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ABSTRACT 

In the recent years research has been focused on improving the properties of the polymeric 

resins. The use of nanomaterial inclusions as reinforcement for better properties has been a key 

chapter in the field of polymeric composite materials. Carbon Nanotubes (CNTs) and other 

nanomaterial inclusions can provide considerable improvement to the properties of polymer 

composites. In this research, the Multiwall Carbon nanotube (MWCNTs) and Carbon 

NanoHeliCoils (CNHCs) were used as nano-inclusions in the epoxy resin. 

The CNHCs and MWCNTs were dispersed in a resin using a solvent and later heated and 

stirred continuously until the solvent was evaporated. Next, the hardener was added to the 

mixture and cured in room temperature that was later followed by post curing in an oven for 

optimum properties. Different weight ratios of CNHCs and MWCNTs were used to fabricate 

nanocomposite panels. The goal in this research was to find out the optimum values of weight 

ratios for improvement of mechanical properties of the nanocomposites as well as to study the 

relationship between the weight percentage of nanoreinforcements used to improve the thermal 

and dielectric properties of the nanocomposites. Test samples were prepared with different 

weight ratios of nanoreinforcement for tensile testing, Single Edge Notch Bending (SNEB), 

hardness testing, dielectric constant and thermal conductivity testing, according to ASTM 

standards. It was observed that the CNHCs and MWCNTs reinforcements perform the best for 

mechanical properties improvements at 0.05% and 0.1% loading respectively. However both 

Dielectric constant and Thermal Conductivity of the nanocomposites were improved as the 

CNTs concentration was increased, regardless of their geometrical configurations.  In addition, 

scanning electron microscopy and high-resolution optical microscopy was used to characterize 

the fractured surfaces and investigate the failure modes of test samples. 
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CHAPTER 1 

1.0 INTRODUCTION 

1.1 Background 

Polymer Matrix Composites (PMCs) have been widely used in structural applications due to their 

excellent specific mechanical properties when compared to other engineering materials. They also 

exhibit good thermal and electrical conductivities in-plane directions, when conductive continuous 

fibers are used as reinforcement. Owing to these properties, PMCs are highly desirable for 

structural applications, where weight is a main concern. Their high strength to weight ratio makes 

them very desirable for applications in the aerospace and automotive industry. The Key component 

in the PMCs is the matrix that bond the fibers together and aids in the load transfer between the 

fiber reinforcements. Thermosetting polymers are widely used in the manufacturing of PMCs. 

These polymers exhibit brittle failure characteristics, compromising the structural integrity of the 

composites. Another major drawback for the PMCs is the lack reinforcements in through-the-

thickness, which results in de-bonding of successive fiber layers thus, causing delamination failure. 

In-general there are several solutions to improve the properties of brittle polymers, one of which 

is using thermoplastic resins instead of thermosetting resins, and the other is modifying the brittle 

thermosetting polymer by addition of rubber or inorganic micro-particles [1]. While the former 

provides a very tough system, the manufacturing process of thermoplastic resins is very expensive. 

Hence, modifying thermosetting resins by adding rubber or inorganic micro-particles becomes a 

more attractive alternative, mainly because of the simplicity of the processing method [2]. 

Thermosetting polymers, including epoxy, have undergone modifications with the addition of 

different types of nanofillers. Polymers with small percentages of nanofiller inclusions can 

significantly improve the thermal, mechanical, and electrical properties of polymer matrices can 
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significantly be improved with small percentage of nanomaterial inclusions, without altering their 

density and aging characteristics. These nanocomposites are now widely used in industries like 

aerospace, automotive, marine, electronics and packaging applications. Carbon Nanotubes (CNTs) 

have attracted a great deal of research and commercial interest due to their potential applications 

in a variety of fields, such as structural composites, energy storage devices, electronic systems, 

biosensors, and drug delivery systems. Based on the mechanical properties of CNTs, it is often 

reported that the integration of CNTs in a polymer matrix can generate composites with better 

mechanical, thermal and electrical properties [3]. 

1.2 Carbon Nanotubes 

Since their sighting in 1991[4], carbon nanotubes(CNTs) have bred huge interest in most advanced 

engineering application mostly due to their unparalleled physical and chemical properties. No prior 

engineering materials has displayed the blend of superior mechanical, thermal and electronic 

properties, as established by CNTs. This blend of properties make CNTs ideal for a wide-ranging 

applications. Frequently fibres are made from materials such as Twaron, Kevlar, fiberglass, boron, 

silicon carbide and specifically carbon fibers have been used as reinforcements in polymer matrix 

composites (PMCs). However, these orthodox fibres exhibit diameters in range of tens of microns 

and lengths in order of few millimeters. The mechanical strength of carbon nanotubes are 

remarkable typical modulus and strengths in the ranges 230–725 GPa and 1.5–4.8 GPa, 

respectively [5]. In recent past carbon nanotubes have been grown from a vapor phase with 

diameters in and around the 100 nm range and lengths ranging between 20 and 100 μm. The small 

dimensions of these nanotubes delivers much higher surface area per unit mass than orthodox 

carbon fibres, permitting much greater interface with polymer epoxies. The CNTs also tend to 
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exhibit remarkable mechanical properties with elastic modulus in the range 100–1000 GPa and 

tensile strengths between 2.5 and 3.5 GPa [6]. There are two main classification of CNTs which 

are, Single walled carbon nanotubes (SWCNTs) consist of a one single sheet of graphene rolled 

flawlessly to form a cylinder, the single graphene sheet which are arranged in a single plane 

containing only hexagonal rings with double and single carbon-carbon bonding forms the 

SWCNTs. The choice of rolling axis of the nanotube with respect to the hexagonal network of 

graphene and the radius of the closing cylinder constitutes for the different morphologies of 

SWNTs. MWCNTs consist of more than one layers of graphene rolled into concentric tubes. They 

exhibit unique mechanical as well as electrical properties, which have caused them to be widely 

studied [7]. MWCNTs exhibit diameters from 2 to 100 nm and lengths in the order of tens of 

microns [8]. With the advancement in Chemical Vapor Deposition (CVD) methods more and more 

CNTs are manufactured using this process. SWCNTs can be directly synthesized by chemical 

vapor deposition (CVD) on a solid support, catalyst particles are deposited onto a substrate, and 

individual SWCNTs with uniform diameters are grown at elevated temperatures (>600°C) from 

the catalyst particles, under the presence of a carbon source like methane or  alcohol vapor. With 

this method is the possibility to control the diameter of the produced tubes through the size of the 

catalyst [9]. On the other hand MWCNTs can also be made using CVD system where a quartz tube 

is placed in a high temperature tube furnace with automatic temperature control. With a supply of 

the carrier gas (N2) and a liquid solution of ferrocene in cyclohexane used as an initial synthesis 

reagent is introduced into the reactor. The reaction mixture is evaporated in the low temperature 

zone (~200°C) of the reactor, and the gas flow saturated with active vapor components is fed into 

the high temperature zone (750–905°C) of the furnace, where the reaction mixture components are 

subjected to thermal degradation (pyrolysis). Ferrocene undergoes decomposition resulting in the 
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release and condensation of iron in the form of islands on the substrate; the islands play the role 

of a catalyst, which stimulates the growth of a dense CNT array from the pyrolyzed carbon of the 

cyclohexane and ferrocene [10]. In another method reported for faster and continuous production 

of MWCNTs, ferrocene was dissolved in xylene to obtain a feed solution and was fed continuously 

into a two-stage tubular quartz reactor using a syringe pump. Ferrocene has been presented to be 

a good precursor for producing Iron-catalyst particles which can enhances the nanotube growth, 

along with the use of xylene as the carbon source. The liquid mixture was delivered through a 

capillary tube and preheated previous to its entry into the furnace. The liquid mixture leaving the 

capillary tube arrangement, is instantly volatilized and carried into the furnace’s reaction zone by 

a flow of argon with small percentage of hydrogen. Parameters, such as the furnace temperature, 

ratio of ferrocene/xylene mixture, feed rate of the mixture, time taken for completion of the   

reaction and gas flow rate were attuned to determine the growing conditions for aligned MWCNTs 

of high purity [11]. In recent past work has been done to develop a system for continuous 

production of vertically aligned CNTs where the system can easily be reconfigured to 

accommodate woven fiber substrates, rigid silicon wafer pieces, and flexible metal foils. This 

system enabled CNTs films grown 26 times faster, with considerable reduction in consumption of 

carrier and precursor gases [12]. With the CNTs attached to the substrate there was always damage 

to the nano-forest but in a recent study ways to remove them in a non-destructive manner has been 

identified [13]. 

1.3 Carbon NanoHeliCoils 

The Carbon NanoHeliCoils (CNHCs), which are also referred to as helical carbon nanotubes 

(HCNTs) are basically a longer CNTs coiled up into a spring like shape. Their outstanding physical 
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and chemical properties have aroused special attention ever since reported by Amelinckx, Zhang 

[14] in 1994. Due to the combination of the helical shape and the properties as CNTs, CNHCs hold 

great potential for a range of applications including microwave absorbing materials, catalyst 

supports, electrode materials, catalysts, electrical contact materials, and photoconductive materials 

[15]. In similar applications, the performance of CNHCs reinforced nanocomposites were affected 

by the change in morphology of the CNHCs e.g., diameter of coil, pitch of coil, and diameter of 

the fiber, which varies on the conditions used during the synthesis [15]. Due to the ability to stretch 

and compress like a coil spring, the CNHCs finds greater application for carrying mechanical loads 

in both static and dynamic modes, thus CNHCs will be of great use in structures under impact 

loading. The shape of Carbon nanohelicoils is attained with periodic integration of 

pentagon/heptagon pairs into a hexagonal arrangement of the carbon atoms [16]. It is noted that 

the HCNTs have a polygonal shape along the helical axis, and the polygonal shape becomes 

increasingly distinct as the HCNT diameter increases [17]. Due to their fascinating morphologies 

and structural configuration, they are expected to exhibit unique structural, mechanical and 

electrical properties. Compared to the straight CNTs, the unique geometrical configurations of the 

CNHCs provide higher flexibility both in tension and compression and can absorb more energy. 

The Helicoils have a spring like effect that will undergo plastic deformation and can sustain 

extremely large plastic strains, also the helicoil structure can constitute shape recovery after 

unloading at an atomic level [17]. Computer generated simulations using molecular dynamics 

methodologies and calculations has revealed that CNHCs are energetically and thermodynamically 

stable [18]. The production of CNHCs was first experimentally observed in 1994 [14], when Zhang 

et al. in a Belgian research group witnessed the multi-walled CNHCs with inner and outer diameter 

of 15-20nm grown in a simple catalytic breakdown of C2H2 over silica substrate with Cobalt 
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catalyst at 700 °C. The CNTs that were prepared by the catalytic breakdown of C2H2 over finely 

distributed cobalt supported on silica substrate, were often observed to have helical structure. After 

studying the structure under various electron diffraction procedures and by electron microscopy 

techniques, it was presented that the tubes formed were hollow and comprised of concentric 

cylinder. In particular, it was concluded that the helices are polygonised tubules [16]. In the recent 

years, like the CNTs, CNHCs are usually prepared by Catalytic Chemical Vapor Deposition 

(CCVD) from organic substances such as acetylene or methane or ethanol [19] over iron, tin or 

their alloys at high temperatures (>425 °C). For the growth of the HCNTs, the purity and the 

structure of the CNHCs depend on the catalyst [20], carbon source, temperature [21], gas flow  

rate [16] and the substrate where the CNHCs grow [22]. Several studies indicate that the size of 

catalyst particles influence the morphologies of the CNHCs [15, 23-25]. These catalysts need to 

retain their disperse-ability in the dispersion medium, preferably in the form of nanocrystals with 

controlled shapes and sizes. Here the copper nanoparticles are produced first and then they are 

heated in the presence of C2H2 gas to a maximum temperature of 271.8°C at a heating rate of 

3°C/min. This temperature controls the crystallization and at elevated temperatures the C2H2 gets 

absorbed onto the substrate and polymerizes with each other to form CNHCs [22]. The CNHCs 

obtained in the process when viewed under TEM showed diameters ranging from 150-100nm. The 

smaller the catalyst particles the more CNHCs are produced and the bigger the catalyst particle 

size, wider CNHCs and straight CNTs are formed. Similar Method can be employed with C2H2 

gas using nickel oxide catalyst [26]. A Ni-based catalyst precursor with small size and uniform 

dispersion was prepared by a novel precipitation/sol–gel/reduction technique. The as-prepared 

precursor was then introduced into the CVD system and CNHCs with regular morphology and 

high yield were obtained. The as-prepared catalyst precursors, in the form of powder, were spread 
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in a quartz boat and then placed inside a tubular furnace. After the catalyst precursor reducing 

under H2 at 350 °C for 1 h, acetylene was introduced into the reaction system at 475 °C for 

additional 1 h at an atmospheric pressure. The final product was collected after cooling down to 

room temperature [18]. In another study, using a fixed bed CVD process, acetonitrile which acts 

as a source for both carbon and nitrogen, was used to produce CNHCs with different morphologies 

[15]. NiFe2O4/NiO nanocomposites were used as the catalyst [15]. One another interesting method 

used for the synthesis of CNTs is the hot filament assisted CVD System [27]. The hot filament 

CVD system consists of a quartz tube, a furnace with three heating coils, a hot filament, and a 

power supply. Two kinds of gas e.g. CH4 and Argon were mixed and passed through the quartz 

tube. When the gases pass through the hot filament, the CH4 gets decomposed into carbon radical 

species and hydrogen at around 2000 °C temperature. The Argon carried the carbon radical species 

to the substrates, and the CNHCs were grown on the catalyst particles that were placed on the 

substrates. Since their discovery, CNTs have become more available for research and use in 

various applications.  

1.4 Nanocomposites 

With technology growing exponentially every year, the demand for high efficiency and high 

performance materials is on the rise. CNTs with their extraordinary properties is getting a lot of 

attention in incorporating their properties on to polymer based nanocomposites. Because of their   

smaller dimensions, the CNTs have high surface area per unit mass compared to any orthodox 

carbon fibres allowing superior contact with polymer based epoxies. Exploiting this exceptional 

properties of CNTs, design methods has to be created which is repeatable, stable and allowing 

uniform dispersion of CNTs, in the polymer epoxies. The strong van der Waals’ forces inhibit the 
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uniform dispersion of CNTs, which results in agglomeration of the particles. However, some 

native properties of the polymer epoxies like wettability, polarity, crystallinity, viscosity etc., 

increase the challenge of attaining uniform dispersion of the desired concentrations of the CNTs. 

It has been reported that the end caps present in nanotubes are highly volatile as compared to the 

sidewalls [28]. Relatively good dispersion can be achieved with proper techniques at very small 

volume of fractions, typically <1–2%. At higher volume fractions, nanotubes tend to form 

agglomeration resulting in decrease in modulus and strength, as these agglomerations create stress 

concentrations leading to premature failure [3]. There are several methods to disperse the CNTs in 

the epoxy like, High Energy Sonication, Rheometer mixing [29], Three-Roll mill mixing [30], 

Vacuum mixing [3], solution evaporation [31, 32] or a combination of the process mentioned 

above [3, 33]. Ultrasonication method is highly effective for lower concentrations of CNTs and 

results in a good level of dispersion [34]. The addition of different nanoparticles in polymer based 

resins has been widely investigated by many researchers [25, 29, 32, 33, 35-40]. They have shown 

that a small weight percentage of nanoparticles inclusion can considerably improve the mechanical 

properties such as strength, modulus, stiffness, hardness and fracture toughness. Also molecular 

dynamics simulation have been used to analyze the thermal and mechanical properties of 

SWNT/epoxy nanocomposites by adding functionalized and pristine carbon nanotubes to cross 

linked polymers and considerable increase in stiffness along the nanotube direction was obtained 

[41]. The carbon nanoparticles have good thermal properties, unlike polymer matrices. The effect 

of these nano inclusions on the thermal properties of the base epoxies are also an advancing field 

of study [10, 29, 42-45] and in every case it is proven that the thermal properties of the epoxy have 

been improved with the addition of carbon nanoparticles. There are instances of high Thermal 

conductivity and thermal diffusivity reported [43]. 
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1.5 Other Applications of Carbon Nanotubes 

Carbon nanotubes (CNTs) possess excellent intrinsic characteristics such as exceptionally high 

mechanical and conductive properties which make them the prime candidate to reinforce high-

performance composite structures [46]. But along with product and structural engineering 

applications Carbon nanotubes find themselves as an attractive material to be used in other fields. 

For example in the field of medicine the potential of CNTs as a viable candidate for 

neuroprosthesis applications is demonstrated [47]. Targeted delivery via CNTs is an important 

strategy to improve therapeutic index. Surface engineered carbon nanotubes (CNTs) are attracting 

recent attention of scientists owing to their vivid biomedical and pharmaceutical applications [48]. 

Also the applications of carbon nanomaterials in cancer imaging and drug delivery/therapy is also 

a booming research subject [49].  However in the field of electronics, because of their high 

electrical and thermal properties, they are used in various research as well. A series of polyionic 

liquids/carbon nanotubes composites, namely CMBr, were studied and all the composites 

demonstrated high electrical conductivity as well as thermal stability up to 200 °C [50]. For battery 

applications, where a novel sulfonated poly(ether ether ketone) (SPEEK) membrane embedded 

with the short-carboxylic multi-walled carbon nanotube  for vanadium redox flow battery (VRB), 

has been prepared with low capacity loss, low cost and high energy efficiency [51]. The unique 

optical properties of CNTs have made them attractive in the optical excitation research [52]. The 

applications of CNTs even extend to printed electronics [53] making an endless list of applications 

that can utilize the inherent properties of CNTs. 

1.6 Objective 

Polymer Matrix Composites (PMCs) exhibit excellent strength to weight ratio, making them an 
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excellent alternate material in structural applications. However the polymer matrix used to bond 

the fibres, exhibit brittle failure modes. The focus of this research is to improve the properties of 

polymer matrix using CNTs with different geometrical configurations and loading percentages as 

fillers in the matrix. The goal is to investigate the changes in mechanical, thermal and electrical 

properties of the polymer matrix. The changes are compared with the variation of the CNTs 

geometry and the weight percentage of the nano-inclusions dispersed in the epoxy. Two different 

geometries were used namely, straight MWCNTs and Carbon NanoHeliCoils (CNHCs). Tensile 

testing, fracture toughness testing, Rockwell hardness, thermal conductivity and dielectric constant 

properties were tested based on ASTM standards to quantify the changes in the properties of the 

nanocomposites compared to the base epoxy. The main goal is to identify the optimum weight 

percentage of CNTs and their geometrical configuration that exhibit maximum increase in the 

properties of matrix. The fractured surfaces are investigated using a Scanning Electron Microscopy 

(SEM) and high-resolution microscopy to understand the changes in failure modes of the 

nanocomposites. The objective of this research is to investigate the effect of carbon nanotubes 

loading percentages and geometrical configurations. 
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CHAPTER 2 

2.0 PREPARATION OF NANOCOMPOSITES 

2.1 Epoxy and Curing Agent 

The Base Epoxy Material used in this study is EPON 815C made by Momentive [54]. It is a 

bisphenol-A based epoxy resin containing a commercial grade of n-butyl glycidyl ether, this resin 

system was chosen because of its low viscosity, easy handling at room temperatures and 

compatibility with a wider range of curing agents. The hardener here is EPIKURE Curing Agent 

3282, a very reactive modified aliphatic amine adduct, which has been developed for applications 

where relatively short cure periods at room temperature are required. Both the epoxy resin and the 

hardener were purchased from Miller-Stephenson Chemical Company [55]. 

2.2 Nanomaterials 

The CNTs used in this study for the fabrication of nanocomposites were purchased from 

Cheaptubes Inc [56]. There were two different geometrical configurations of CNTs used in this 

research. Multiwall CNTs (MWCNTs) used in this study had outer diameters of 20-30nm, inner 

diameters of 5-10nm, total lengths of 10-30μm.The CNHCs had outer diameters of 100-200nm 

and lengths in range of 1-10μm. Both the MWCNTs and CNHCs used in this research had purities 

of 95% and 90% by weight, respectively. 

2.3 Fabrication of Nanocomposites 

Based on the dimensions recommended by ASTM standards for tensile and fracture toughness 

testing of nanocomposites the thickness of test samples were defined to be 3.4mm. Panels with 

dimensions of 200mm x 200mm were fabricated for cutting sufficient number of samples for 

testing. Based on the mixing ratio 100:20.5 suggested by the manufacturer, 152.18g of epoxy and 

31.2g of hardener was calculated as the amount required for fabrication of the nanocomposite 
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panels. The weight calculation takes into consideration the amount of wastage of resin when 

transferred from one container to another. In preparation process, 40% extra weight was considered 

to cover for the material wastage during the fabrication process (see figure 1). Different weight 

percentages of MWCNTs and CNHCs are to be dispersed within the polymer matrix to fabricate 

the nanocomposites with enhanced physical and chemical properties. Direct dispersion of the 

CNTs in the resin would be difficult as the particles tend to agglomerate because of the high 

viscosity of the resin. Hence, the CNTs are first dispersed in a solvent and then added to the epoxy. 

The required weight percentage of the CNTs are added to a known amount of Ethyl Alcohol. The 

weight of the CNTs are measured using precision Mettler Toledo XS205 weighing scale. The 

mixture of the CNTs and ethyl alcohol is sonicated in a MTI - VGT-1860QTD sonication bath for 

15min, followed by manual stirring of the mixture with a stirrer to avoid the particles sticking to 

the glass beaker and then the mixture is again sonicated for 15min. While the solvent mixture is in 

the sonication bath, the required amount of epoxy is poured into another beaker and a magnetic 

stirrer is added to the epoxy to be later used for magnetic mixing. The weight of the 

epoxy+beaker+magnet is then measured using OHASUS Explorer Pro EP6102 weighing scale and 

recorded. The epoxy is then placed on a Cole-Parmer magnetic stirrer ceramic hot plate that is set 

to 70 °C, to reduce the viscosity of the resin.  After completion of the sonication process the solvent 

and the CNTs mixture is transferred to the epoxy beaker, where they are stirred continuously on 

the magnetic stirrer hot plate placed under a fume hood. The stirring continues until the ethyl 

alcohol is fully evaporated. Weight monitoring is important to the complete evaporation of ethyl 

alcohol. Once the ethyl alcohol is completely evaporated from the mixture the beaker was placed 

on the magnetic stirrer with no heat to cool down the mixture of epoxy and CNTs into the room 

temperature. Cooling down is an important factor, since the mixing of hardener into the epoxy at 
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high temperatures leads to instant polymerization of the mixture. A mold without any impurities 

was placed on a levelled and stable surface (see figure 2). Once the epoxy mixture is cooled down, 

the curing agent is added and then gently stirred with a glass bar in a circular fashion for 10 

minutes.  

 

Figure 1 - Nanocomposite preparation process 

The resulting mixture was poured into the mold and cured in the room temperature for 8hrs before 

being removed from the mold.  

 

Figure 2 - Nanocomposite mold 
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After removal, the panels are post-cured in an oven for 2 hours for a constant temperature of 121°C 

in a Yamato DKN602C furnace, the post-curing process is carried out to complete the 

polymerization process of the epoxy hardener mixture, according to the manufacturer [54]. 

2.4 Sample Preparation 

The nanocomposite panels were first removed from the mold and then cut into required sizes using 

a MK-101 tile cutter under constant spray of water, keeping the thermal effects by the cutting 

action to a minimum. Later the Tensile testing samples of proper dimensions (see figure 3a) are 

cut using a Haas CNC milling Machine and a custom built fixture. The Fracture toughness samples 

were also cut using the tile cutter into the required dimensions (see figure 3b) and the notch was 

introduced in the samples using a Cutoff Wheel on a Grizzly Model G0750 table top mill. After 

the machining a notch on the samples a sharp blade with a v-tip is used to cut a small crack.  

 

Figure 3 - Dimensions of (a) tensile test sample (b) fracture toughness test Sample 

The dielectric samples were cut into 50mm x 50mm size and once the testing of the dielectric 

constant is completed the same samples are used to evaluate their hardness values using Rockwell 

hardness testing machine. The left over material is machined down to 1.0mm – 1.5mm thickness 

and later cut to 10mm x 10mm samples on a Craftsman Band saw for the thermal conductivity 

measurement. 
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CHAPTER 3 

3.0 EXPERIMENTAL TESTING AND RESULTS 

3.1 Tensile Testing 

The width and thickness of each samples were measured to calculate the cross-sectional area at the 

center of the gage length. The samples (see Figure 4) after machining are checked for any burrs 

and examined for machining defects.  

 

Figure 4 - Tensile test sample (a) Pure Epoxy (b) 0.05 wt% MWCNTs nanocomposite 

The tensile properties may vary with specimen preparation method and with the speed and 

environment of testing, hence the Lab is maintained at the same temperature throughout the year. 

A MTS Criterion 45 is used with a pair of gripping jaw fixture (see figure 5a) for tensile testing 

and the speed of test for all the samples were maintained at 1mm/min. Although the machine 

measures elongation automatically, an extensometer is used to accurately measure the strain 

values. All the samples were wrapped properly from the grip area with sandpaper in order to avoid 

the end crushing and slipping of the samples out of the grips while the load is directly acting on 

the samples. Care was taken for the precise alignment of samples on the test fixture so that the 

loading is only applied axially and no bending moments were introduced by wrong alignment. 

This is achieved by using an alignment pin and stopper tab on the fixture. The tensile strength 

(MPa), Young’s Modulus (MPa), and strain to failure (%) values were recorded using Testworks4 
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software and tabulated for each sample for analysis and comparison purposes. A typical stress-

strain curve from Testworks4 is shown in Figure 5b. The readings from the samples that had any 

fractures within the grips were rejected.  

 

Figure 5 (a) Tensile testing setup (b) Testworks 4 stress-strain curve of 0.05 wt% CNHCs 
reinforced nanocomposite sample 

3.1.1 Tensile Test Results for Samples without Post Curing  

The results obtained from the tensile testing includes the tensile strength, tensile modulus and the 

strain at break and they are tabulated in Table 1. The strain at break is measured in percentage 

change. For all the parameters, the standard deviation and the percentage of changes compared to 

the pristine epoxy is also reported. Along with the interaction forces between epoxy and the CNTs, 

the load transferred by the CNTs themselves add up to the tensile strength and the stretching of 

the nanocomposites, which increases the strength and strain to failure making a brittle matrix to 

behave more ductile. This is more evident in the strain at break comparison shown in Figure 6. 

The goal is to understand the effect of the CNTs on matrix material in terms of tensile properties 

such as the strength and the strain at break, the latter being crucial as it determines the transition 
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of epoxy from being brittle to ductile. Based on the test data, the maximum in increase of tensile 

strength seen in Figure 7 came from MWCNTs reinforcement at 0.06 loading percentage by weight 

(wt%), showing an increase of ~19%. 

Table 1 - Tensile test results for nanocomposite samples without post curing

 

And the CNHCs reinforcement showed a maximum increase in tensile strength at 0.06 wt% by 

around ~3%. The CNHCs showed very little changes, which could be that the interaction and load 

transfer with the epoxy was not good compared to the MWCNTs. 

 

Figure 6 - Comparison of strain at break results for nanocomposite samples with different 
loading percentage of CNTs by weight (wt%) without post curing 

CNTs Loading 

percentage by 

weight (wt%)

Tensile 

Strength 

(MPa)

Standard 

Deviation

Percentage 

Changes 

(%)

Tensile 

Modulus 

(MPa)

Standard 

Deviation

Percentage 

Changes (%)

Strain at 

Break (%)

Standard 

Deviation

Percentage 

Changes 

(%)

Pristine 0 59.61 2.71 0.00 2688.08 63.30 0.00 2.55 0.15 0.00

0.02 61.39 3.54 2.99 2693.43 79.68 0.20 2.68 0.24 5.34

0.04 66.39 3.05 11.37 2739.36 61.35 1.91 2.99 0.22 17.24

0.06 71.18 4.04 19.41 2704.04 29.98 0.59 3.51 0.25 37.94

0.02 59.67 3.20 0.10 2795.15 58.39 3.98 2.48 0.21 -2.67

0.04 47.41 2.30 -20.47 2792.71 31.05 3.89 1.89 0.05 -25.65

0.06 61.47 3.64 3.13 2730.81 21.51 1.59 2.71 0.27 6.44

Straight 

MWCNTs

CNHCs

ASTM D638-10 Tensile Testing 
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Figure 7 - Comparison of tensile strength results for nanocomposite samples with different 
loading percentage of CNTs by weight (wt%)without post curing  

In case of the tensile modulus there was no substantial difference between the pure epoxy and the 

nanocomposites (see Figure 8). The CNHCs reinforcement showed a maximum increase of ~4% 

for tensile modulus at 0.02 wt% and the MWCNTs showed a maximum of ~2% at 0.04 wt% CNTs 

loading. But, both the straight and helical CNTs showed that the modulus value keeps dropping as 

the weight percentages increases, which is in agreement with other publications [54]. This can be 

explained as more CNTs are added into the epoxy it reduces the crystallinity of the material in turn 

reducing the modulus. The strain at break for nanocomposite samples showed some promising 

results with the MWCNTs reinforcement showing a maximum increase of ~38% at 0.06 wt% 

CNTs loading. This signifies the effect of CNTs on the load transfer and the ability of the CNTs 

to stretch and enhance the ductility of the nanocomposites [54]. On the other hand the CNHCs 

reinforcement was less effective showing a ~7% increase in strain to failure at 0.06 wt% CNTs 

loading compared to the pristine epoxy samples. 
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Figure 8 - Comparison of tensile modulus results for nanocomposite samples with different 
loading percentage of CNTs by weight (wt%) without post curing 

And other percentage loading of CNHCs showing negative impact on the strain to failure values. 

This could have been due to the poor dispersion of the CNHCs or the agglomeration effect. 

3.1.2 Tensile Test Results for Samples with Post Curing  

With the positive trend seen for the inclusion of CNTs into the epoxy matrix as nano-

reinforcements the similar tests were performed on samples with post curing. The driving factor 

to go for post curing was not only to maximize the curing time for the epoxy, but also to attain the 

maximum properties. The results obtained are reported in Table 2. Initial comparison between the 

post-cured pristine epoxy without post curing showed ~8% increase in the tensile strength, a ~7% 

drop in tensile modulus, and interestingly ~98% increase in the strain to break. This signifies the 

effectiveness of the post curing on mechanical property of the epoxy. The post curing improved 

the strain to failure almost by 100% making it to behave in a more ductile manner. From Figure 7 

we can notice that both the CNHCs and MWCNTs nanocomposites show a very similar trend for 
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the improvement of tensile strength. Once the strength value reaches a peak value, it starts to 

decline as we increase the CNTs concentration seen in Figure 9. 

Table 2 - Tensile test results for nanocomposite samples with post curing 

 

 The key difference is that the CNTs reinforcement effects peak at different percentages. In the 

case of MWCNTs the nanocomposite showed highest strength values around 0.1 wt% CNTs 

loading i.e. around ~13% higher than the postcured pristine sample, making the nanocomposite 

better in terms of the tensile strength. On the other hand, the CNHCs nanocomposites showed a 

peak at 0.05 wt% (half the weight percentage compared to MWCNTs) CNTs loading and gaining 

~13% increase in the strength values. Thus with lower percentages loading the CNHCs 

reinforcement exhibit more effective strength improvement compared to the MWCNTs 

nanocomposites. This can attribute to the fact that CNHCs has better interaction with the epoxy 

and the helical coil unwinding effects could be anticipated because of their geometrical 

CNTs Loading 

percentage by 

weight (wt%)

Tensile 

Strength 

(MPa)

Standard 

Deviation

Percentage 

Changes 

(%)

Tensile 

Modulus 

(MPa)

Standard 

Deviation

Percentage 

Changes 

(%)

Strain at 

Break (%)

Standard 

Deviation

Percentage 

Changes 

(%)

Pristine 

without post 

curing

0 59.61 2.71 0.00 2688.08 63.30 0.00 2.55 0.15 0.00

Pristine Post-

Cured
0 64.40 1.56 8.04 2488.21 42.69 -7.44 5.04 0.38 98.08

0.02 71.81 1.02 11.50 2361.85 31.75 -5.08 5.49 0.48 8.86

0.05 67.26 0.80 4.43 2408.79 39.30 -3.19 5.81 0.10 15.19

0.08 70.44 1.57 9.38 2309.33 66.43 -7.19 5.95 0.14 18.04

0.10 72.91 2.27 13.21 2466.08 40.86 -0.89 6.35 0.19 25.86

0.12 71.79 1.35 11.47 2364.17 41.74 -4.99 5.97 0.11 18.36

0.15 66.84 1.16 3.78 2427.96 25.79 -2.42 5.74 0.13 13.90

0.50 50.95 1.18 -20.89 2480.93 50.82 -0.29 2.51 0.14 -50.31

1.00 42.31 1.44 -34.31 2363.26 93.47 -5.02 2.10 0.18 -58.40

0.02 67.83 1.68 5.31 2370.10 35.96 -4.75 4.70 0.42 -6.74

0.05 72.75 2.04 12.96 2395.73 15.69 -3.72 6.32 0.09 25.24

0.08 69.65 0.73 8.15 2319.92 44.33 -6.76 5.70 0.21 13.07

0.10 70.47 2.33 9.41 2422.47 39.59 -2.64 6.18 0.14 22.61

0.12 70.64 0.42 9.68 2354.67 51.06 -5.37 5.71 0.42 13.19

0.15 64.71 0.35 0.47 2462.53 27.72 -1.03 5.41 0.08 7.18

ASTM D638-10 Tensile Testing 

CNHCs

Straight 

MWCNTs
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configuration. Comparing the Modulus results (see Figure 10), there was a drop in the Modulus 

values. The post curing of the epoxy brought down the Modulus value by ~7% as compared to the 

pristine epoxy samples. 

 

Figure 9 - Comparison of tensile strength results for post-cured nanocomposite samples with 
different loading percentage of CNTs by weight (wt%) 

 

Figure 10 - Comparison of tensile modulus results for post-cured nanocomposite samples with 
different loading percentage of CNTs by weight (wt%) 
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Figure 11 - Comparison of strain at break results for post-cured nanocomposite samples with 
different loading percentage of CNTs by weight (wt%) 

In addition the introduction of the CNTs decreased the modulus but nothing more than 10% loss, 

which points towards the change in crystallinity of the material. This trend can also be explained 

by examining the strain at break values (see Figure 11). When compared on basis of strain at break 

the post-cured epoxy showed a superior behavior in terms of ductility and thus the materials 

Modulus decreases by a good margin. And this same behavior is noted in the nanocomposite 

samples, i.e., higher ductility a marginal loss on the Modulus. The MWCNTs nanocomposites 

measured ~26% increase in strain to failure compared to the post-cured pristine sample at 0.1 wt% 

CNTs loading, which corresponds to the high tensile strength values for the same CNTs loading 

(see Table 2). Also, the effects on strain at break was similar to the tensile strength for CNHCs 

nanocomposite, which peaked at 0.05 wt% CNTs loading to an impressive ~25% increase. Both 

0.05 wt% CNHCs and 0.1 wt% MWCNTs reinforced nanocomposites showed only minimal 
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changes in tensile modulus, i.e., ~4% and ~1% reduction in modulus, respectively. The tensile 

properties improvement obtained in this study were similar to other publications [29, 57].  

 

Figure 12 – Various magnifications of SEM images for fractured surfaces of (a, b) 0.1 wt% 
MWCNTs reinforced nanocomposite (c, d) 0.05 wt% CNHCs reinforced nanocomposites 

However the higher percentages of CNTs reinforcement used in this research, mainly the 0.5 wt% 

and 1 wt% of MWCNTs, did show degraded properties as compared to the pristine samples.  

Comparing the SEM images of (see Figure 12) fractured surfaces of both MWCNTs and CNHCs 

reinforced nanocomposites show more ductile characteristics and fiber pullouts were observed. 

One can conclude that the interaction between the CNTs and the epoxy do exist and plays a key 

role in enhancing tensile strength and ductility of the nanocomposites. 
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3.2 Fracture Toughness Testing 

The ASTM 5045 test method involves loading a notched specimen that has been pre-cracked in 3-

point bending, also called Single-Edge Notch Bending (SNEB). The validity of the KIC values 

greatly depends on the adequate dimensions of the specimen to give linear elastic behavior; hence, 

a lot of care is taken during the sample preparation. The sample dimensions are proportional to the 

thickness of the specimen out of the curing cycle. Based on the thickness value of 3.4mm used in 

this research, the dimensions of the specimen is shown in figure 3b. 

 

Figure 13 - Fracture toughness test specimens for (a) pure epoxy (b) 0.05 wt% CNHCs 
reinforced nanocomposite 

The test samples, (shown in Figure 13) were as mentioned in a  MTS Criterion 45 with a three-

point bending tool fixture (see figure 14) for the testing. For each set of samples, tensile strength 

(σy) values from tensile tests along with the sample dimensions and the maximum load sustained 

by the specimen until fracture used to calculate KIC values.  

 

Figure 14 - 0.05 wt% CNHCs reinforced nanocomposite sample on a 3-Point bending fixture 
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The maximum load is obtained by Testworks4 software (see figure 15). Also, after breaking each 

specimen the results are recalculated based on the actual crack length measured on a Lumenera 

Infinity 2 Microscope using the software Infinity Analyze. Later the results are examined for the 

dimensional criterion validation based on suggestions from ASTM 5045, where the thickness, the 

crack length and the width minus the crack length should all be greater than 2.5 (KIC/σy)2. With 

any one of the criteria fails the sample is not valid and rejected. The criteria is required because it 

ensures that there is sufficient plane strain and avoid any excessive plastic region while the load is 

being applied. 

 

Figure 15 – A sample test result generated by Testworks4 for Fracture toughness of 0.1 wt% 
MWCNTs reinforced nanocomposite 

3.2.1 Fracture Toughness Results for Samples without Post Curing  

The plane strain fracture toughness KIC signifies the resistance of the material to fracture at the 

presence of a sharp crack. The KIC values of the samples without post curing are tabulated in Table 

3, where considerable increase in fracture toughness was observed for the CNTs reinforced 

nanocomposites, as compared to the pristine epoxy samples. The CNTs because of their huge 

surface area, interact with the epoxy forming molecules and form bonds. The presence of CNTs in 
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the matrix will delay and resist the crack growth, thus improving the fracture toughness. The 

samples will require higher loads and lateral deformations to fracture and in some instances energy 

will be dissipated in form of CNTs pullout, CNTs deformation and CNTs breakage. The addition 

of straight one dimensional nanoreinforcements into the epoxy for improvement of mechanical 

properties has been investigated earlier [30, 45]. The objective in this research is to study the 

effects of helical geometries of CNHCs and low weight percentage loading on properties of the 

nanocomposites.  

Table 3 - Fracture toughness of the nanocomposite samples without post curing

 

The fracture toughness results from the CNHCs reinforced nanocomposites were are considerably 

higher than those MWCNTs reinforced nanocomposites, they showed ~125% increase in fracture 

toughness in the case of 0.02 wt% loading of CNHCs. This can be explained by the unwinding and 

stretching of the CNHCs under loading and an increase in energy absorbed by CNHCs before the 

fracture of specimens. In addition, the presence of CNHCs can be blunt the crack tip or deflect the 

crack to go around the CNHCs creating longer crack path, resulting in creation of larger surfaces 

and thus more energy dissipation. Since the average diameter of these nanotubes is 100-200nm, 

the surface area required to hold the CNHCs are higher providing higher resistance to failures 

CNTs Loading 

percentage by 

weight (wt%)

KIC [MPa. mm]
Standard 

Deviation

Percentage 

Changes 

(%)

Pristine 0 27.80 0.52 0.00

0.02 44.14 3.49 58.80

0.04 38.53 2.79 38.58

0.06 46.41 0.98 66.94

0.02 62.55 0.54 125.00

0.04 51.80 2.69 86.34

0.06 56.24 3.58 102.31

Straight MWCNTs

Helical

ASTM 5045 - Fracture Toughness Testing
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caused by CNTs pullout. The MWCNTs reinforced samples however, showed a maximum of 

~67% increase in fracture toughness at 0.06 wt% loading. It’s interesting to note that the MWCNTs 

reinforced nanocomposite showed increase in fracture toughness with increase in particle loading 

percentages Whereas the CNHCs reinforced nanocomposite showed a steady decline in fracture 

toughness with increase in particle loading percentages (see Figure 16). 

 

Figure 16 - Comparison of fracture toughness results for nanocomposite samples without post 
curing for different wt% loading of MWCNTs and CNHCs 

3.2.2 Fracture Toughness Results for Samples with Post Curing 

The fracture toughness results for the samples that were post cured are shown in Table 4. The idea 

of post curing, as discussed earlier, was to improve the properties of the base epoxy, by using 

temperatures as high as 121°C, which speeds up the curing process and helps in attaining 

maximum mechanical properties. The post cured pristine samples showed a ~118% increase in 

fracture toughness values making it more desirable compared to epoxy samples without post 

curing. As shown earlier (Section 3.2.1) the inclusion of CNTs increases the fracture toughness, 
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but in the case of postcured samples the effects of post curing will add up with the effects of CNTs 

inclusion which is very evident in figure 17. 

Table 4 - Fracture toughness of the nanocomposite samples with post curing 

 

The MWCNTs reinforced nanocomposite samples with 0.1 wt% loading showed a maximum of 

~33% increase in fracture toughness compared to the postcured pristine epoxy. The inclusion of 

MWCNTs improved the fracture toughness values up to 0.1 wt% loading of CNTs and then it 

degraded the fracture toughness as the CNTs loading was increased. Nevertheless all the 

MWCNTs reinforced samples showed increase in fracture toughness compared to the pristine 

epoxy samples. On the Other hand, the CNHCs reinforced nanocomposite samples exhibited a 

high of ~31% increase in fracture toughness at 0.05 wt% loading. Similar to the straight MWCNTs 

reinforced samples, the CNHCs reinforced samples showed a similar trend of increasing fracture 

CNTs Loading 

percentage 

by weight 

(wt%)

KIC    

[MPa. mm]

Standard 

Deviation

Percentage 

Changes (%)

Pristine without post 

curing
0.00 27.80 0.52 0.00

Pristine Postcure 0.00 60.61 1.12 118.02

0.02 71.49 2.57 17.96

0.05 75.94 1.87 25.29

0.08 77.11 1.11 27.23

0.10 80.68 3.13 33.11

0.12 77.37 2.22 27.66

0.15 76.89 1.21 26.87

0.50 74.10 2.15 22.26

1.00 72.70 2.42 19.96

0.02 69.53 2.69 14.72

0.05 79.34 3.41 30.91

0.08 74.69 1.07 23.24

0.10 70.02 3.88 15.53

0.12 70.54 2.15 16.39

0.15 70.71 1.42 16.67

ASTM 5045 - Fracture Toughness Testing

Helical

MWCNTs
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toughness value and reached maximum improvement at 0.05 wt% loading and then gradually 

decreased for higher percentages loading. 

 

Figure 17 - Comparison of fracture toughness results for post-cured nanocomposite samples 
with different wt% loading of MWCNTs and CNHCs 

The properties of CNHCs reinforced samples were superior to that of the pristine epoxy samples. 

Both types of CNTs reinforcements showed similar trend for improving the fracture toughness, 

except for the peak values that occurred at 0.05 wt% and 0.1 wt% loading for CNHCs and 

MWCNTs reinforcements, respectively. Post-cured samples didn’t show much of variation as that 

of non-post cured samples, suggesting that the fracture toughness values for the CNHCs and 

MWCNTs reinforced nanocomposites, the crack deflection at small CNTs agglomerates seems to 

be the dominating mechanism for the improvement of fracture toughness [30]. 
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Figure 18 - SEM images of fractured surfaces of fracture toughness samples with (a) 0.1 wt% 
MWCNTs reinforced nanocomposites (b) 0.05 wt% CNHCs reinforced nanocomposites 

Since the peak values were different for the CNHCs and MWCNTs reinforced nanocomposites we 

can conclude that the CNHCs has better fracture resistance at smaller percentage loading (0.05 

wt%). By analyzing the SEM images for the fractured surfaces of the fracture toughness samples, 

the MWCNTs reinforced samples showed characteristic of fiber pullout (see Figure 18a) as a 

predominant mechanism of failure. Whereas, the CNHCs reinforced samples showed both fiber 

pullout and fiber breakage as the mechanisms of failure (see figure 18b).The SEM images 

illustrates the interaction of the CNTs with the epoxy, which acts as a key factor in resisting crack 

propagation. To further understand the role of CNTs reinforcements in improving the fracture 

resistance of the polymer matrices, more characterization with higher resolution SEM and TEM 

will be helpful. 

3.3 Rockwell Hardness Testing 

The ASTM D785 was used to determine the hardness of the specimens. Rockwell hardness number 

is calculated from the net increase in depth of indention, which is a result of increasing the load on 

the indenter from a minor load to a major load. This is referred in ASTM D785 as Procedure A. A 

minor load of 10-kg was applied followed by a major load of 60-kg (H-scale) for 15 seconds which 
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produces an indentation and the increase in indentation depth is measured. Buehler Rockwell 1800 

machine (see figure 19) was used to do the hardness testing.  

 

Figure 19 - Buehler Rockwell 1800 used for testing of nanocomposite samples 

The specimens were piled-up (so as they qualify for the minimum thickness suggested by the 

ASTM) of two pieces of the same thickness, with precautions taken that the surfaces of the pieces 

are in total contact with the test block surface. Three readings for each sample across various 

locations were recorded and five samples were tested for each sample, for which the results are 

tabulated and the average in Table 5. 

3.3.1 Hardness Test Results for Nanocomposite Samples 

The textbook definition of hardness is ability of a material to resist plastic deformation by 

indentation. This property defines the localized deformation of the material to any external loads 
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applied. Although there are many methods to measure the material’s hardness, they mostly fall 

under two categories: Macro and Micro hardness test methods. The micro hardness of a material 

is usually measured to understand the surface effects like, coating and surface hardening.  

Table 5 - Rockwell hardness test results for nanocomposite samples 

 

Macro hardness measurements are used for bulk materials and therefore, which will be employed 

to identify the effects of the CNTs reinforcements on hardness property of the epoxy matrix. With 

the CNTs reinforcements dispersed in the epoxy, it was anticipated to see an increase in hardness 

compared to the pristine samples, due to contribution of CNTs to resist indentation. However, the 

results showed that there was no big change in the hardness values. The maximum value was noted 

at 0.12 wt% CNTs loading for both MWCNTs and CNHCs reinforced samples, which was ~17 % 

(see Table 5). Compared to the pristine samples without post curing, the post-cured samples 

CNTs Loading 

percentage 

by weight 

(wt%)

Hardness Number 

HRH
Std_Dev

Percentage 

Changes (%)

Pristine 

without 

post curing

0 63.62 2.20 0.00

Pristine 

post-Cure
0 61.29 0.82 -3.67

0.02 64.14 0.70 4.66

0.05 65.37 1.62 6.66

0.08 66.24 1.02 8.08

0.10 62.49 0.64 1.97

0.12 66.69 0.59 8.82

0.15 57.95 0.58 -5.44

0.50 61.66 0.56 0.61

1.00 60.57 1.69 -1.17

0.02 63.67 0.57 3.89

0.05 63.59 0.97 3.75

0.08 65.84 0.74 7.43

0.10 63.41 0.63 3.46

0.12 66.95 0.60 9.25

0.15 59.33 1.28 -3.20

CNHCs

Straight 

MWCNTs

Rockwell Hardness Number
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showed a reduction in hardness by ~3.6%, mostly due to the material becoming more ductile, 

which is evident from the strain to failure of the sample that was observed during the tensile testing.  

 

Figure 20 - Comparison of Rockwell hardness number for nanocomposite samples with different 
wt% loading of MWCNTs and CNHCs 

This allows us to conclude that the post curing of the epoxy lowers the hardness, which correlates 

with the increase in ductility of the material. The MWCNT reinforcements showed increase in the 

hardness number until 0.12 wt% loading with the range upto ~9%, but showed a decline with 

higher CNTs loading, which is well in agreement with other published results [40]. Although other 

published data have showed increase in hardness with the particle percentages [36], the difference 

in this work is the post curing effects on hardness of the epoxy system as well. With the increased 

strain to failure for the post cured nanocomposite samples, it can be mentioned that the CNTs have 

fibers slipping in the material causing the reduction in hardness. Although higher percentages may 

increase the hardness [36] this study is more related towards the low percentages of CNTs used. 

Figure 20, shows that the hardness values obtained in this study are more or less around the same 
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hardness values as that of pristine epoxy with only the Post cured samples showing reduction of 

hardness number. 

3.4 Thermal Conductivity – Flash Method 

ASTM E1461 is used to measure the thermal conductivity of the nanocomposite samples. In 

general, for this test a small, thin disc specimen is subjected to a high intensity short duration 

radiant energy pulse; in this case a Laser is used. The energy of the pulse is absorbed on the front 

surface of the specimen and the resulting rear face temperature rise is recorded. The recorded 

thermal curve is used to measure Thermal Diffusivity (α) using Equation (3.1), 

 𝛼𝛼 =  0.1388 ∙ 𝑙𝑙 / 𝑡𝑡50 (3.1) 

Where, 

l is the thickness of the sample in mm 

t50 Time taken for rear face to reach half of max temperature in seconds 

 

Figure 21 - Netzsch - LFA 447 test apparatus [58] 

Specific heat can be obtained by a comparative method, where two samples are measured 

subsequently under the same conditions: a test sample under investigation, and a reference sample 
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with previously determined properties (Pyroceram). By comparing the maximum temperatures 

obtained on both of the samples the Specific heat (Cp) can be calculated using equation (3.2) [58] 

The test setup used is the NETZSCH LFA 447 Nanoflash (see figure 21), as per the suggestion by 

the manual the samples were machined to 1 – 1.5mm thick and cut into 10mm X 10mm (see figure 

22), since the sample tray we used holds 10mm x 10mm samples. For each CNTs concentration, 

3 samples were prepared. The samples are then coated with Dry Graphite spray on both sides to 

increase the response to the xenon flash. 

 
𝑐𝑐𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆 = 𝑇𝑇𝑆𝑆𝑆𝑆𝑚𝑚

𝑟𝑟𝑆𝑆𝑟𝑟

𝑇𝑇𝑆𝑆𝑆𝑆𝑚𝑚
𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆 ∙

(𝜌𝜌 ∙ 𝑙𝑙)𝑟𝑟𝑆𝑆𝑟𝑟
(𝜌𝜌 ∙ 𝑙𝑙)𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆 ∙ 𝑐𝑐𝑝𝑝

𝑟𝑟𝑆𝑆𝑟𝑟 (3.2) 

Where,  

ρ is the density of the material - g/cm3 

cpref is specific heat of reference sample - J/g °K 

 

 The Thermal Conductivity (λ) is calculated using Equation (3.3), 

 𝜆𝜆 =  𝛼𝛼 ∗ 𝜌𝜌 ∗ 𝐶𝐶𝐶𝐶 (3.3) 

Where, 

Cp Specific heat in - J/g °K 

α Thermal Diffusivity - mm2/S 

λ Thermal Conductivity - W/m °K 

The dimensions and weight of the samples are measured in order to calculate the density. The 

setup was run along with a reference sample with known properties at room temperature. 
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Figure 22 - Thermal conductivity test samples (a) pristine epoxy and (b) 0.05 wt% MWCNTs 
reinforced nanocomposite 

The NETZSCH -LFA 447 apparatus has built-in software for calculating, by a curve-fitting 

method, the thermal diffusivity from the transient temperature history curve (see figure 23), 

obtained at the rear face [43]. The thermal diffusivity is measured at room temperature and then 

Specific heat is calculated using the LFA Proteus Analysis software, where the tool calculates the 

value based on the reading from the reference sample. The software readings were recorded and 

then the conductivity is calculated, using the above mentioned formula. 

 

Figure 23 - Typical LFA curve - pristine sample 
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3.4.1 Thermal Conductivity Test Results for Nanocomposite Samples 

Table 6 - Thermal conductivity test results for nanocomposite samples 

 

The thermal conductivity of each sample batch are tabulated in Table 6. Thermal conductivity, of 

a solid material is the time rate of steady heat flow through unit thickness of an infinite slab of a 

homogeneous material in a direction perpendicular to the surface. This test was performed to find 

out the influence of CNTs inclusion on the thermal properties of base epoxy. As expected, there 

was a change in thermal conductivities with change in percentage of the CNTs inclusion. The 

maximum thermal conductivity occurred at 1.0 wt% of MWCNTs loading, which is 0.316 W/m°K. 

It is notable that there is no difference in thermal conductivity difference between the post-cured 

pristine epoxy and the pristine epoxy without post curing, which implies that the change in thermal 

conductivities of the test samples were solely because of the presence of CNTs. Care was taken to 

CNTs Loading 

percentage by 

weight (wt%)

    Std_Dev
Percentage 

Changes (%)

Pristine 

without post 

curing

0 0.242 0.006 0.000

Pristine   

post-cured
0 0.242 0.01 0.000

0.02 0.271 0.014 11.983

0.05 0.287 0.003 18.595

0.08 0.287 0.039 18.595

0.10 0.266 0.014 9.917

0.12 0.298 0.025 23.140

0.15 0.284 0.013 17.355

0.50 0.279 0.003 15.289

1.00 0.316 0.017 30.579

0.02 0.283 0.019 16.942

0.05 0.287 0.005 18.595

0.08 0.277 0.029 14.463

0.10 0.281 0.01 16.116

0.12 0.270 0.003 11.570

0.15 0.298 0.015 23.140

CNHCs

Stright 

MWCNTs
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get the measurement from different locations, so the dispersion effects are reduced and good results 

were obtained based on the low standard deviation values. 

 

Figure 24 - Comparison of thermal conductivity results of nanocomposite samples with different 
wt% loading of MWCNTs and CNHCs 

The results show a steady increase in thermal conductivity with increase in weight percentage of 

both MWCNTs and CNHCs inclusions (see figure 24). With CNTs having high thermal 

conductivities, the geometrical shapes of the CNTs do not make big difference, in this case, but it 

might make a difference when higher percentages are used [43]. Above all the changes increase in 

the thermal conductivity is a desirable change when this configuration is used to prepare laminated 

composites. 

3.5 Dielectric Constant Testing  

ASTM D150 is used for the measurement of the Dielectric Constant for the nanocomposite 

samples. Andeen Hagerling AH 2550A 1 kHz Capacitance Bridge (see figure 23) along with 

aluminum disk electrodes of 1.5in diameter (see figure 24a) was used to measure the capacitance.  
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Figure 25 - Andeen Hagerling AH 2550A Capacitance Bridge 

The Device is turned on 30 minutes prior to the measurement of the capacitance of the material. 

The samples thickness were measured and recorded along with the surface area of the parallel plate 

electrodes. A sample (see figure 24) was held between the electrodes and the lead wires from the 

device is made to contact with the electrodes and the capacitance was measured and recorded. 

Using the capacitance value the Permittivity of material can be calculated using equation (3.4). 

Dielectric Constant is the ratio of the permittivity of the material to the permittivity of free space 

as shown in equation (3.5). 

 Ɛ = (𝐶𝐶 ∗ 𝑡𝑡)/𝐴𝐴 (3.4) 

Where, 

Ɛ = Permittivity of the material - Fm-1 * 10-12 

C = Measured Capacitance - pF 

t = Thickness of Material - m 

A = Cross section area of electrodes - m2 
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 𝐾𝐾 =  Ɛ/Ɛ𝑜𝑜 (3.5) 

Where, 

K = Dielectric Constant 

Ɛo = Vacuum Permittivity = 8.854187818 Fm-1 * 10-12 

 

Figure 26 - Dielectric (a) disk electrodes (b) pristine sample (b) 0.08 wt% MWCNT 
nanocomposite sample 

3.5.1 Dielectric Constant Test Results for Nanocomposite Samples 

The dielectric of each sample were calculated and presented in Table 7. Dielectric constant is an 

electrical property of material that is a ratio of the permittivity of the material to the permittivity 

of free space. A material when placed in an electric field closes the circuit by free flowing 

electrons, but that is not the case of poor conducting materials. This property of poor conductors 

can be used to store the electric charge, thus making the material a dielectric material ideal for a 

capacitor application. As the Dielectric constant increases the material degrades its ability to hold 

the electric charge, in other words, the material readily conducts electricity. So the significance of 
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the dielectric test was to understand the electrical effect of the epoxy with varying concentrations 

of electrically conductive carbon nanotubes. 

Table 7 - Dielectric constant test results for nanocomposite samples 

 

The results (see figure 27) has a constant trend that is with the increase in the CNTs loading 

percentages the dielectric constant value increases making the materials more readily conductive. 

And similar results [59] have been published showing identical trend in the change in dielectric 

constant, with changes on CNTs loading percentages. The change in dielectric constants between 

the MWCNTs and CNHCs reinforced samples were very similar with varying concentrations; 

hence, it was concluded that the addition of both types of CNTs has the same effect on the 

Dielectric property of the epoxy. 

CNTs Loading 

percentage 

by weight 

(wt%)

Dielectric Constant Std_Dev
Percentage 

of Changes

Pristine 

without post 

curing

0 2.12 0.01 0.00

Pristine    

post-cured
0 4.17 0.05 96.61

0.02 4.50 0.00 7.81

0.05 4.77 0.01 14.35

0.08 4.93 0.02 18.11

0.10 5.24 0.00 25.56

0.12 5.35 0.04 28.27

0.15 6.34 0.00 51.87

0.50 8.89 0.01 113.06

1.00 13.70 0.00 228.29

0.02 4.42 0.00 5.80

0.05 4.74 0.00 13.61

0.08 4.91 0.02 17.56

0.10 5.21 0.00 24.70

0.12 5.53 0.02 32.51

0.15 6.31 0.00 51.08

CNHCs

Straight 

MWCNTs

Dielectric Constant
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Figure 27 - Comparison of dielectric constant test results of nanocomposite samples with 
different wt% loading of MWCNTs and CNHCs 

 

 

 

 

 

 

 

 

 

 



43 

 

CHAPTER 4 

4.0 CONCLUSION 

In this research study the effects of geometrical shapes concentration of CNTs on mechanical 

(tensile, fracture toughness and hardness properties), thermal and dielectric properties of the 

nanocomposites were studied. Two configurations of CNTs, one being Multiwall Carbon nanotube 

(MWCNTs) and another being Carbon NanoHeliCoil (CNHCs) were used. The initial research 

started with room temperature curing of the epoxy nanocomposite samples, but later post curing 

was included, since it showed significant effects on the properties of base epoxy samples. 

Therefore, in this research the combined effects of nano-inclusions and post curing was 

investigated.  

Tensile testing measured the tensile strength, the tensile modulus and the strain at break. Without 

post curing the inclusion of CNTs showed desirable tensile properties. The tensile strength of 

MWCNTs nanocomposite showed a ~19% increase and a strain at break increase of ~38% at 0.06 

wt% of CNTs loading. At the same CNTs loading percentage, the CNHCs nanocomposites showed 

a ~3% and ~7% increase in tensile strength and strain at break values, respectively. However, the 

introduction of post curing process showed a ~98% increase in strain at break for the pristine epoxy 

samples compared samples without post curing. The increase in the strain at break for all the post-

cured nanocomposites indicated that the material is behaving more ductile than the pristine epoxy. 

Thus reducing the Modulus of the material. In addition also the reduction in Modulus of the 

nanocomposites could be due to the shift in crystallinity of the epoxy material by addition of the 

CNTs. Compared to post-cured pristine epoxy samples the MWCNTs reinforced nanocomposite 

samples showed ~13% increase in tensile strength and ~26% increase in strain at break both at 0.1 

wt% loading for post-cured samples. The CNHCs reinforced samples showed an increase of ~13% 
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and ~25% for tensile strength and strain at break, respectively, at 0.05 wt% loading of post-cured 

samples. The main significance of this comparison between MWCNTs and CNHCs reinforced 

nanocomposites is that the CNHCs showed superior influence on the properties at half the weight 

percentage of the MWCNTs. Thus, it can be concluded that the larger surface area and the 

geometry of the CNHCs contributes more effectively on the tensile properties of the 

nanocomposites.  

Fracture toughness tests were performed to investigate the effects of nano-inclusion on the fracture 

toughness values, similar to the tensile testing samples the for test specimens without post curing 

and later shifted to postcured samples. The samples without post curing showed some interesting 

fracture toughness values. The introduction of the CNTs changed the fracture toughness values 

drastically with MWCNTs reinforced nanocomposite yielding ~67% increase at 0.06 wt% loading, 

and at 0.02 wt% loading CNHCs reinforced samples showed an improvement of ~125%.  

The post curing of the epoxy showed an improvement of ~118% compared to the pure epoxy. Thus 

after adding the nano inclusions and post curing was a desirable process to strengthen the material 

against fracture. Compared to the post cured pristine epoxy, the nanocomposite made by 0.1 wt% 

of MWCNTs and 0.05 wt% of CNHCs inclusions showed improvement of fracture toughness 

values by ~33% and ~31%, respectively. Again the CNHCs nanocomposites showed better 

properties at lower weight percentage than MWCNTs nanocomposites.  

Hardness testing on the postcured samples showed lower hardness numbers compared to the 

pristine epoxy samples, which is expected as the samples became more ductile. But, the reduction 

of hardness was not considerable as the results for nanocomposites were much closer to the pure 

epoxy as the weight percentage used were comparatively low. 
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Thermal Conductivity of the nanocomposites showed a positive impact, as the CNTs are thermally 

very conductive and both MWCNTs and CNHCs inclusions showed a consistent trend of increase 

in thermal conductivity with the increase in the weight percentage of the CNTs added. 

Dielectric constant showed a very similar trend like the thermal conductivity measured, the more 

the CNTs percentage in the epoxy the higher was the dielectric constant, which was expected since 

the CNTs are excellent conductors of electricity.  

To conclude both MWCNTs and CNHCs reinforced nanocomposites showed similar Hardness, 

Thermal conductivity and Dielectric properties. However CNHCs inclusions exhibited superior 

effects on mechanical properties at lower weight percentages making the CNHCs little more 

desirable because of their geometric shapes.  
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CHAPTER 5 

5.0 FUTURE WORK 

Based on the results obtained in this research, other studies can be branched out and can be used 

to investigate the effects of nanomaterials reinforcements on properties polymeric composite 

materials for various applications. The following are some of the suggested future work, 

• The identified weight percentage of CNTs can be used in building a matrix that can be used 

in laminated composites, where the effect of the CNTs and the interaction effects of the 

CNTs with fibers could be studied, as well. 

• Other properties like impact strength, electrical conductivity, Compressive strength, shear 

strength and environmental effects can be studied for these nanocomposites.  

• Different mixing methods like changing the solvent, or using different mixers would be a 

good study to determine the proper method for dispersion of CNTs.  

• Using Different characterization methods to understand the effects of the CNTs in terms 

of Glass transition temperature, enthalpy, cure kinetics etc. 

• Another research direction, which our research group is already working on, is to study the 

effects of functionalization of the CNTs on dispersion consistency of the CNTs in the 

epoxy. 

• Finally, the CNTs could be bundled with the dry fabrics, and then these bundled fibers can 

be used to create laminates. The idea is to increase the interlocking of the CNTs with the 

fibers polymer matrix to and study the effects on the mechanical, electrical and thermal 

properties of the resulting nanocomposite. 
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