

strength of neat Epoxy (figure (4-28). Improving the flexural strength of neat 

Epoxy by adding MWCNTs is expected because of good mechanical properties of 

MWCNTs, which play as bridging and connecting material to resist the bending 

stress. The incorporation of MWCNTs may lead to the improvement of the 

properties which are more related to the damage tolerance of the nanocomposite or 

its resistance to crack initiation and propagation. This is achieved via the crack 

deflection and bifurcation mechanisms which are instigated by the presence of the 

nanophase. These effects are expected to indirectly affect the viscoelastic 

properties of the nanocomposite[128]. 

 

Fig.(4-28): CNTs % effect on flexural strength 

4.3.2.5. Wear rate test   

The addition of MWCNTs to Epoxy caused a decrease in wear rate than that 

of Epoxy (figure (4-29)). This decrement is because of self-lubrication ability of 

CNTs[129]. The short and tube shape of the CNTs would more easily slide or roll 

between the mating surfaces, thus resulting in the decrease in the wear rate. 

Studying the wear rate of Epoxy-CNTs at 5N is to clarify the CNTs effect on the 
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primary stage of wear, while the wear rate at higher applied load is important 

because of structural application of high loading necessity. 

 

Fig.(4-29): MWCNTs % effect on wear rate of Epoxy 

4.3.2.6. Free vibration test results 

The adhesion between the MWCNTs and Epoxy matrix is one of the most 

important factors that affect the stiffness and damping of the nanocomposites. The 

stiffness of the Epoxy /MWCNTs nanocomposite increases as a result of good 

adhesion and better load transfer. Higher stiffness leads to a higher natural 

frequency of the MWCNTs/Epoxy .  The MWCNTs effect on the natural frequency 

is shown in figure (4-30).  

 

Fig.(4-30): MWCNTs wt. %  effect on natural frequency 
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Fig. (4-31): CNTs effect on damping ratio 

In the other hand, MWCNTs  good distribution in Epoxy matrix led to better     

adhesion between the MWCNTs and Epoxy which caused the stiffness of the 

MWCNTs/Epoxy to increase and yield less slippage at the interface  and resulted 

in a less dissipation of energy and a smaller damping ratio. Damping ratio is 

dependent on the amplitude as a result of the random orientation of MWCNTs in 

the Epoxy matrix,( figure 4-31). Frequency response and time response of Epoxy / 

0.2-0.6 % MWCNTs are given in Appendix-A  

4.3.3. Epoxy-PS blends mechanical properties 

4.3.3.1. Tensile test 

Tensile test of Epoxy-PS with different percentages of PS were investigated. 

The addition of PS caused a 30% decrease in tensile strength, as shown in figure 

(4-32), due to low tensile strength of rubber and its elastic properties which 

weaken the strong cross liked network of Epoxy [29]. While the addition of PS 

causes an increase in elongation, and this is expected because of elastic properties 

of PS which impart flexibility and chain extension to the blend matrix (figure4-33). 
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Fig.(4-32): PS% effect on tensile strength of Epoxy 

 

Fig.(4-33): PS effect on  Elongation of Epoxy 

It is obviously noticed that adding more PS caused a continous  reduction in 

modulus at fracture, as shown in figure (4-34). This reduction is because of low 

strength properties of PS which affect the blend mechanical property [130]. 

  



Chapter four                                                                                              Results and Discussion 
 

96 
 

 

Fig.(4-34): PS % effect on modulus at fracture 

4.3.3.2. Impact resistance results 

Blending of Epoxy with 2, 4, 6, 8 and 10% PS resulted in an  increase about 

90% in impact resistance with the increase of 10 % (PS figure(4-35)). This result is 

agree well with the fact that PS have a good ability to absorb and dissipate energy 

of impact load before break.  The smaller rubber particles in the composite are still 

large enough to be capable of cavitating under the triaxial stress field at the crack 

tip. This would be contributing to toughening by initiating shear yielding in the 

surrounding matrix, which is the conventional mechanism of Epoxy- PS 

toughening[45]. 
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Fig.(4-35): PS % effect on impact resistance 

4.3.3.3. Hardness test results 

Experimental results of hardness test are presented in figure(4-36), in which 

the increment of PS causes a decrease in hardness more than that of Epoxy. This is 

well explained by the fact that rubbers have the ability to deform and stretch 

plastically with a little resistance to penetration [28]. 

 

Fig.(4-36): PS % effect on Hardness of Epoxy 
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4.3.3.4. Flexural test results 

It is clear from figure(4-37) that increasing the weight percent of PS to 4% 

increases the flexural strength of the blend more than Epoxy. Additional increment 

of PS causes a reduction in flexural strength because of phase separation of PS at 

high loading percent which causes an inhomogeneous structure and  led to stress 

concentration and early failure[131]. 

 

Fig.(4-37): PS % effect on flexural strength 

4.3.3.5. Wear test results 

PS increment caused a decrease in wear rate because of tribological behavior 

of polymers, and polymer composites also can be associated with their viscoelastic 

and temperature-related properties. Sliding contact of two materials results in heat 

generation at the asperities and hence increases in temperature at the frictional 

surfaces of the two materials which influences the viscoelastic property in the 

response of materials stress, adhesion and transferring behaviors. Furthermore, 

they linked with other components and prevent the removal of particles from the 

surface. The results (figure 4-38) confirmed the fact that increasing the PS causes a 

noticeable decrease in wear rate up to 4% PS, then almost stay constant. (Figure 4-

39) obviously concluded that increasing the applied load causes an increase in 
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wear rate. Wear rate stages are obvious in Epoxy and 2% PS because of low 

percent of PS and predominant properties of Epoxy. The converges in wear  rate 

results of the other percentages (4-10 PS %) are because of phase separation of PS 

and its effect on homogeneity of blend structure which affects the wear rate values 

[31].  

 

Fig.(4-38): PS % effect on wear rate   

 

Fig.(4-39): Applied load effect on  wear rate of various Epoxy-PS% 
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4.3.3.6. Free vibration test results.  

It is clear that the addition of PS to modify Epoxy caused a 57% 

decrease(more than that of Epoxy)  in natural frequency (figure (4-40)) because of 

the resultant reduction of the blend stiffness and the elastic properties imparted by 

the addition of PS which is greatly affect the natural frequency. [131].  

 

Fig.(4-40): PS % effect on natural frequency 

While PS elastic properties enhanced damping properties of the blend by 

absorbing and dissipating the kinetic energy because of low mechanical properties 

of PS which impart the ductility to the blend[24]. Figure (4-41) shows the increase 

in damping ratio as a result of increasing PS content. Epoxy-PS percentages 

frequency and time response are given in Appendix-B. 

 

Fig.(4-41): PS % effect on damping ratio 
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4.3.4. Epoxy-PS /CNTs mechanical properties 

4.3.4. 1. Tensile test results 

Considering Epoxy-2PS blend, there is about 3 % increase in tensile strength 

up to 0.2 wt. % MWCNTs (figure4-42). This is due to well impregnated and 

dispersion of MWCNTs in Epoxy- PS  blend. The 62% decrease in tensile strength 

in 0.6% wt. MWCNTs is due to agglomeration of MWCNTs which cause non 

homogeneity in the blend properties that further causes decrease in tensile test [42]. 

While in Epoxy-4PS blend, there is 24% increase in tensile strength up to 0.2 

% MWCNTs and a 30% reduction in tensile strength in 0.6% MWCNTs which is 

caused by non-uniform dispersion of MWCNTs in the blend [45]. 

 

 

The Epoxy-6PS blend shows 10 % increase in tensile strength up to 0.2 % 

MWCNTs with a 57% reduction at 0.6 % MWCNTs. The obvious reduction with 

2% and 6% PS could be attributed to the fact that increasing MWCNTs more than 

0.4% causes agglomerates resulted in non-uniform structure of the composite 

which give rise to stress concentration and cracks initiation. 

 

Epoxy-8PS blend has 7 % reduction of tensile strength up to 0.2% MWCNTs 

and a further decrease of 66 % at 0.6% MWCNTs. These results were expected, 

since the addition of high percentage of PS rubber causes a reduction in the 

mechanical properties of polymers because it has low tensile strength, and phase 

separation from matrix causes fluctuated   properties of the composite [29].  

Epoxy-10PS blend has 70 % total reduction in tensile strength .This is due to 

the fact that PS % is dominant on the overall  polymer properties that with CNTs 
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agglomeration cause defects in the polymer blend which initiate cracks and cause 

composite to fail quickly. 

 

 

Fig.(4-42): CNTs effect on tensile strength 

It is worthy to notice that loss in tensile strength caused by the addition of PS 

is compensated or overcome by the addition of MWCNTs, since adding 0.2% 

MWCNTs to Epoxy-4PS causes 24% increase in tensile strength. It can be seen 

that Epoxy-4%PS /0.2% CNTs is the most compatible composite considering 

mechanical properties.   

  . It is obvious that the neat Epoxy has better stiffness than all composite 

(figure4-43). Epoxy-2,4 PS composite shows converged results due to convergence 

in structure and its compatibility with Epoxy. The modulus at fracture increase for 

all blend when 0.2% MWCNTs is added may be explained by the fact that the 

agglomerates in the nanocomposites with 0.2% content of MWCNTs act as large 

particles and cause to higher apparent filler loading. These agglomerates confine 

polymer in the void space between MWCNTs and effectively reduce the volume 

fraction of the Epoxy-PS matrix.  



Chapter four                                                                                              Results and Discussion 
 

103 
 

Similar results have been reported by Montazeri, Bai, Seok and Gojny [129-132]. 

Additional loading of MWCNTs show various trends due to the agglomeration and 

entanglement of MWCNTs. Promising studies claimed improvements in modulus 

or stiffness (+6%) and especially fracture toughness (+23%) with only 0.3 wt. % of 

MWCNTs [136]. However, other studies observed only marginal improvement or 

even a decrease in tensile moduli after small additions of nanotubes into an Epoxy 

resin matrix [137,138]. There are two possible explanations for the discrepancy 

between these two sets of findings; differences in the level of interfacial adhesion 

with the Epoxy resin and / or differences in the level of dispersion of the nanotubes 

in the matrix. These two issues, explained hereafter, represent the key aspects in 

reinforcing an Epoxy/PS resin with carbon nanotubes. 

 

 

Fig.(4-43): MWCNTs wt. % effect on Modulus  
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PS caused an increase in elongation (figure(4-44)) because of the chain 

extension of the PS microstructure, in which plastic deformation occurs as a 

response to the applied load. When Epoxy resin and PS are cured at room 

temperature, the molecule are combined end to end to make much longer straight 

chain molecule and the crosslinking of Epoxy resin decreases ,this in turn gives the 

systems the stretch ability and flexibility of PS [ 31 ]. MWCNTs caused an increase 

in elongation because of voids and tubes exfoliation which extend when external 

load is applied. It is clearly noticed that the elongation has an increasing trend with 

increasing PS percentage and MWCNTs than that of Epoxy. 

 

Fig.(4-44): PS effect on  Elongation of different wt% of MWCNTs/ Epoxy composite 

4.3.4. 2. Impact test results 

Since blending Epoxy with PS results in enhancement in impact resistance, 

the addition of MWCNTs to the blend showed improved results as represented in 

figure (4-45). The increase in impact resistance up to 0.4 % MWCNTs is due to the 

good dispersion of MWCNTs. Good distribution of MWCNTs in blend matrix 

plays as bridging role in connecting the composite components. The presence of a 
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weak Van der Waals force between individual graphen shells of the MWCNTs, 

causes easy trip between the shells.  Therefore, by lower content of MWCNTs, the 

nanotubes in the Epoxy-PS matrices can be drawn layer by layer providing 

toughness to the sample, while the increase in MWCNTs to 0.6 %wt. caused a 

noticeable decrease in impact resistance because of agglomeration of MWCNTs 

which concentrate stress leading to failure [45,50 ]. It is therefore possible that the 

MWCNTs have a positive effect on the toughness of a ternary blend, not by the 

creation of any new toughening mechanisms, but by indirectly enhancing the 

overall contribution of the existing, highly efficient, toughening mechanisms [45]. 

 

Fig.(4-45): CNTs effect on impact resistance of Epoxy-PS 

4.3.4.3. Hardness test results 

In spite of reinforcing Epoxy with MWCNTs caused an increase in hardness, 

PS addition caused a decrease in hardness. The two modifier effect on the hardness 

is shown in figure (4-46). All composite percentages caused an increase in 

hardness, since they have high mechanical properties, with their distribution which 
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reinforcements may result in forming a network structure that improves the 

hardness of the composites [132]. 

Hardness of Epoxy-4PS seems to be higher than other percentages of PS, that 

could be attributed to the nature of resultant mixed structure and to the degree of 

compatibility of the PS and the base Epoxy matrix.  The existence of strong 

bonding at the matrix-particle interface leads to high hardness [122], in addition to 

the MWCNTs properties and their effect on final structure properties.  

 

Fig.(4-46): MWCNTs % effect on Hardness 

4.3.4.4. Flexural test results 

Flexural mechanical test was performed to evaluate the stiffness of the 

material. As it has been reported previously, aspect ratio of carbon nanotubes is a 

very important factor to improve the flexural strength of CNTs polymer 

nanocomposites. Flexural stress-strain curves showed a considerable non-linearity 

before reaching the maximum stress, but no obvious yield point was found in the 

curves [139].  

The results reveal that the flexural stress show a little increases as CNTs 

increase up to 0.2% due to the good dispersion of CNTs in this percentage 



Chapter four                                                                                              Results and Discussion 
 

107 
 

(figure4-47). The composite showed different trend up to 0.6%wt CNTs because of 

dispersion of CNTs. Prior to loading, surface macroscopic cracks were observed 

and then continued to propagate, resulting in the failures of whole composite 

samples. Once cracks started, they spread quickly along the crack direction and 

then developed into macroscopic failure [140]
.   

 

Fig.(4-47): CNTs effect  on  flexural strength  

4.3.4.5. Wear test results  

Composite samples were tested for calculating wear rate using different loads 

of 5N, 10N, 15N, 20N and 25 N at duration time of 10 minutes. Test results are 

shown in figure (4-48) for Epoxy-4%PS / MWCNTs, because it is the most 

compatible percentage with the best mechanical properties. Wear rates of other 

percentages are given in Appendix-D. 

As discussed before, the wear rate increases as the applied load increase 

because of the fact that shear force and frictional thrust are increased with the 

increase in applied load, and these increments accelerate the wear rate [124]. Wear 

three regions are to some extent   clear for Epoxy-4% PS as explained before.  The 

addition of 0.2-0.4 % MWCNTs causes reduction in wear rate (figure (4-48)) 
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because of self-lubrication ability of CNTs. The short and tube shape of the 

MWCNTs would more easily slide or roll between the mating surfaces, thus 

resulting in the decrease in the wear rate [129]. MWCNTs do not instantaneously 

break, owing to their flexibility, but bend and become inclined to the direction of 

the sliding while still attached to the matrix. This process results in CNTs -rich 

surface at the sliding interface. Moreover, Epoxy, which is more brittle, breaks 

when friction forces are applied. This causes an increase in the percentage of CNTs 

on the contact surface, and consequently a decrease in the overall wear rate [141]. 

The increment in wear rate at 0.6% MWCNTs relative to 0.4% MWCNTs   

because the ideal filler should be able to interrupt the transfer of the resin to the 

counterface, but should not roughen it, since a rough counterface will increase the 

wear rate of the composite [125].The addition of MWCNTs reduces the wear rate but 

no obvious wear stages observed because of the MWCNTs dispersion effect on the 

homogeneity of the composite structure and its mechanical properties figure (4-

49).  

 

Fig.(4-48 ): Wear behavior of the composite at different applied loads 
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Fig.(4-49  ): Wear behavior of the composite at different  percent of MWCNTs at 5 N 

4.3.4.6. Damping test results 

  PS causes a reduction in the natural frequency of the blend polymer, 

MWCNTs causes further reduction in natural frequency as noticed in figure (4-50). 

The natural frequency decreases as MWCNTs increase due to the nature of 

distribution of MWCNTs in the matrix with spaces between the components and 

its effect on the absorbing kinetic energy and reducing the natural frequency. 

Frequency response and time response for all composite percentages are given in 

Appendix-E 

 

Fig.(4-50 ): MWCNTs effect on natural frequency 
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In contrast to individual effect of PS and MWCNTs  on the natural frequency, 

blending Epoxy with PS and reinforcing with MWCNTs cause an increase in 

damping ratio as shown in figure (4-51) because of the  summation of effect of  PS 

and MWCNTs  and their ability to dissipate energy and reduce the amplitude of 

damping which resulted in increase of damping ratio[142]. 

 

Fig.(4-51):  PS % effect on damping ratio 

 

Reviewing the mechanical properties of composite, it is obviously noticed 

that adding PS caused a reduction in mechanical properties of Epoxy (tensile 

strength, modulus at fracture, hardness),with a marginal enhancement in elongation 

and flexural strength. While MWCNTs (at percentage ranging between 0.2-0.4%) 

caused an increase in mechanical properties ( depending on their dispersion), with 

a decrease in damping properties. The three-component composite has the best 

mechanical properties results at Epoxy- 4%PS / 0.2-0.4 % MWCNTs. Mechanical 

properties of Epoxy-PS and Epoxy –PS/CNTs with increasing /decreasing percent 

are listed in table:(4-4). 
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Table :(4-4) Blend and composite materials mechanical properties 

Materials Tensile 

Strengt
h MPa 

Elong. 
% 

 Mouduls 
GPa 

Impact 
kj/ 

m^2 

Flexcture 
Mpa 

Hardness 
shore D 

Damping 
ratio 

Wear 
mm^3/N.M 

Epoxy         
38 4 2.97 7 81 81 0.0365 120x10^-9 
                

Epoxy+ 2%PS -4% 40% -9% 14% 208% -1.20% -18% -60% 
36.5 5.6 2.7 8 250 80 0.03 48x10^-9 

              5N 
Epoxy+ 4%PS -13% 45% -14% 28% 270% -2.40% 23% -79% 

33 5.8 2.55 9 300 79 0.045 25x10^-9 
                

Epoxy 

+10%PS 

-29% 125% -60% 71% 82% -10% 163% -83% 
27 9 1.2 12 149 73 0.96 20x10^-9 
              5N 

Epoxy/ 0.2% 

CNTs 

32% 25% 34% 28% 56% 2.40% -12% -16% 
50 5 4 9 127 83 0.032 100x10^-9 
              5N 

Epoxy + 

0. 6%CNTs 
18% 100% 1% -14% 109% 4.30%   -29% 
45 8 3 6 170 84.5 0.036 85x10^-9 

Epoxy -

4PS/0.2C 

16% 150% 18% 42% 122% -1.20% 64% -87% 
44 10 3.5 10 180 80 0.06 15x10^-9 
0.2 0.2   0.2 0.2   0.2 5N 

 Epoxy -

4PS/0.4C 

-21% 250% 18%    116%   147% -96% 
30 14  3.5 12 175 81 0.09 5 

 Epoxy -

4PS/0.6 

-34%  350

% 
 -32%  14.2

% 
 199.8%  -1.2%  147% -111% 

25 18 2 8 200 82 0.09 52 x10^-9- 
        It was expected that MWCNTs in the Epoxy-PS matrix should provide a better 

reinforcement effect due to their superior properties. Therefore, some researches 

on MWCNTs reinforced polymers were performed and reported [143,144], but 

dispersion of MWCNTs into polymer materials is still problematic due to the high 

aspect ratio and agglomeration of the MWCNTs. In addition, the interaction 

between the MWCNTs and the polymer matrix still needs to be improved 
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4.4. Design the experiments 

The steps that should be followed to design a certain experiment are listed below:-             

4.4.1. Inputting the composite components levels 

       Composite components levels and all the most affected factors were entered. 

The experimental design parameters and factors with their minimum and 

maximum value are listed in table (4-5). Input data were chosen depending on 

previous research[28-33] that have been studied of blend percentage with the resulted 

properties and the desired effect to be evaluated. These data represent the range of 

composite components to be blended together in a prior step to allow the DOE 

program to design the experimental work. 

Table (4-5): Composite components names, levels and coding 

   Coding                                Std.Dev High level Low level Level  Name Component 

EP 0.00 100.00 90.00 94.85 Epoxy A 

PS 0.00 10.00 0.00 4.85 Polysulfide B 

CNTs 0.00 0.600 0.00 0.29 CNTs C 

Actual 0.00 0.00 0.00 10.00 Hand mixing D 

Actual 0.00 0.00 0.00 30.00 Mixer E 

Actual 0.00 0.00 0.00 15.00 Ultrasoniction                            F 

Std. Dev. Mean Maximum Minimum               Unit Name Factor 

3.95 5.38 10.00 0.00 minute Hand mixing D 

24.09 30.24 60.00 0.00 minute Shear mixing E 

12.29 15.78 30.00 0.00 minute Ultrasoniction F 
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4.4.2. Running the sheet 

The sheet of the program with all information should be run  to obtain the designed 

experiments layout, as shown in Tabel (4-6). 

Tabel (4-6): Designed experimental work layout 

St. Run Epoxy Polysulfide    MWCNTs 
Mixing  

Time (min.) 

 

((MINTime 

(min.) 

Sonication 

Time (min.) 

Hand Mixing 

Time (min.) 

2 1 94.192 5.714 0.094 60 15 10 

10 2 93.304 6.696 0 60 15 10 

1 3 98.711 1.289 0 60 15 10 

18 4 94.439 5.301 0.26 60 15 10 

5 5 98 1.703 0.296 60 15 10 

11 6 97.202 2.198 0.6 60 15 10 

20 7 90 9.555 0.44 60 15 10 

12 8 90 10 0 60 15 10 

6 9 98.001 1.703 0.296 60 15 10 

19 10 94.439 5.301 0.26 60 15 10 

7 11 92.211 7.25 0.539 60 15 10 

21 12 99.502 0 0.498 60 15 10 

14 15 94.165 5.235 0.6 60 15 10 

16 16 98.931 1.069 0 60 15 10 

17 17 94.439 5.301 0.26 60 15 10 

22 18 92.902 6.498 0.6 60 15 10 

4 19 90 9.786 0.214 60 15 10 

8 20 92.211 7.25 0.539 60 15 10 

15 21 90.127 9.873 0 60 15 10 

3 22 94.192 5.714 0.094 60 15 10 

 

This table shows the components percent for each experiment that should be 

followed in doing the experimental work.  
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4.4.3. Entering the responses 

 After doing the designed experimental work, all responses, which are the desired 

properties to be evaluated and  predicted, should be entered. In this program, eight 

responses were tested, as shown in table (4-7). 

Table (4-7): Experimental design with tested responses 

Run 
Epoxy

% 
 PS % 

CNTs  

% 

 Tensile 

strength 

MPa 

Elongation   

% 

Impact 

Kj/m^2 

Bending  

Stress 

MPa 

Modulus 

Of elasticity 

GPa 

Wear rate 

N/ mm3x^-9 

damping  

ratio 

Hardness 

 Shore D 

1 94.19 5.714 0.09 33 6 10 1.5 2.1 121 0.06 81 

2 93.3 6.696 0 32.8 5.5 9.5 1 2 120 0.07 82 

3 98.71 1.289 0 36 5.7 9 2.5 3 150 0.03 75 

4 94.44 5.301 0.26 36 9 11 1.2 2.5 70 0.07 80 

5 98 1.703 0.3 24 4 11.5 1.1 3.2 72 0.03 76 

6 97.2 2.198 0.6 14.1 10.5 7 0.6 2.3 25 0.08 81 

7 90 9.555 0.45 11.09 24.4 17 2 .85 18 0.3 70 

8 90 10 0 26.6 9 12 1 1.1 26 0.09 72 

9 98 1.703 0.3 37.5 6 10 1.5 3.2 82 0.03 77 

10 94.4 5.301 0.26 36.4 10 11 1.7 2.4 73 0.08 82 

11 92.2 7.25 0.54 10.5 27 11 0.8 1.4 23 0.11 59 

12 99.5 0 0.5 41.5 8.8 13 1.6 2.5 150 0.0313 83 

13 99 0.375 0.6 42 10 8 1.9 2.1 145 0.04 83.5 

14 100 0 0 48 4 7 2 2.953 144 0.04 84 

15 94.17 5.23 0.6 16 22 10 0.8 1.7 18 0.1 78 

16 94.44 5.301 0.26 36.5 12.5 12 1.7 2.8 75 0.08 80 

17 98.93 1.069 0 36.74 12.5 12 1.7 3 75 0.08 81 

18 92.9 6.498 0.6 36.5 29 13 0.8 1.6 23 0.13 60 

19 90 9.786 0.21 11 10.5 14 1.8 1 25 0.12 79 

20 92.21 7.25 0.54 39.6 9 11 0.65 1.3 24 0.14 81 

21 90.13 9.873 0 12 9.4 13 2.7 1.4 27 0.09 73 

22 94.19 5.714 0.09 26 13 9 1.8 2.4 125 0.07 80 
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4.4.4- Performing data analysis 

Performing data analysis can be done by testing the following:- 

4.4.4.1. Analysis of variance 

    Performing Data Analysis was done by testing the ANOVA Table. First of all, 

the P-value should be checked. P-value is a measure of how likely the sample 

results are, assuming the null hypothesis is true. P-values range from “0 “to” 1”. A 

small (α < 0.05, commonly used level of significance) p-value indicates that the 

Power Level has statistically significant effect on the desired response. The 

resulting ANOVA Tables (4–8) to (4-15) demonstrate the analysis of variance of 

each response and show the significant model terms that were resulted. 

Furthermore, in the same vein, these tables show the adequacy measures R2, 

adjusted R2, adequacy precision R2 and predicted R2 for each responses. This goes 

to prove that the value of the entire adequacy measures was close to 1, which in 

other words, it shows an alignment of considerable agreement and therefore 

indicates adequate models. The adequate precision compares the range of the 

predicted value at the design points with the average prediction error. However, the 

value of adequate precision is dramatically greater than “4” as well as the adequate 

model being obtained when the ratio of adequate precision is greater than “4”. 

Regarding the experimental responses in this work, from table (4-8), it can be 

observed that in the AC model, the  Epoxy/MWCNTs   with F value (15.07) can be 

observed as a prominent factor in this study, while BC is the second strongest 

effect on mixing process with F value (14.03) considering stress as a response. 
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Tabel (4-8): Analysis of Variance (ANOVA) for tensile strength 

RESPONSE  1  tensile strength 
ANOVA for Combined Quadratic x Mean Model 
  Sum of   Mean F p-value   
Source Squares df Square Value Prob > F   
Model 2336.2 5 467.24 15.82 < 0.0001 Significant 

Linear Mixture 1649.99 2 825 27.94 < 0.0001   

  AB 21.84 1 21.84 0.74 0.4025   

  AC 445 1 445 15.07 0.0013   

  BC 414.3 1 414.3 14.03 0.0018   

Residual 472.52 16 29.53       

Lack of Fit 469.86 11 42.71 80.39 < 0.0001 Significant 

Pure Error 2.66 5 0.53       

Cor Total 2808.72 21    *** Mixture Component Coding is L_Pseudo. *** 

R-Squared=0.8318                                           Pred. R-Squared = 0.6207 

Adeq. Precision=12.048                                      Adj. R-Squared=0.779 

The "Pred. R-Squared" of 0.6207 is in reasonable agreement with the "Adj. R-Squared" of 

0.7792. "Adeq. Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  

Your ratio of 12.048 indicates an adequate signal.  This model can be used to navigate the design 

space. 

Tabel (4-9): Analysis of Variance (ANOVA ) for % elongation 

Response 2 % elongation 
Stepwise Regression with Alpha to Enter = 0.100, Alpha to Exit = 0.100 
ANOVA for Combined Linear x Mean Model 
  Sum of   Mean F p-value   

Source Squares df Square Value Prob > F   

Model 610.05 2 305.02 12.71 0.0003 significant 

Linear Mixture 610.05 2 305.02 12.71 0.0003   

Residual 455.85 19 23.99       

Lack of Fit 293.47 14 20.96 0.65 0.0004   

Pure Error 162.39 5 32.48       

Cor Total 1065.9 21         

R-Squared  = 0.8356 
*** Mixture Component Coding is L_Pseudo. Adj. R-Squared  = 0.527 

Pred. R-Squared =0.4154 Adeq. Precision =10.10 

The "Pred. R-Squared" of 0.4154 is in reasonable agreement with the "Adj. R-Squared" of 

0.5273. "Adeq. Precision" measures the signal to noise ratio. A ratio greater than 4 is 

desirable.Your ratio of 10.104 indicates an adequate signal.  This model can be used to navigate 

the design space. 
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 The "Pred R-Squared" of 0.6416 is in reasonable agreement with the "Adj R-Squared" of 0.8237. "Adeq Precision" 

measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your ratio of 13.546 indicates an adequate 

signal.  This model can be used to navigate the design space. 

 

The "Pred R-Squared" of 0.1230 is in reasonable agreement with the "Adj R-Squared" of 0.3146."Adeq Precision" 

measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your ratio of 6.447 indicates an adequate 

signal.  This model can be used to navigate the design space. 

Tabel (4-10):  Analysis of Variance  (ANOVA ) for   Modulus 
Response 3 modulus  
 ANOVA for Combined Special Cubic x Mean Model 
  Sum of   Mean F p-value   

Source Squares df Square Value Prob > F   

Model 6.42E+05 6 1.07E+05 17.35 < 0.0001 Significant 

Linear Mixture 4.11E+05 2 2.05E+05 33.27 < 0.0001   

AB 11296.48 1 11296.48 1.83 0.1961   

 AC 6521.84 1 6521.84 1.06 0.3202   

 BC 7692.34 1 7692.34 1.25 0.2818   

 ABC 1.25E+05 1 1.25E+05 20.22 0.0004   

Residual 92553.5 15 6170.23       

Lack of Fit 92530.33 10 9253.03 1997.06 < 0.0001 Significant 

Pure Error 23.17 5 4.63       

Cor Total 7.35E+05 21 Adj R2 =  0.8237     

R-Squared 0.874           

Pred R-Squared 0.6416   Adeq Precision 13.546     

Tabel (4-11): Analysis of Variance  (ANOVA ) for Impact resistance 
Response 4 impact resistance. 
 ANOVA for Combined linear x Mean Model  Stepwise Regression  Alphain/out  =0.1 
  Sum of   Mean F p-value   
Source Squares df Square Value Prob > F   
Model 77.17 5 15.43 6.83 0.0014 Significant 

  Linear Mixture 43.25 2 21.62 9.57 0.0018   

  AB 20.62 1 20.62 9.12 0.0081   

  AC 18.64 1 18.64 8.25 0.0111   

  BC 19.36 1 19.36 8.57 0.0099   

Residual 36.15 16 2.26       

Lack of Fit 33.86 11 3.08 6.72 0.0238 Significant 

Pure Error 2.29 5 0.46  Mixture Component Coding is L_Pseudo. 

*** Cor Total 113.32 21   

R-Squared 0.123   Adj R-Squared 0.3146     

Pred R-Squared =0.2622   Adeq Precision =6.447     
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Tabel (4-12):Analysis of variance (ANOVA) for Bending stress 

Response 5 bending stress 

  ANOVA for Combined Linear x Mean Model 

  Sum of   Mean F p-value   

Source Squares df Square Value Prob > F   

Model 3.44 2 1.72 5.81 0.0107 Significant 

Linear Mixture 3.44 2 1.72 5.81 0.0107   

Residual 5.63 19 0.3       

Lack of Fit 5.32 14 0.38 6.28 0.0266 Significant 

Pure Error 0.3 5 0.061       

Cor Total 9.07 21  *** Mixture Component Coding is L_Pseudo 

R-Squared 0.6569   Adj R-Squared 0.3334     

Pred R-Squared 0.1372   Adeq Precision 6.593     

The "Pred R-Squared" of 0.1372 is in reasonable agreement with the "Adj R-Squared" of 0.3334. 

"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your 

ratio of 6.593 indicates an adequate signal.  This model can be used to navigate the design space. 

The "Pred R-Squared" of 0.4813 is in reasonable agreement with the "Adj R-Squared" of 0.6747. 

"Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  Your 

ratio of 10.390 indicates an adequate signal.  This model can be used to navigate the design 

space. 

Tabel (4-13):Analysis of Variance (ANOVA)  for Wear rate 
response 6 wear rate 
 ANOVA for Combined Quadratic x Mean Model 
  Sum of   Mean F p-value   
Source Squares df Square Value Prob > F   
Model 43522.66 5 8704.531 9.7099959 0.0002 Significant 

Linear Mixture 43193.03 2 21596.51 24.091138 < 0.0001   

AB 134.932 1 134.932 0.150518 0.7032   

AC 20.61155 1 20.61155 0.0229924 0.8814   

  BC 27.86209 1 27.86209 0.0310805 0.8623   

Residual 14343.21 16 896.4505       

Lack of Fit 14272.04 11 1297.458 91.156325 < 0.0001 Significant 

Pure Error 71.16667 5 14.23333       

Cor Total 57865.86 21   Mixture Component Coding is L_Pseudo. *** 

R-Squared 0.7521   Adj R-Squared 0.6747     

Pred R-Squared 0.4813   Adeq Precision 10.39     



Chapter four                                                                                              Results and Discussion 
 

119 
 

 

The "Pred R-Squared" of 0.8317 is in reasonable agreement with the "Adj R-Squared" of 0.8737. 

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable.  Your  

ratio of 20.563 indicates an adequate signal. This model can be used to navigate the design space. 

 

 

 

 

 

 

 

 The "Pred R-Squared" of 0.69 is in reasonable agreement with the "Adj R-Squared" of 

0.5468 . "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  

Your ratio of 10.390 indicates an adequate signal.  This model can be used to navigate the design 

space. 

Tabel (4-14):Analysis of Variance Tabel(ANOVA ) for Damping ratio 
response 7 damping ratio 
 ANOVA for Combined Reduced Quadratic x Mean Model 
  Sum of   Mean F p-value   
Source Squares df Square Value Prob > F   
Model 0.058 5 0.012 12.64 < 0.0001 Significant 

  Linear Mixture 0.044 2 0.022 24.12 < 0.0001   

  AB 5.16E-03 1 5.16E-03 5.62 0.0306   

  AC 1.44E-04 1 1.44E-04 0.16 0.6971   

  BC 2.88E-04 1 2.88E-04 0.31 0.5832   

Residual 0.015 16 9.18E-04       

Lack of Fit 0.014 11 1.28E-03 11.33 0.0075 Significant 

Pure Error 5.67E-04 5 1.13E-04       

Cor Total 0.073 21         

R-Squared 0.7980352   Adj R-Squared 0.8737     

Pred R-Squared 0.8317   Adeq Precision 20.563     

Tabel (4-15):  Analysis of Variance Tabel(ANOVA ) for Hardness 

 
Response 8  hardness 
 ANOVA for Combined Cubic x Mean Model 
  Sum of   Mean F p-value   
Source Squares df Square Value Prob > F   
Model 609.97 9 67.77 2.24 0.0969  significant 
Linear Mixture 220.76 2 110.38 3.65 0.0579   
  AB 1.6 1 1.6 0.053 0.822   
  AC 20.08 1 20.08 0.66 0.4312   
  BC 19.03 1 19.03 0.63 0.4433   
  ABC 19.04 1 19.04 0.63 0.4431   
  AB(A-B) 34.17 1 34.17 1.13 0.3089   
  AC(A-C) 20.71 1 20.71 0.68 0.4243   
  BC(B-C) 17.49 1 17.49 0.58 0.4619   
Residual 363.27 12 30.27       
Lack of Fit 118.27 7 16.9 0.34 0.9012  significant 
Pure Error 245 5 49 Pred R2 =0.697  Adj R2 =0.5468   R2= 0.6267 

Cor TotaL 973.24 21       Adeq Precision = 5.253 
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These tabels show that R2 is close to 1, and the adeqeuate precision is greater than 

4 which prove that the models of ANOVA are adequate, with the F value in the 

range that can be proved for all ANOVA  for all responses. 

The final mathematical models in terms of coded factors as determined by Design 

of Expert -8-0-1 software (DOE) are further shown in equations 4.1 to 4.8 below:- 

Final Equation in Terms of L_Pseudo Components and Coded Factors: 

 

 Stress                                                                  …(4.1) 

%Elongation                            ………………………………………… (4.2) 

 Modulus of Elasticity 

=                                                                   

                                                (4.3)  

Impact resistance =                                                          

…………………………………………………………………………………. (4.4) 

Bending stress =                        ……………………………....... (4.5) 

Wearrate=                                                    

………………………………………………………………............................ (4.6) 

Damping  ratio=                                                 (4.7)                                                                                                                                                                                                                                                                     

Hardness                          …………………………………  (4.8) 

 Where:- 

 A = Epoxy, B = PS, C = MWCNTs, with the same meaning as in table (4-6). 

 After that, a three assumptions of ANOVA should also be tested to insure the 

validating of ANOVA, which are:- 
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4.4.4.2. Normality 

     ANOVA requires the population in each treatment from which a drawing of a 

sample be normally distributed. The population normality can be checked with a 

normal probability plot of residuals. If the distribution of residuals is normal, the 

plot will resemble a straight line, as shown in figures (4-52 to 4-59), which depict 

the responses normality plots. 

 

Fig.(4-52): Normality plot for first response (tensile strength) 

 

Fig.(4-53): Normality plot for second response( Elongation)   



Chapter four                                                                                              Results and Discussion 
 

122 
 

 

Fig.(4-54): Normality plot for third response ( modulus of elasticity) 

 

Fig.(4-55): Normality plot for fourth response (impact resistance) 

 

Fig.(4-56): Normality plot for fifth response (flexural strength) 
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Fig.(4-57): Normality plot for sixth response (damping ratio) 

 

Fig. (4-58): Normality plot for seventh response (wear rate) 

 

Fig.(4-59): Normality plot for eighth response (Hardness) 
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4.4.4.3- Constant variance 

   The variance of the observations in each treatment should be equal. The constant 

variance assumption can be checked with Residuals versus Fits plot.  This plot 

should show a random pattern of residuals on both sides of 0, and should not show 

any recognizable patterns. Plots for variances of all the responses are in figures (4-

60 to 4-67).  

 

Fig.(4-60): Residuals plot for first response (tensile strength) 

 

Fig.(4-61): Residuals plot for second response (Elongation) 
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Fig.(4-62): Residuals plot for third response (modulus ) 

 

Fig.(4-63): Residuals plot for fourth response (impact resistance) 

 

Fig.(4-64): Residuals Plot for fifth Response (wear rate) 
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Fig.(4-65): Residuals Plot for Sixth Response (flexural strength) 

 

Fig.(4-66): Residuals plot for  seventh response (damping ratio) 

 

Fig.(4-67): Residuals plot for eighth response (hardness) 
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4.4.4.4. Independence 

     Independence – ANOVA requires that the observations should be randomly                       

selected from the treatment population. The independence, especially of time 

related effects, can be checked with the Residuals versus Order (time order of data 

collection) plot. A positive correlation or a negative correlation means the 

assumption is violated. If the plot does not reveal any pattern, the independence 

assumption is satisfied. The normality plot of the residuals above shows that the 

residuals follow a normal distribution. 

4.4.5. Optimization  

Optimization ways done by three ways:- 

4.4.5.1-Numericaly 

  Optimization was done By checking the solutions found when running the 

program and testing the graphs associated with suggested solutions. These graphs 

study the trace, two components interaction and 3-D surface. Since in this research 

the composite components interaction and their effect on mechanical properties is 

of the most interest, therefore the numerical optimization is evaluated by studying 

trace of the components.  

4.4.5.2. Trace 

     Trace plots (also called perturbation plots in response surface and factorial 

designs) help to compare the effects of all the components in the design space. The 

factors tool is used to set the reference blend through which the trace tare 

plotted.  The goal is to determine how sensitive the response is to deviation from 

the formulation near the reference blend. The trace plots can be created using either 

Piepel’s or Cox’s direction.  For Piepel’s direction, anywhere along the trace, the 
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ratios of the changeable amounts of all the other components are held constant. In 

Cox’s direction, anywhere along a trace, the ratios of the other components are 

held constant to each other. Trace is used to predict the behavior of all responses as 

a result of blending three components.  

    Considering tensile strength as a first response, the predicted results from DOE 

program shown in figure (4-68) confirmed that the stress increases significantly as 

Epoxy increased and decreases as PS increased. While MWCNTs showed a little 

increase in stress when loaded in small amount, and then a reduction in tensile 

strength is noticed. These predicted results are in a good agreement with the actual 

experimental results. 

 

Fig.(4-68): Predicted behavior of Epoxy-PS/MWCNTs plot for tensile strength 

           DOE program of elongation results in figure (4-69) showed that Epoxy 

causes a decrease in Elongation, while PS causes an increase in Elongation and 
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MWCNTs has a continuous incremental trend from reference blend. This result has 

been proved experimentally.   

 

Fig (4-69): Predicted behavior of Epoxy-PS/MWCNTs on Elongation 

    Modulus of elasticity trace is shown in figure (4-70), from which the conclusion 

drawn is that Epoxy causes a noticeable increase in modulus inversely to PS which 

causes a decrease in modulus with almost decreasing effect of MWCNTs. 

 

Fig.(4-70):Predicted behavior of Epoxy-PS/CNTs of  modulus  
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   The trace of Impact resistance is shown in figure (4-71).  There is  an increase in 

impact resistance caused by an increase in  PS% and a decrease in Epoxy%, while 

MWCNTs% causes an increase in impact resistance  up to a certain amount  and 

then an increase in MWCNTs causes a  reduction in impact resistance. 

 

Fig.(4-71): Predicted Epoxy-PS/MWCNTs on Impact resistance 

  Predicted DOE results of flexural strength in figure (4-72) showed that flexural 

the strength increases as Epoxy increases and as PS decreases, while MWCNTs 

showed almost constant behavior .This agrees well with the actual experimental 

work . 

 

Fig.(4-72): Predicted behavior of Epoxy-PS/MWCNTs of flexural strength 
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  The predicted results in figure (4-73) showed that Epoxy increment causes an 

increase in wear rate and PS causes wear rate to decrease considering a 15 N as 

max. load for entering the wear rate as a response. CNTs cause   decrease in wear 

rate.   

 

Fig.(4-73): Predicted behavior of Epoxy-PS/MWCNTs of wear rate 

   The  DOE trace for damping ratio is shown in figure (4-74)  from which it can be 

concluded that Epoxy causes a considerable decrease in damping ratio in contrast 

to PS which causes an increase in damping ratio, while MWCNTs cause a small 

increase in damping ratio. 

 

Fig.(4-74): Predicted behavior of Epoxy /PS/MWCNTs on damping ratio 
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         DOE in figure (4-75) shows the trace for hardness, in which an increase in 

hardness caused by the increment of Epoxy and a decrease in PS, while MWCNTs 

cause an increase in Hardness.  

 

Fig.(4-75): Predicted behavior of Epoxy/PS/MWCNTS on hardness 

   All DOE predicted results showed a good agreement with the experimental 

results, indicating that choosing the way of blending the two resins and the way of 

dispersion MWCNTs were very convenient. The convergence of the two results 

indicated that the DOE program was well programmed, and all factors and 

responses were controlled effectively.  

4.4.6. Point prediction 

    Point Prediction allows entering levels for each factor or component into the 

current model. The DOE software calculates the expected responses and associated 

interval estimation based on the prediction equation that is shown in the ANOVA 

output. The predicted values are updated as the levels are changed. This includes 

the predicted value of the best values of a specific response with the ability to 

increase or decrease the three components of the composite to get the other 

suggested solutions that may be obtained with the new changes applied. No data 
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has been gathered beyond the region of the experiment .The Sheet view on the 

factors tool palette was Used and the desired levels were entered. Factor levels 

outside of the design space will generate a warning message along with the 

predicted results. This feature is useful for exploration of a potential expanded 

design space. Point prediction gives four best solutions, as shown in tables (4-16) 

to (4-19). 

Table (4-16): Predicted Solution No.1 

Component Name Level 

Low 

Level 

High 

Level Std. Dev. Coding         

A Ep 98 90 100 0 Actual         

B Ps 1.7 0 10 0 Actual         

C CNT 0.3 0 0.6 0 Actual         

D Mix 0 0 0 0 Actual         

   Total =  100             99% of Population 

Response Prediction 

Std 

Dev 

SE 

Mean 

95% CI 

low 

95% CI 

high 

SE 

Pred 

95% PI 

low 

95% PI 

high 

95% TI 

low 

95% TI 

high 

stress 42.66 5.43 2.42 37.53 47.79 5.95 30.05 55.27 18.59 66.73 

% elongation 9.00 4.90 1.46 5.95 12.04 5.11 -1.70 19.69 -10.81 28.80 

Modulus  2.85 0.23 1.32 6.15 0.70 11.64 0.18 44.07     

impact 10.86 1.50 0.67 9.44 12.28 1.65 7.37 14.35 4.20 17.52 

Bending 

stress 1.64 0.54 0.16 1.31 1.98 0.57 0.46 2.83 -0.56 3.85 

Wear rate 112.03 29.94 13.33 83.77 140.28 32.77 42.55 181.50 -20.57 244.63 

Damping 

ratio 0.04 0.03 0.01 0.02 0.07 0.03 -0.03 0.11 -0.09 0.18 

Hardness 75.31 5.50 3.59 67.48 83.14 6.57 60.99 89.63 47.43 103.19 
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Table (4-17) :Predicted Solution No.2 

Component Name Level Low Level High Level Std. 

Dev. 

Coding         

A Ep 92.004 90 100 0 Actual         

B Ps 7.585 0 10 0 Actual         

C CNT 0.35 0 0.6 0 Actual         

D mix 0 0 0 0 Actual         

   Total =  100                 

Response Predictio

n 

Std Dev SE Mean 95% CI low 95% CI 

high 

SE Pred 95% PI low 95% PI high 95% TI low 95% TI high 

stress 22.73 5.43 2.16 18.15 27.31 5.85 10.33 35.13 -0.88 46.34 

%elongation 17.30 4.90 1.50 14.16 20.44 5.12 6.57 28.02 -2.59 37.18 

modulus 4.18 0.24   1.36 12.84   0.82 21.26 0.20 86.24 

impact 13.23 1.50 0.60 11.96 14.49 1.62 9.80 16.66 6.70 19.76 

bendingstress 1.19 0.54 0.17 0.84 1.54 0.57 0.00 2.38 -1.02 3.40 

wear rate 28.17 29.94 11.89 2.96 53.38 32.22 -40.13 96.47 -101.92 158.26 

Damping   ratio 0.15 0.03 0.01 0.12 0.17 0.03 0.08 0.21 0.01 0.28 

hardness 81.71 5.50 5.24 70.28 93.13 7.60 65.15 98.27 50.89 112.53 

Table (4-18): Predicted Solution No.3 
Component Name Level Low 

Level 

High 

Level 
Std. Dev. Coding         

A Ep 93.004 90 100 0 Actual         

B Ps 6.585 0 10 0 Actual         

C CNT 0.411 0 0.6 0 Actual         

D Mix 0 0 0 0 Actual         

   Total =  100             99% of Population 

Response Prediction Std 

Dev 

SE 

Mean 

95% CI 

low 

95% CI 

high 

SE 

Pred 

95% PI 

low 

95% PI 

high 

95% TI 

low 

95% TI 

high 
Stress 25.73 5.43 2.16 18.15 27.31 5.85 10.33 35.13 -0.88 46.34 

%elongation 18.30 4.90 1.50 14.16 20.44 5.12 6.57 28.02 -2.59 37.18 

modulus 3.18 0.24   1.36 12.84   0.82 21.26 0.20 86.24 

Impact 16.23 1.50 0.60 11.96 14.49 1.62 9.80 16.66 6.70 19.76 

Bending stress 2.19 0.54 0.17 0.84 1.54 0.57 0.00 2.38 -1.02 3.40 

Wear rate 29.17 29.94 11.89 2.96 53.38 32.22 -40.13 96.47 -101.92 158.26 

Damping  ratio 

 

 

0.15 0.03 0.01 0.12 0.17 0.03 0.08 0.21 0.01 
0.28 

 

hardness 82.71 5.50 5.24 70.28 93.13 7.60 65.15 98.27 50.89 112.53 
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Table (4-19): Predicted Solution No.4 
Component Nam

e 

Level Low 

Level 

High 

Level 

Std. 

Dev. 

Codin

g 

3       

A Ep 90 90 100 0 Actual         

B Ps 9.7859

07 

0 10 0 Actual         

C CNT 0.2140

93 

0 0.6 0 Actual         

D Mix 0 0 0 0 Actual         

   Total 

=  

100             99% of Populatio

n Response Predic

tion 

Std 

Dev 

SE Mean 95% CI 

low 

95% CI 

high 

SE 

Pred 

95% PI 

low 

95% PI 

high 

95% TI 

low 

95% TI 

high Stress 29.439 5.434 3.118 22.829 36.048 6.265 16.157 42.720 4.151 54.726 

%elongation 15.925 4.898 1.876 12.000 19.851 5.245 4.947 26.904 -4.608 36.459 

modulus 2..466 0.235   9.816 66.066   5.599 115.83 1.417 457.618 

Impact 15.284 1.503 0.862 13.456 17.113 1.733 11.611 18.958 8.290 22.279 

Bendingstre

ss 

1.417 0.544 0.208 0.981 1.854 0.583 0.198 2.637 -0.864 3.699 

Wear rate 22.357 29.941 17.178 -14.058 58.772 34.519 -50.819 95.533 -116.963 161.677 

Damping ratio 0.160 0.030 0.017 0.124 0.197 0.035 0.086 0.235 0.019 0.301 

Hardness 78.841 5.502 4.456 69.133 88.550 7.080 63.415 94.267 49.424 108.259 

 

 

Figure(4-20) to Figure(4-27) show predicted and actual values for  response. 

Tabel (4-20) DOE predicted and actual value tensile strength. 

Response 1 tensile strength Transform:Natural Log Constant: 0.000 
standar

d order 

Actua

l 

Value 

Predicte

d Value 

Residual

l 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 3.58 3.47 0.12 0.403 0.949 0.944 0.777 0.061 3 

2 3.58 3.71 -0.13 0.339 -1.019 -1.021 -0.731 0.053 1 

3 3.58 3.71 -0.13 0.339 -1.021 -1.023 -0.733 0.054 22 

4 3.68 3.56 0.11 0.656 1.24 1.272 1.756 0.293 19 

5 3.61 3.6 0.008439 0.427 0.071 0.068 0.059 0 5 

6 3.62 3.6 0.022 0.427 0.183 0.176 0.152 0.003 9 

7 2.35 2.46 -0.11 0.279 -0.794 -0.781 -0.486 0.024 11 

8 2.48 2.46 0.027 0.279 0.206 0.197 0.123 0.002 20 

9 3.74 3.6 0.14 0.617 1.402 1.468 1.863 0.316 13 

10 3.49 3.4 0.088 0.544 0.826 0.814 0.888 0.081 2 

11 2.65 2.96 -0.31 0.59 *   -3.073 ** -6.38 * -7.65 * 1.36 6 

12 3.28 3.28 0.005871 0.489 0.052 0.05 0.049 0 8 

13 3.76 3.9 -0.14 0.763 -1.847 -2.09 * -3.75 * 1.10 14 

14 2.77 2.52 0.25 0.338 1.971 2.296 1.638 0.198 15 

15 3.26 3.3 -0.041 0.448 -0.348 -0.335 -0.302 0.01 21 

16 3.6 3.52 0.079 0.354 0.628 0.612 0.453 0.022 16 

17 3.6 3.55 0.046 0.262 0.34 0.327 0.195 0.004 17 

18 3.56 3.55 0.004015 0.262 0.03 0.028 0.017 0 4 

19 3.59 3.55 0.043 0.262 0.32 0.307 0.183 0.004 10 

20 2.41 2.48 -0.078 0.738 -0.962 -0.959 -1.61 0.261 7 

21 3.73 3.73 -0.001003 0.638 -0.011 -0.01 -0.013 0 12 

22 2.4 2.4 -0.005471 0.547 -0.052 -0.049 -0.054 0 18 
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Tabel (4-22): DOE predicted and actual values of Bending stress 
Response:3 wear rate   Transform: None 

Diagnostics Case Statistics 
Standard 

order 

Actuall 

Value 

Predicted

d Value 

Residu

al 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 121 091 0 0.179 0.707 0.698 0.326 0.036 3 

2 120 102 0 0.077 -0.569 -0.559 -0.161 0.009 1 

3 150 174 3 0.077 0.005 0.005 0.001 0 22 

4 70 86 9 0.147 0.761 0.752 0.312 0.033 19 

5 72 40 0 0.088 -1.048 -1.051 -0.327 0.035 5 

6 25 93 9 0.088 -0.278 -0.271 -0.084 0.002 9 

7 18 04 0 0.132 -0.385 -0.376 -0.147 0.008 11 

8 26 92 0 0.132 -0.681 -0.671 -0.262 0.024 20 

9 82 60 0 0.205 1.438 1.482 0.753 0.178 13 

10 73 43 1 0.123 -1.783 -1.902 -0.711 0.148 2 

11 23 99 0 0.155 -1.041 -1.044 -0.447 0.066 6 

12 150 174 3 0.209 -1.572 -1.641 -0.844 0.218 8 

13 145 077 9 0.229 -0.438 -0.428 -0.233 0.019 14 

14 144 071 7 0.135 -0.365 -0.356 -0.141 0.007 15 

15 18 14 0 0.204 1.922 2.085 1.056 0.316 21 

16 75 47 0 0.187 1.505 1.561 0.748 0.174 16 

17 75 42 0 0.046 0.295 0.288 0.064 0.001 17 

18 23 99 0 0.046 -0.646 -0.636 -0.14 0.007 4 

19 25 97 0 0.046 0.295 0.288 0.064 0.001 10 

20 24 93 0 0.168 1.921 2.083 0.935 0.248 7 

21 27 98 0 0.176 0.429 0.419 0.194 0.013 12 

22 125 097 0 0.149 -0.255 -0.249 -0.104 0.004 18 

Tabel (4-21) :DOE Predicted and Actual Values of  %Elongation       
Response 2          %Elongation      Transform: None               
Standar

d order 

Actual 

Value 

Predicted

d Value 

Residua

l 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 5.7 3.06 2.64 0.179 0.595 0.585 0.273 0.026 3 

2 12.4 9.44 2.96 0.077 0.629 0.619 0.179 0.011 1 

3 13 9.44 3.56 0.077 0.757 0.748 0.216 0.016 22 

4 10.5 15.93 -5.43 0.147 -1.199 -1.214 -0.503 0.082 19 

5 6 9 -3 0.088 -0.641 -0.63 -0.196 0.013 5 

6 6 9 -3 0.088 -0.641 -0.63 -0.196 0.013 9 

7 27 19.32 7.68 0.132 1.683 1.776 0.693 0.144 11 

8 9 19.32 -10.32 0.132 -2.261 -2.574 -1.004 0.259 20 

9 10 13.27 -3.27 0.205 -0.748 -0.739 -0.375 0.048 13 

10 5.5 8.71 -3.21 0.123 -0.7 -0.69 -0.258 0.023 2 

11 9.5 15.17 -5.67 0.155 -1.26 -1.281 -0.549 0.097 6 

12 9 12.17 -3.17 0.209 -0.727 -0.717 -0.369 0.047 8 

13 4 1.71 2.29 0.229 0.533 0.522 0.285 0.028 14 

14 22 18.35 3.65 0.135 0.802 0.794 0.313 0.033 15 

15 9.4 12.03 -2.63 0.204 -0.602 -0.592 -0.3 0.031 21 

16 6.5 2.83 3.67 0.187 0.832 0.825 0.395 0.053 16 

17 12.5 12.08 0.42 0.046 0.087 0.085 0.019 0 17 

18 13 12.08 0.92 0.046 0.192 0.187 0.041 0.001 4 

19 12.4 12.08 0.32 0.046 0.066 0.064 0.014 0 10 

20 24.4 19.99 4.41 0.168 0.988 0.987 0.443 0.065 7 

21 8.8 10.97 -2.17 0.176 -0.488 -0.478 -0.221 0.017 12 

22 29 19.67 9.33 0.149 2.065 2.283 0.955 0.249 18 
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Tabel (4-23) :DOE Predicted and Actual Values of modulus 
 Response 4           modulus  Transform: None               

 

  Actua

l 

Value 

Predicte

d Value 

Residua

l 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

order 1 2.1  2 0.1 0.179 -0.884 -0.879 -0.411 0.043 3 

2 2 2.9 -0.9 0.153 1.038 1.04 0.442 0.049 1 

3 3 2.9 0.1 0.153 1.038 1.04 0.442 0.049 22 

4 2.5 2.3 0.2 0.233 -0.765 -0.755 -0.417 0.045 19 

5 3.2 4.37 -1.17 0.089 0.128 0.124 0.039 0 5 
6 2.3 4.37 -2.07 0.089 0.128 0.124 0.039 0 9 

7 .85 1.49 -0.64 0.134 -0.036 -0.035 -0.014 0 11 

8 1.1 1.49 -0.39 0.134 0.007 0.007 0.003 0 20 

9 3.2 4.52 -1.32 0.265 0.053 0.052 0.031 0 13 

10 2.4 2.92 -0.52 0.181 1.043 1.046 0.491 0.06 2 

11 1.4 3.19 -1.79 0.157 -1.672 -1.767 -0.763 0.13 6 

12 2.5 2.86 -0.36 0.284 -1.124 -1.133 -0.714 0.126 8 

13 2.1 6.56 -4.46 0.3 0.403 0.393 0.257 0.017 14 

14 2.953 1.76 1.193 0.166 -0.711 -0.701 -0.313 0.025 15 

15 1.7 2.84 -1.14 0.264 -1.081 -1.086 -0.651 0.105 21 

16 2.8 5.66 -2.86 0.189 -1.054 -1.057 -0.51 0.065 16 

17 3 2.62 0.38 0.109 0.152 0.148 0.052 0.001 17 

18 1.6 2.62 -1.02 0.109 0.118 0.114 0.04 0 4 

19 1 2.62 -1.62 0.109 0.118 0.114 0.04 0 10 

20 1.3 1.74 -0.44 0.268 2.657 3.313 * 2.00 0.646 7 

21 1.4 5.13 -3.73 0.274 1.739 1.853 1.139 0.286 12 

22 2.4 1.44 0.96 0.161 -1.193 -1.208 -0.529 0.068 18 

Tabel (4-24) :DOE predicted and actual values of impact resistance 
Response 5 impact  resistance    Transform: None 

Diagnostics Case Statistics 
Standard 

order 

Actual 

Value 

Predicted 

Value 

Residual Leverage Internally  Externally DFFITS Cook's 

Dedtance 

Run 

order 1 9 8.65 0.35 0.267 0.271 0.263 0.159 0.004 3 

2 10 9.94 0.061 0.161 0.044 0.043 0.019 0 1 

3 9 9.94 -0.94 0.161 -0.682 -0.67 -0.293 0.015 22 

4 14 15.28 -1.28 0.329 -1.043 -1.046 -0.733 0.089 19 

5 11.5 10.86 0.64 0.198 0.474 0.462 0.23 0.009 5 

6 10 10.86 -0.86 0.198 -0.64 -0.628 -0.312 0.017 9 

7 11 12.21 -1.21 0.191 -0.892 -0.886 -0.431 0.031 11 

8 11 12.21 -1.21 0.191 -0.892 -0.886 -0.431 0.031 20 

9 8 9.02 -1.02 0.416 -0.886 -0.88 -0.743 0.093 13 

10 9.5 9.01 0.49 0.275 0.381 0.371 0.229 0.009 2 

11 7 8.69 -1.69 0.262 -1.31 -1.342 -0.801 0.102 6 

12 12 12.39 -0.39 0.391 -0.33 -0.32 -0.257 0.012 8 

13 7 9.51 -2.51 0.453 -2.26 -2.652 * -2.42 0.706 14 

14 10 9.76 0.24 0.247 0.181 0.175 0.101 0.002 15 

15 13 12.21 0.79 0.372 0.661 0.649 0.499 0.043 21 

16 11 8.77 2.23 0.285 1.752 1.887 1.19 0.203 16 

17 12 11.2 0.8 0.172 0.586 0.573 0.261 0.012 17 

18 11 11.2 -0.2 0.172 -0.146 -0.141 -0.064 0.001 4 

19 11 11.2 -0.2 0.172 -0.146 -0.141 -0.064 0.001 10 

20 17 15.75 1.25 0.443 1.111 1.12 0.998 0.163 7 

21 13 10.53 2.47 0.371 2.074 2.349 1.802 0.422 12 

22 13 10.81 2.19 0.273 1.712 1.834 1.122 0.183 18 
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Tabel (4-25): DOE predicted and actual values of Bending stress 

Response 6 bending stress  Transform: None 

Diagnostics Case Statistics Standar

d order 

Actual

l 

Value 

Predicted

d Value 

Residua

l 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 2.5 2.15 0.35 0.179 0.707 0.698 0.326 0.036 3 

2 1.5 1.8 -0.3 0.077 -0.569 -0.559 -0.161 0.009 1 

3 1.8 1.8 0.00253 0.077 0.005 0.005 0.001 0 22 

4 1.8 1.42 0.38 0.147 0.761 0.752 0.312 0.033 19 

5 1.1 1.64 -0.54 0.088 -1.048 -1.051 -0.327 0.035 5 

6 1.5 1.64 -0.14 0.088 -0.278 -0.271 -0.084 0.002 9 

7 0.8 1 -0.2 0.132 -0.385 -0.376 -0.147 0.008 11 

8 0.65 1 -0.35 0.132 -0.681 -0.671 -0.262 0.024 20 

9 1.9 1.2 0.7 0.205 1.438 1.482 0.753 0.178 13 

10 1 1.91 -0.91 0.123 -1.783 -1.902 -0.711 0.148 2 

11 0.6 1.12 -0.52 0.155 -1.041 -1.044 -0.447 0.066 6 

12 1 1.76 -0.76 0.209 -1.572 -1.641 -0.844 0.218 8 

13 2 2.21 -0.21 0.229 -0.438 -0.428 -0.233 0.019 14 

14 0.8 0.98 -0.18 0.135 -0.365 -0.356 -0.141 0.007 15 

15 2.7 1.77 0.93 0.204 1.922 2.085 1.056 0.316 21 

16 2.9 2.16 0.74 0.187 1.505 1.561 0.748 0.174 16 

17 1.7 1.54 0.16 0.046 0.295 0.288 0.064 0.001 17 

18 1.2 1.54 -0.34 0.046 -0.646 -0.636 -0.14 0.007 4 

19 1.7 1.54 0.16 0.046 0.295 0.288 0.064 0.001 10 

20 2 1.05 0.95 0.168 1.921 2.083 0.935 0.248 7 

21 1.6 1.39 0.21 0.176 0.429 0.419 0.194 0.013 12 

22 0.8 0.93 -0.13 0.149 -0.255 -0.249 -0.104 0.004 18 

 

Tabel (4-26): DOE predicted and actual values of damping ratio    

Response 7 damping ratio   Transform: None 

Diagnostics Case Statistics 
Standar

d order 

Actual

l 

Value 

Predicted

d Value 

Residua

l 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 0.03 0.034 -0.004195 0.267 -0.162 -0.157 -0.095 0.002 3 

2 0.06 0.053 0.007439 0.161 0.268 0.26 0.114 0.002 1 

3 0.07 0.053 0.017 0.161 0.628 0.616 0.269 0.013 22 

4 0.12 0.16 -0.04 0.329 -1.631 -1.73 -1.212 0.218 19 

5 0.03 0.044 -0.014 0.198 -0.51 -0.498 -0.247 0.011 5 

6 0.03 0.044 -0.014 0.198 -0.51 -0.498 -0.247 0.011 9 

7 0.11 0.16 -0.047 0.191 -1.743 -1.875 -0.912 0.12 11 

8 0.14 0.16 -0.017 0.191 -0.642 -0.63 -0.306 0.016 20 

9 0.04 0.03 0.009982 0.416 0.431 0.42 0.355 0.022 13 

10 0.07 0.045 0.025 0.275 0.964 0.962 0.592 0.059 2 

11 0.08 0.05 0.03 0.262 1.14 1.152 0.687 0.077 6 

12 0.09 0.1 -0.012 0.391 -0.496 -0.484 -0.389 0.026 8 

13 0.04 0.047 -0.006564 0.453 -0.293 -0.284 -0.259 0.012 14 

14 0.1 0.11 -0.009753 0.247 -0.371 -0.361 -0.207 0.008 15 

15 0.09 0.099 -0.008857 0.372 -0.369 -0.359 -0.276 0.013 21 

16 0.04 0.036 0.004095 0.285 0.16 0.155 0.098 0.002 16 

17 0.08 0.073 0.007056 0.172 0.256 0.248 0.113 0.002 17 

18 0.07 0.073 -0.002944 0.172 -0.107 -0.103 -0.047 0 4 

19 0.08 0.073 0.007056 0.172 0.256 0.248 0.113 0.002 10 

20 0.3 0.21 0.086 0.443 * 3.816 ** 12.31 * 10.97 * 1.93 7 

21 0.031 0.034 -0.00286 0.371 -0.119 -0.115 -0.088 0.001 12 

22 0.13 0.14 -0.014 0.273 -0.538 -0.526 -0.322 0.018 18 
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Tabel (4-27) :DOE predicted and actual values of hardness 
Response 8                    hardness   Transform:  

Diagnostics Case Statistics  
Standar

d order 

Actual

l 

Value 

Predictedfddf

d Value 

Residu

al 

Leverag

e 

 Internally 

Studentize

d residual 

Externally 

Studentize

d residual 

DFFIT

S 

Cook's 

Dedtanc

e 

Run 

orde

r 

1 75 78.32 -3.32 0.267 -0.642 -0.63 -0.38 0.025 3 

2 81 79.37 1.63 0.161 0.296 0.287 0.126 0.003 1 

3 80 79.37 0.63 0.161 0.115 0.111 0.049 0 22 

4 79 73.99 5.01 0.329 1.013 1.014 0.71 0.084 19 

5 76 82.28 -6.28 0.198 -1.162 -1.176 -0.585 0.056 5 

6 77 82.28 -5.28 0.198 -0.977 -0.976 -0.485 0.039 9 

7 59 70.29 -11.29 0.191 -2.081 -2.36 -1.147 0.171 11 

8 81 70.29 10.71 0.191 1.973 2.196 1.068 0.153 20 

9 83.5 81.05 2.45 0.416 0.531 0.518 0.438 0.033 13 

10 82 78.26 3.74 0.275 0.727 0.716 0.441 0.033 2 

11 81 78.34 2.66 0.262 0.512 0.5 0.298 0.016 6 

12 72 75.89 -3.89 0.391 -0.826 -0.817 -0.656 0.073 8 

13 84 77.62 6.38 0.453 1.429 1.481 1.349 0.282 14 

14 78 72.63 5.37 0.247 1.026 1.028 0.589 0.058 15 

15 73 76.01 -3.01 0.372 -0.63 -0.618 -0.475 0.039 21 

16 76 78.22 -2.22 0.285 -0.434 -0.423 -0.267 0.013 16 

17 81 79.45 1.55 0.172 0.283 0.275 0.125 0.003 17 

18 80 79.45 0.55 0.172 0.101 0.098 0.044 0 4 

19 82 79.45 2.55 0.172 0.465 0.453 0.207 0.007 10 

20 70 68.28 1.72 0.443 0.381 0.371 0.33 0.019 7 

21 83 82.85 0.15 0.371 0.032 0.031 0.024 0 12 
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CONCLUSION AND SCOPE FOR FUTURE WORK 

5.1. Conclusion 

 Epoxy blending has been experimentally studied and statistically optimized using 

L27- Taguchi method. Numerical optimization and graphical optimization have 

been carried out as needed. The following points were concluded from this study 

among the limits herein. 

 1-   Shear mixing is the best method for blending Epoxy with PS considering the 

tensile strength results.  The best results obtained when dispersion CNTs into the 

blend  by using ultra sonication first and then the mixture has been shear mixed. 

 

 2-Modifying Epoxy with PS decreases the ultimate strength, hardness and bending 

stress while improve elongation, impact resistance, wear resistance and damping 

properties. The best mechanical results obtained when 4% percentage of PS is 

blended with Epoxy.   

3- Reinforcing the blend with CNTs improves the ultimate strength, hardness and 

bending stress, elongation, impact resistance , wear resistance and damping 

properties. The best mechanical results obtained when 0.4% percentage of CNTs 

reinforced Epoxy.   They have balancing effect to compensate the PS reduction in 

mechanical properties 

4. Optical microscope observation of the fracture surface showed a noticeable 

roughness when CNTs added. SEM images showed that CNTs disperse well when 

their percentage is 0.2% to 0.4%, while increasing their percentage causes an 

agglomeration. 

5- FTIR spectrum confirmed that the reaction of Epoxy- PS and Epoxy/ CNTs had 

occurred. 

6- Experimental results converge well with the perturbation plots of DOE program.  
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5.2. Future work 

 1-Blending Epoxy with different amounts of PS more than 10% and study their 

effect on the mechanical properties. 

2- Using another polymer, like natural rubber as a blender with Epoxy and evaluate 

their effect on the mechanical properties. 

3- Assessing the effect of PS and CNTs on the strain –life of Epoxy. 

4- Study the effect of PS and CNTs on the physical properties, such as thermal 

conductivity and electrical conductivity as well as on chemical properties, like 

diffusivity, permeability and water absorption. 
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Frequency response of Epoxy - 8PS 

 

Time response of Epoxy - 8PS 

 

Frequency response of Epoxy - 10 PS 



  

Time response of Epoxy - 10PS 
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Stress- strain curves of Epoxy-2 % PS 



 

Stress- strain curves of Epoxy-4% PS 

 

 

Stress- strain curves of Epoxy-6% PS 

 

 



 

Stress- strain curves of Epoxy-8 % PS 

 

 

Stress- strain curves of Epoxy-10 % PS 

 

 

 



Appendix-D 

 

 

Wear rate of Epoxy- 2% PS 

  

Wear rate of Epoxy- 6% PS 
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Applied load N 

2 % PS

 2% PS-0.2% CNT

2 % PS-0.6% CNT
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Applied load N 

6 % ps

6%PS-0.2% CNT

6% PS-0.4% CNT

6 % PS-0.6% CNT



 

Wear rate of Epoxy- 8% PS 

 

Wear rate of Epoxy- 10% PS 
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Applied load N  

8 % PS
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Applied load N  

10 % PS

10 % PS -0.4% CNT

10 % PS-0.2%

10 % PS-0.6 % CNT



Appendix-E 

 

Frequency response of Epoxy-2%PS / 0.2% CNTs 

 

Time response of Epoxy-2%PS / 0.2% CNTs 

 

Frequency response of Epoxy-2%PS / 0.4% CNTs 



 

Time response of Epoxy-2%PS / 0.4% CNTs 

 

Frequency response of Epoxy-2%PS / 0.6% CNTs 

 

Time response of Epoxy-2%PS / 0.6% CNTs 



  

 

Frequency response of Epoxy-4%PS / 0.2% CNTs 

 

Time response of Epoxy-4%PS / 0.2% CNTs 

 

Frequency response of Epoxy-4%PS / 0.4% CNTs 



 

 

Time response of Epoxy-4%PS / 0.4% CNTs 

 

Frequency response of Epoxy-4%PS / 0.6% CNTs 

 

Time response of Epoxy-4%PS / 0.6% CNTs 



 

Frequency response of Epoxy-6%PS / 0.2% CNTs 

 Time response of Epoxy-6%PS / 0.2% CNTs 

 

Frequency response of Epoxy-6%PS / 0.4% CNTs 

 



 

Time response of Epoxy-6%PS / 0.4% CNTs 

 Frequency response of Epoxy-6%PS / 0.6% CNTs 

 

Time response of Epoxy-6%PS / 0.6% CNTs 



 

Frequency response of Epoxy-8%PS / 0.2% CNTs 

 

Time response of Epoxy-8%PS / 0.2% CNTs 

 

Frequency response of Epoxy-8%PS / 0.4% CNTs  



 

Time response of Epoxy-8%PS / 0.4% CNTs 

 

Frequency response of Epoxy-8%PS / 0.6% CNTs 

 

Time response of Epoxy-8%PS / 0.6% CNTs 



 Frequency response of Epoxy-10%PS / 0.2% CNTs 

 

Time response of Epoxy-10%PS / 0.2% CNTs 

 

Frequency response of Epoxy-10%PS / 0.4% CNTs 



 

Time response of Epoxy-10%PS / 0.4% CNTs 

 

Frequency response of Epoxy-10%PS / 0.6% CNTs 

 

Time response of Epoxy-10%PS / 0.6% CNTs 
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 This appendix contains accepted for publishing and on the evaluation 
process for  publishing papers relating to the experimental work of thesis 
subject listed as follows:- 

1- accepted for publishing paper entitled :-  

Characteristics and properties of epoxy/polysulfide composite 
materials reinforced by carbon nano tubes 

2-on evaluation process for publishing paper entitled :-  

Effect of Carbon Nanotube on Damping characteristic of 

Epoxy Polysulfide composite 

3- on evaluation process for publishing paper in Iran / institute for color 

and science technology magazine entitled :-  

Modification of epoxy with polysulfide 

4-- on evaluation process for publishing paper in  AL-Saudia  Arabia/ 

Abdul Aziz king magazine 

FTIR characteristics of composite ternary blend based on 

epoxy - polysulfide /CNTs 

Abstracts for all papers are attached with the same sequence 

 

 

 

 

 

 



Characteristics and Properties of Epoxy/Polysulfide 

Composite Materials Reinforced by Carbon Nanotubes. 

Assistance Prof. Dr. Ibtihal Abed Al-Razaq               Prof.Dr. Adnan Nemaa                             

Phd.student: Ekhlas Edan Kader(1). 

(1) Diyala University, E-mail, eng-ekhlas@yahoo.com 

 

Key words: Epoxy, Carbon Nano tubes, wear  ,polysulfide, 

Abstract 

In this research, multi-walled carbon nanotubes (MWCNTs) were  used 

to enforce the blend of epoxy /polysulfide  and then tensile and wear 

behavior of this reinforcement were evaluated. For achieving this goal, 

different weight percentages of MWCNT (0.2–0.6 wt%) were dispersed in 

the epoxy resin then polysulfide resin  is added and  mixed with two curing 

agents. Experimental results have shown significant difference between 

epoxy/polysulfide and CNT /epoxy /polysulfide in mechanical properties.  

With 0.2–0.6% MWCNTs we observed  an increase  in  Young’s modulus 

from 245 to273 MPa, tensile strength from 30.5 to 38.9 MPa and fracture 

strain from 12.4% to 14.2%. For understanding the structure and 

morphology of nanocomposite, the dispersion states were studied using 

scanning electron microscopy (SEM) and field emission electron 

microscopy (FESEM).   

 

 

 

 

 

 

 



 

Effect of Carbon Nanotube on Damping characteristic of Epoxy 

Polysulfide composite 

 تاثير انابيب الكربون النانوية على خصائص التخميد لخليط ايبوكسى بولى سلقايد 

 

  Dr. Ibtihal.A.MAHMOOD           Dr. Adnan Nemaa  .            Ekhlas Edan Kader                                                       

 University of Technology              AL-Teqanyia University         Diyala University 

 

Key words: Epoxy, Carbon Nano tubes, Nano blend composite. Damping   

Abstract. 

      The rapid and continuous growth in aerospace, automotive, and military 

applications requires special materials that have high performance 

characteristics to build structures that can achieve and exceed target 

properties. One of the important material characteristic needed for some of 

These applications is the ability to absorb vibrations. One of the materials 

that showed promise in this aspect is  nano composite. In a nano composite 

structure, it is anticipated that high damping can be achieved by taking 

advantage of the interfacial friction between the nanotubes and the 

polymer. The purpose of this paper is to investigate the structural damping 

characteristics of polymeric blend composites containing Carbon nanotubes 

(CNTs) with various amounts with polysulfide rubber (PS). The damping 

characteristics of the specimens with 0 wt% and 0.8 wt% nanotube contents 

were computed experimentally. Through comparing with neat resin 

specimens (Epoxy ,Epoxy +PS), the study showed that one can enhance 

damping by adding CNTs fillers into polymeric resins. Similarly 

experiment showed that the maximum value of damping ratio was obtained 

at 0.4 wt%. 

 

 



 

 

Modification of epoxy with polysulfide 

  Dr. Ibtihal.A.MAHMOOD           Dr. Adnan Nemaa  .            Ekhlas Edan Kader                                                       

 University of Technology              AL-Teqanyia University         Diyala University 

 

 تحسيه خىاص االيبىكسى باضافت مطاط البىلى سلفايذ

 

Key words: Epoxy, polysulfide ,CNTs modification 

Abstract. 

Epoxies are widely used nowadays in a variety of engineering 

applications due to their unique characteristics of high adhesive strength, 

relatively high strength, high stiffness, good hardness, and excellent 

chemical and heat resistance. However, most cured Epoxy systems show 

low fracture toughness, poor resistance to crack initiation and propagation, 

and inferior impact strength. For this reason Epoxy is modified with a wide 

range of materials depending on the desired final properties. Blending 

Epoxy with different materials cause improvement in physical, mechanical 

and chemical properties [1] .low fracture toughness , elongation of Epoxy 

can be improved by blending Epoxy resins with additives such as 

rubbers,(polysulfide)  [2] while in the other hand cause reduction in tensile 

strength  

 

 

 

 

 



 

 

FTIR characteristics of ternary composite blend based on 

epoxy - polysulfide /CNTs 

FTIR خصائص   

لىاوىيت المطاط  واوابيب الكربىن ا-لخليط ثالثى للمادة المختلطت التى اساسها االيبىكسى   

 

  Dr. Ibtihal.A.MAHMOOD           Dr. Adnan Nemaa  .            Ekhlas Edan Kader                                                       

 University of Technology              AL-Teqanyia University         Diyala University 

 

Key words: Epoxy, Carbon Nano tubes, polysulfide , FTIR, blend composite.  

Abstract. 

 Studying Epoxy –polysulfide / CNTs FTIR is an important method for 

observing how these components connect with each other and the 

percentages of reactive structure .FTIR spectroscopy enables the observer 

to evaluate the complete reaction by studying the functional groups for 

each component separately and in the ternary blend.The ideal structure for 

reactive Epoxy-PS copolymers comprising a PS  molecule capped with two 

poly-epoxide molecules. This type of copolymer is formed from a 

stoichiometric excess of oxirane groups over mercaptan groups. The 

resulting liquid polymer products have no residual mercaptan groups, and 

have free oxirane groups, which can be opened in chain extension/cross 

linking reactions using the amine hardener. characteristic peaks of 

polysulfide in the blend is vanish due to its reactive with epoxy to form the 

blend. 

 



 لخالصةا

فضال عن  ة الكهربائي والصناعات الهياكل صناعة  فيحظى االيبوكسى كمادة بوليمرية باهتمام واسع 

من استخدامه فى الصناعات البحرية. ولتوسيع مجال استخدامه  والتغمب عمى هشاشيته اضيفت اليه العديد 

زيادة مقاومة الصدمة ,اال ان اضافته قممت من جهة اخرى مقاومة  البولى سمفيد  فى المواد. ساعدت اضافة

لما   ونظرا الشد والصالدة . مما يقتضى اضافة مادة او مواد اخرى لمعالجة هذا االنخفاض فى الخواص.

اضيفت لمعالجة االنخفاض فى خواص  ,من خواص ميكانيكية عالية انابيب الكربون النانوية تمتمكه

 الناتج من اضافة البولى سمفيد. االيبوكسى

انابيب الكربون النانوية ذات الخواص الميكانيكية االستثنائية بامكانها ان توازن االنخفاض بالخواص 

توزيع انابيب الكربون النانوية بشكل متجانس بمادة االساس  الميكانيكية الناتج عن اضافة البولى سمفيد.

ارات عممية باستخدام االمواج فوق الصوتية والخمط الميكانيكى واليدوى لمبوليمر قيم بشكل مبسط بانجاز اختب

 .االختبارات إلنجازلتتابع االفضل )والتى تمثل عوامل مؤثرة فى عممية المزج (.والتى اختيرت با

اعتمدت طريقة تاكوشى لتصميم تجارب البحث ودراسة تاثير مختمف المتغيرات باالستعانة ببرنامج  

 والتياشتممت عممية التقييم عمى ادخال المتغيرات المعتمدة  (.DOE Design of Expert-8التصميم )

%. عممية تقييم خواص المادة 1.0-1.2 وانابيب الكربون النانوية %01-2منها نسب اضافة البولى سمفيد

البميان  ربولى سمفيد تضمنت اجراء اختبار الشد والصدمة فضال عن اختبا -المركبة التى اساسها االيبوكسى

الى الفحص بالمجهر الضوئى والمجهر  كما اخضع سطح الكسر لعينات االختبار االهتزاز الحر.و 

اظهرت نتائج الفحص ان  االلكترونى الماسح اضافة الى فحص االشعة تحت الحمراء لجميع العينات.

-سمفيد بينما ساعدت اضافة انابيب الكربون النانوية الى االيبوكسى مقاومة الشد تنخفض عند اضافة البولى



من  %1.0مقاومة الشد الى مستوياتها او تجاوزها وصوال الى نسبة االضافة  بولى سمفيدعمى استرجاع

 % انابيب الكربون النانوية1.0مع  %0اكدت النتائج ان اضافة البولى سمفيد بنسبة  انابيب الكربون النانوية.

اشارت نتائج اختبار االهتزاز الحر ان هناك زيادة فى  قق افضل نتائج من حيث مقاومة الشد والصالدة.يح

انابيب الكربون النانوية صاحبها ايضا زيادة فى مقاومة الصدمة لغاية سمفيد و نسبة التخميد مع اضافة البولى 

بزيادة نسبة اضافة البولى سمفيد الى  انخفض اجهاد االنحناء .% النابيب الكربون النانوية1.0ة نسبة اضاف

االيبوكسى بينما ساعدت اضافة  انابيب الكربون النانوية عمى زيادته. كما اظهرت نتائج فحص البميان ان 

لكربون معدل البميان يزداد مع زيادة الحمل المسمط ويتناقص بزيادة اضافة كل من البولى سمفيد وانابيب ا

 .النانوية لكل نسب االضافة
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