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ABSTRACT 

 

Electrical and Thermal Experimental Characterization and Modeling of Carbon 

Nanotube/Epoxy Composites.  

(May 2011) 

Frank Gardea, B.S., Texas A&M University 

Chair of Advisory Committee:  Dr. Dimitris C. Lagoudas 

 

The present work investigates the effect of carbon nanotube (CNT) inclusions on 

the electrical and thermal conductivity of a thermoset epoxy resin.  The characterization 

of electrical and thermal conductivity of CNT/epoxy composites is presented.  Pristine, 

oxidized, and fluorine-functionalized unpurified CNT mixtures (“XD grade”) were 

dispersed in an epoxy matrix, and the effect of stirring rate and pre-curing of the epoxy 

on the dispersion of the CNTs was evaluated.  In order to characterize the dispersion of 

the CNTs at different length scales, Optical Microscopy (OM), Raman Spectroscopy, 

and Scanning Electron Microscopy (SEM) was performed.  Samples of varying CNT 

weight fractions were fabricated in order to find the effect of CNT weight fraction on 

thermal and electrical conductivity.  Electrical conductivity was measured using a 

dielectric spectrometer, and thermal conductivity was determined by a transient plane 

source thermal analyzer. 

It was found that electrical conductivity increases by orders of magnitude for the 

pristine and oxidized XD CNT composites relative to the neat epoxy matrix, while 
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fluorinated XD CNT composites remain electrically non-conductive.  A small, but 

significant, increase in thermal conductivity was observed for pristine, oxidized, and 

fluorinated XD CNT composites, showing a linear increase in thermal conductivity with 

increasing CNT weight fraction.  Pristine XD CNTs were ball-milled for different times 

in order to reduce the degree of agglomeration and entanglement of CNTs, and 

composites were fabricated using the same technique as with non-milled XD CNTs.  

Using ball-milled CNTs shows improved dispersion but results in an electrically non-

conductive composite at the CNT weight fractions tested.  The thermal conductivity of 

the ball-milled CNT samples shows an initial increase higher than that of non-milled 

pristine, oxidized, and fluorinated XD CNTs, but remains constant with increasing CNT 

weight fraction.  A micromechanics model based on the composite cylinders method was 

implemented to model the electrical and thermal conductivity of the CNT/epoxy 

composites.  Nanoscale effects in electrical and thermal conduction, such as electron 

hopping and interface thermal resistance, respectively, were incorporated into the model 

in order to accurately predict the acquired results.  Modeling results show good 

agreement with acquired experimental results. 
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CHAPTER I 

INTRODUCTION 

 

The use of epoxy polymers has shown significant research interest due to their 

low density, ease of processability, and large range of applications [26,33,53,81,95].  

However, the low electrical and thermal conductivity of epoxy presents performance 

limitations, specifically with thermal management and electrostatic discharge [67].  One 

way of increasing the low electrical and thermal conductivities of epoxy is by the 

incorporation of nanoscale particles, to create what are commonly referred to as 

nanocomposites [3,43,96].  Nanocomposites are multiphased materials where one of the 

phases has a dimension in the nanoscale (< 100 nm) [64].  The enhancement of the 

conductivity of epoxy has been pursued by embedding the polymer with nanoparticles 

with high thermal and electrical conductivity, in particular carbon nanotubes (CNTs) 

[67,91,95]. 

 

A.  Background and Literature Review 

The high aspect ratio and the high intrinsic electrical and thermal conductivity of 

CNTs should allow for a significant enhancement in the composite conductivity with 

only a minimal amount of dispersed CNTs [67].  In addition, due to their high strength 

and modulus [64], CNTs are a favorable candidate for developing a multifunctional 

composite material with enhanced mechanical and structural capabilities [45].  Altering                                           

____________ 
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the low electrical and thermal conductivity of epoxy by the use of CNT inclusions gives 

the potential to control the conductivity of the composite by changing the CNT type, 

functionality, and weight fraction.  In addition to thermal management and electrostatic 

discharge applications, other potential CNT/epoxy composite applications include the 

following:  electrically insulating Thermal Interface Materials (TIM), where electrical 

isolation is required to prevent device interference while having heat dissipation, 

electrically conductive TIM where thermal performance and electrical connectivity is 

required, or as thermoelectric materials, where a high electrical conductivity is needed 

with low thermal conductivity [49,85,91]. 

In 1991, Iijima discovered carbon with a cylindrical structure after analyzing 

carbon deposit on an electrode [22].  Carbon nanotubes can be visualized as rolled sheets 

of graphene [47].  A single-wall carbon nanotube (SWCNT) consists of a single 

graphene cylinder [47] whereas a multi-wall nanotube (MWCNT) consists of multiple 

concentric graphene cylinders [22].  CNTs can have diameters of 0.4 to 100 nm, with 

lengths in the order of micrometers [64], resulting in very large aspect ratios, or length to 

diameter ratios.  As a result of this large aspect ratio, CNTs can be considered one-

dimensional.  The one-dimensional structure gives rise to very unique properties. 

CNTs are highly electrically conductive, reaching experimentally verified 

electrical conductivities on the order of 1000-2000 S/cm [44].  Electrical resistance in a 

CNT arises from the deflection of an electron from its mean free path, either due to 

defects or electron collisions [47,99].  The high aspect ratio present in CNTs allows for 

scattering to be less likely, due to the restriction on the electrons to travel only in one 
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dimension.  The lack of electron scattering in defect free CNTs facilitates the flow of 

electrons through the material and hence a high electrical conductivity results [47,99]. 

Theoretical and experimental results have shown that CNTs have large intrinsic 

thermal conductivity values.  Theoretical studies have yielded the axial thermal 

conductivity of an individual SWCNT close to 6600 W/mK [7] while experimental tests 

performed on MWCNT have shown a thermal conductivity of up to 3000 W/mK [50].  

The one-dimensional structure of CNTs allows for phonons to travel along a mean free 

path [75] with minimal scattering, if the CNT has minimal defects [99].  The non-scatter 

of the phonons, along with the rigidity of the tube, allows for the high intrinsic thermal 

conductivity in CNTs along the tube axis [7]. 

Many efforts have been made to obtain well-dispersed CNTs in a polymer 

matrix.  The focus on improving CNT dispersion arises from the finding that well 

dispersed CNTs can improve properties of polymer composites [59,68,108].  One 

fabrication method used to disperse CNTs is by solution blending.  This procedure 

involves dispersing CNT in a solvent either by ultrasonication or by shear mixing, 

mixing the CNT/solvent solution with the polymer, and obtaining a composite by 

precipitating or casting a film [68].  One difficulty with solution blending is the tendency 

for the CNTs to agglomerate during solvent evaporation.  Chemically-treated CNTs can 

enable more stable solutions [13,20], and improve CNT dispersion when using solution 

blending [33,68].  Another method of dispersion is using surfactants with a solution 

blending technique to obtain exfoliated CNTs.  One problem with this technique is that 

the surfactant remains in the composite, which might affect the properties of the 
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composite [68].  Another nanocomposite fabrication technique is melt blending.  Melt 

blending utilizes high temperature and high shear forces to disperse the CNTs in the 

matrix, usually with thermoplastic polymers [33,68].  In situ polymerization is also used, 

where the CNTs are first dispersed in a monomer followed by polymerization.  Some 

processing has been done at very high viscosities, such as solid-state mechanochemical 

pulverization, in order to possibly graft the polymer to the CNTs [68].  Another method 

that produces uniform dispersion of CNTs is a latex fabrication method.  This method 

adds latex nanoparticles to a CNT/water suspension.  After freeze drying and additional 

processing, a composite with uniform CNT dispersion results [68]. 

Many studies have been performed on the electrical [5,47] and thermal 

conductivity [107] of CNT composites.  Sandler et al. showed that the percolation 

threshold (the concentration at which a conductive network is formed within the matrix) 

of CNT/epoxy composites depends greatly on the degree of dispersion of the nanotubes.  

They obtained ultra-low percolation thresholds by growing aligned CNTs before shear 

mixing with epoxy, instead of mixing entangled CNTs [80].  Even though percolation 

was achieved at a weight fraction of 0.0025wt%, it is most likely due to percolation of 

large aggregates present in the samples and not by percolation of individual tubes, since 

the focus was to induce the formation of CNT clusters to form an electrically conductive 

network [80].  Martin et al. concluded that the dielectric behavior on CNT composites 

depends greatly on the processing conditions [65].  The aim of [65] was not to obtain 

exfoliated CNTs but to control the agglomeration process and enhance agglomeration in 

order to reach lower percolation thresholds.  The use of SWCNT has shown significant 
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improvement in electrical conductivity up to about 9 or 10 orders of magnitude at CNT 

weight fractions of only 0.1-0.2wt% [72,95].  Gojny et al. found that electrical 

conductivity and percolation threshold of CNT/epoxy composites is influenced by aspect 

ratio, dispersibility, and surface functionality [28].  They found that the percolation 

threshold is inversely proportional to the aspect ratio, and thus any treatment that 

reduces the CNT length, such as chemical functionalization [57] or ultrasonication, will 

result in an increase in percolation threshold.  Li et al. found that, in addition to aspect 

ratio, the percolation threshold depends on the disentanglement of CNT agglomerates 

and the uniform dispersion of individual CNTs or CNT agglomerates, with lower 

percolation thresholds with loosely entangled and uniformly dispersed CNT 

agglomerates [54].  It has been shown, by Kim et al., that chemically modifying the CNT 

wall has a significant detrimental effect on the electrical conductivity of the 

nanocomposite, showing a decrease in electrical conductivity, at low weight fractions, of 

2-3 orders of magnitude and an increase in percolation threshold up to a factor of 3, 

depending on the degree of functionalization [51].  Ramasubramaniam et al. found that 

the dispersion of non-covalent functionalized SWCNTs in polystyrene or polycarbonate 

can increase the electrical conductivity up to 14 and 15 orders of magnitude relative to 

the neat polymer, respectively [78].  The percolation threshold was found to be higher 

for polycarbonate, 0.11 wt% SWCNT, than for polystyrene, 0.045wt% SWCNT, 

showing that electrical conductivity and percolation threshold might depend on the host 

matrix properties [78,107].  Smith et al. [92], along with Curran et al. [15], have 

suggested that the electrical conductivity of CNT nanocomposites is due to an electron 
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hopping conduction mechanism between adjacent tubes.  Charge transport in CNT 

composites is dominated by the hopping of electrons from one conductive site to the 

other [15,76].  The transport of charge carriers between CNTs is determined by the CNT 

to CNT separation, along with the thickness of the polymer coating around the CNT 

[92].   

Some SWCNT/epoxy composites have shown an increase of 125% and higher in 

thermal conductivity, at room temperature, with a CNT weight fraction of 1.0 wt% 

[8,18], while others have shown minimal improvements in thermal conductivity with 

CNT weight fraction using SWCNT, MWCNT, or functionalized CNTs [28,40].  

Moisala et al. show that SWCNT/epoxy composites show a decrease in thermal 

conductivity with increasing weight fraction, relative to the neat epoxy, even though the 

same composites are electrically conductive [67].  They attribute this result to either 

defective CNTs or to a large interface thermal resistance between the CNT and the 

epoxy.  Phonons, “propagating vibration of waves responsible for thermal transport” 

[88], dominate thermal conduction in CNT composites.  A large thermal interface 

resistance arises from weak coupling of phonons between the CNT and the matrix [67].  

Since there is a large difference in stiffness between the CNTs and the polymer matrix 

[67], there is a difference in the frequency of phonon vibrations between the two phases 

[88,107].  This mismatch in vibration frequency gives rise to the large interfacial 

resistance to heat flow [107].   Song et al. found that the interfacial thermal resistance in 

a CNT composite can be reduced by decreasing the length and degree of entanglement 
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of the CNTs [93].  They increased the thermal conductivity of CNT/glycerin and 

CNT/silicone composites by about 55 and 147%, respectively, with shorter CNTs. 

Computational methods have also been used to predict the electrical and thermal 

conductivity of CNT composites.  Monte Carlo simulations performed by Foygel et al. 

show that the percolation threshold is inversely proportional to the aspect ratio of the 

filler [25].  Also, they found that the critical volume fraction required to achieve 

percolation is of the order of 0.01% for an aspect ratio of 2000.  Deng et al. developed an 

analytical model for predicting the effective electrical conductivity of CNT composites 

by not only considering volume fraction and percolation, but by including the CNT 

anisotropy and non-straightness [16].  They found that curvature in a CNT greatly 

influences the effective electrical conductivity of the composite.  Seidel et al. used a 

micromechanics approach, using composite cylinders, to find the effects of electron 

hopping on the percolation threshold and electrical conductivity of CNT nanocomposites 

[82].  Molecular dynamics simulations were used by Shenogin et al. to demonstrate how 

the thermal interface resistance between a CNT and an octane liquid greatly affects the 

heat flow [88].  They state the thermal conductivity of CNT/polymer composites will be 

limited by the presence of this interface resistance.  Chen et al. simulated the effective 

thermal conductivity of CNT composites by modeling the CNTs as springs in series and 

in parallel [12].  They found that the interface thermal resistance on the lateral surfaces 

is not as significant as the thermal resistance at the nanotube ends. 
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B.  Objectives and Outline of Present Work 

The proposed work aims at investigating the electrical and thermal conductivity 

of carbon nanotube/epoxy composites.  The effect of stirring rate and the degree of pre-

curing of the epoxy on XD CNT dispersion will be determined by varying these 

fabrication parameters.  Also, by introducing functionalities to the XD CNT walls, the 

effect of functionality on both electrical and thermal conductivity will be analyzed.  The 

conductivities of these composites will then be determined experimentally as a function 

of filler concentration.  An understanding of the conduction mechanisms present in XD 

CNTs embedded in the epoxy matrix will be pursued by the use of computational 

modeling.  The modeling of a CNT/epoxy composite will provide the knowledge for the 

improvement or reduction of the electrical and thermal transport properties by 

incorporating nanoscale conduction mechanisms into the composite cylinder model. 

In this work, Chapter II presents the methodology used, both experimental and 

theoretical.  In the experimental part, the materials and fabrication method used for the 

nanocomposite plates will be presented.  Also, the morphological, electrical, and thermal 

characterization methods will be described.  A detailed description of the 

micromechanics modeling of electrical and thermal conductivities of CNT/epoxy 

composites is provided in the theoretical methodology.  Chapter III begins with the 

characterization of the CNT material.  This chapter mainly focuses on the experimental 

results of the dispersion analysis and the experimental and theoretical results of the 

electrical and thermal characterization.  Finally, Chapter IV summarizes the conclusions 
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of this study, and recommends actions for future work on the characterization of 

CNT/epoxy composites. 
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CHAPTER II 

METHODOLOGY 

 

This chapter presents the methods used in order to accomplish the objectives of 

this research.  The techniques used for obtaining both experimental and theoretical 

results are introduced.  The materials used, along with the procedure for fabricating 

CNT/epoxy composites, are described.  The tools used for the characterization of the 

CNT/epoxy composites are also presented.  Finally, the micromechanics modeling 

approach is outlined. 

 

A.  Experimental 

1.  Materials 

The epoxy resin, EPON
TM

 862, and curing agent, EPIKURE
TM

 W, used in this 

study were both obtained from Hexion Specialty Chemicals, Inc.  EPON
TM

 862 is a 

diglycidyl ether of bisphenol F type resin with low viscosity and a density of 1.2 g/cm
3
 

[36].  EPIKURE
TM

 W is a low viscosity aromatic amine with a density of 1.02 g/cm
3
 

[35].  EPON
TM

 862 can be cross-linked with the EPIKURE
TM

 W curing agent at a 

proportion of 100:26.4 by weight to obtain good mechanical and adhesive properties, 

along with high electrical and thermal resistance [36].  The nanoconstituents used are 

carbon nanotubes (XD CNTs) obtained from Carbon Nanotechnologies, Inc. (now 

Unidym, Incorporated).  This grade (XD) of CNTs contains mostly single-wall CNTs 

[95,105].  
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The supplied pristine XD CNT material consists of micrometer size aggregates 

(bundles) as seen in Figure 1(a).  The XD CNTs have aspect ratios greater than 1000 

[105]. 

 

  

Figure 1.  SEM images of pristine XD CNT bundles (a) 800X (b) 50000X 

 

It has been shown that the addition of covalent functionalization to the CNTs 

improves CNT dispersion as a result of improved interaction with the matrix 

[21,24,27,37,77,86,100,104,113].  Thus, in order to possibly improve the dispersion of 

these XD CNTs in the epoxy, a sidewall covalent functionalization can be used. 

The oxidation of XD CNTs was performed using a variation of the procedure from 

Warren et al. [105].  A total of one gram of XD CNTs was oxidized.  A total of 120 ml 

of H2SO4/HNO3, at a ratio of 3:1, was mixed for 10 minutes in a flask and then the total 

amount of XD CNTs added.  The XD CNT/acid solution was ultrasonicated at 40 kHz 

for 2.5 hrs in an ultrasonic bath.  After ultrasonication, 380 ml of deionized water was 

poured into the XD CNT/acid solution and ultrasonicated for an additional 3 hours.  The 
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solution was vacuum filtered and the filter paper washed with 200 ml of deionized water 

in a separate beaker.  The filtration and washing was repeated until the solution was 

neutralized.  The washed XD CNTs on the filter paper were then placed in acetone and 

filtered again.  The final oxidized XD CNTs were placed in an oven for 24 hours at 60 

°C, under vacuum, in order to evaporate the solvent. 

This oxidation adds a carboxylic acid group to the surface of the XD CNTs as 

shown in the schematic in Figure 2, which should result in improved bonding with the 

matrix [51,113].  Fluorine functionalized [66] XD CNTs were obtained from Rice 

University.  

 

 

Figure 2.  Schematic of oxidation of XD CNT 

 

An SEM image of the final oxidized XD CNT bundles is shown in Figure 3(a) 

and an image of the supplied fluorinated XD CNT bundles is shown in Figure 3(b). 

 

H2SO4/HNO3 
O 

OH 
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Figure 3.  SEM image of (a) oxidized XD CNT bundles (b) fluorinated XD CNT bundles 

 

It has been shown that mechanically ball-milling CNTs effectively reduces the 

degree of entanglement and length of CNTs [1,74].  Therefore, CNTs were ball-milled 

using a high energy SPEX SamplePrep 8000M Mixer/Mill in order to reduce the CNT 

length, along with breaking up the large aggregates present.  Two different ball-milling 

times, 5 and 10 minutes, were done with a total of 1 gram of XD CNTs for each milling 

time.  Fifteen stainless steel balls with a 0.375 in. diameter and 35 balls with a 0.25 in. 

diameter, with a total weight of 89.10 g, were used for the milling, along with a stainless 

steel container. 

 

2.  Nanocomposite Fabrication 

The dispersion of CNTs in a polymer matrix can be controlled by varying 

fabrication parameters such as stirring rate, curing temperature, and rate of curing [65].  

In order to study the effect of stirring rate and curing on CNT/epoxy composites, a base 

fabrication procedure obtained from Thakre et al. [95] was modified to improve CNT 

dispersion.  The base fabrication procedure used is as follows.  Carbon nanotubes were 
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ground in 2 ml of ethanol with a mortar and pestle until all large particles were broken 

into smaller particles. The CNT bundles were then dispersed, in a flask, in a mixture of 

15 ml of toluene and 25 ml of ethanol with an ultrasonicator bath at 40 kHz.  The 

ultrasonication was performed for 1 hour, and immediately after, the nanotube/solvent 

solution was added to the EPON 862 resin at 60 °C.  Magnetic stirring was done at 60 

rpm until all the solvent evaporated.  In order to increase the rate of evaporation, a 

vacuum pump and cold trap set up was used.  Once all the solvent evaporated, the 

appropriate amount of curing agent was added and stirred at 60 rpm at 60 °C.  The 

solution was then degassed using a vacuum pump in order to remove any air bubbles.  

The solution was then poured into a glass mold and cured for 2 hours at 120 °C followed 

by additional curing at 175 °C for 2 hours.  

In order to study the effect of stirring on the dispersion of XD CNTs, the stirring 

rate during solvent evaporation was varied from 60 rpm to 400 rpm while keeping all 

other steps in the base fabrication procedure constant. 

To increase the viscosity of the solution, and thus enhance the effectiveness of 

the stirring [65], by the presence of higher shear forces [80], and reduce the movement 

of CNTs during curing, the epoxy was pre-cured with 20% of the total amount of the 

curing agent, at 120 °C, to the CNT/epoxy solution, once the solvent was removed.  All 

other steps where kept the same.  Pre-curing times of 0, 180, and 200 minutes were used.   

Following the pre-curing, the solution was first cooled to about 80 °C in order to 

increase its viscosity and then the remaining amount of curing agent was added and 

degassed at 400 rpm for 30 minutes.  The solution was further cooled to about 60 °C, in 
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order to further increase its viscosity, and degassed for another 15 minutes at 400 rpm.  

The CNT/epoxy solution was then poured into a 40 °C pre-heated mold and placed in an 

oven.  The curing cycle was set to 8 hrs at 40 °C followed by 2 hrs at 122 °C and another 

2 hrs at 177 °C.  Because the resin viscosity decreases with increasing temperature, the 

slow curing of 8 hrs at 40 °C was intended to slowly continue increasing the viscosity of 

the solution before curing at a higher temperature where CNT movement is more 

probable, thus preventing severe agglomeration. 

 

3.  Morphological Characterization 

Optical microscopy was performed using an Olympus SZX16 microscope.  

Transmitted light was used to illuminate the sample through the thickness and thus 

analyze the dispersion of the CNTs within the sample and not just the surface.  Images 

were taken at multiple magnifications for each sample fabricated.  No sample 

preparation was required. 

In order to analyze the distribution and uniformity of the dispersion of CNTs at 

the micrometer scale, Raman spectroscopy was performed using a Horiba Jobin-Yvon 

LabRam Raman Confocal Microscope.  By measuring the Raman active atomic 

vibrations of the CNTs, it becomes possible to construct an image of the spatial 

distribution of the CNTs in the epoxy matrix [19,31,32].  By scanning a laser beam over 

an area on the composite sample as shown in Figure 4 [31], an image can be obtained 

from the intensity of the Raman spectrum at each step of the scan.  Thus, the final image 

will include the distribution of the Raman intensity of certain CNT vibrations, yielding a 
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qualitative assessment of the distribution of CNTs in the matrix.  The Raman active 

vibrations of a CNT are shown in Figure 5 [31]. 

 
Figure 4.  Schematic of scanning technique used to obtain a Raman image [31] 

 

 

 
Figure 5.  Raman active vibrations in a carbon nanotube [31] 
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The radial breathing (RB) mode, which corresponds to atom vibrations 

perpendicular to the CNT axis, is observed between 100 and 300 cm
-1

.  The RB mode is 

related to the diameter of the CNT.  The D-band is a measure of the disorder in the CNT 

and the corresponding Raman shift ranges from 1290-1360 cm
-1

.  The D-band is 

activated by the breaking of symmetry in the crystalline structure of a CNT [112].  In 

other words, it can be related to defects in the CNT along with covalent functionalization 

of the CNT [31,112].  The tangential C-C stretching vibrations in a CNT are the G-

modes and have frequencies in the range of 1520-1600 cm
-1

.  The G-mode is related to 

the strain in a CNT and to whether the CNT is metallic or semiconducting [31]. 

Raman spectroscopy was performed on each test specimen using a 785 nm laser 

focused with a 50X microscope objective with no required sample preparation.  The 

laser beam was scanned over a 50 x 50 µm
2
 area on the sample surface and spectra 

acquired at steps of 1 x 1 µm
2
 area.  Since the goal is to obtain the distribution of the 

CNTs in the matrix and CNTs show a very strong G-mode intensity, it becomes more 

practical to derive the Raman image from the G-mode.  It is noted that the distribution of 

CNT diameters and the distribution of defective CNTs for the scanned area can be 

obtained by mapping the RB- and D- modes, respectively. 

Carbon nanotube dispersion at the nanoscale was analyzed using a JEOL JSM-

7500 ultra high resolution field emission scanning electron microscope (FE-SEM) 

[52,58].  FE-SEM was performed on the fractured cross-section of each specimen.  The 

fractured surface was obtained by breaking the specimen after placing it in liquid 

nitrogen.  The fractured surface of each sample was then coated with a 4nm layer of 
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Pt/Pd (80% Pt, 20% Pd).  Scanning electron microscopy was performed at an 

acceleration voltage of 2.0 kV with a probe current of 0.03 nA and a working distance of 

6 mm.  

 

4.  Electrical Characterization 

The electrical conductivity (AC) of the nanocomposite samples was tested using 

a Novocontrol Broadband Dielectric Spectrometer.  Testing was performed at room 

temperature (25 °C) with a voltage amplitude of 1.0 V.  The electrical conductivity was 

determined as a function of frequency over the range of 0.01 Hz to 10 MHz.  Test 

specimen were cut with a 2 x 2 cm
2
 area and a 3 mm thickness.  Conductive silver paint 

was brush painted on the bottom and top surfaces of each specimen as a 1 cm diameter 

circle for use as an electrode.  Three samples of each CNT type (pristine, oxidized, and 

fluorinated XD) for each CNT weight fraction were tested.  The DC electrical 

conductivity was estimated as equivalent to the AC electrical conductivity at the lowest 

frequency of 0.01 Hz. 

 

5.  Thermal Characterization 

The thermal conductivity of the nanocomposite samples was determined using a 

Hot Disk
TM

 Thermal Constants Analyzer [9,30].  Two samples with a 2 x 2 cm
2

 area and 

a thickness of about 3 mm were used for each test.  Testing is based on the use of a 

nickel double spiral sensor that is placed in between two specimen and transiently 

heated.  The heat dissipates to the samples being tested at a rate that depends on the 
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thermal conductivity and diffusivity of the material.  This sensor acts as both the heat 

source and the temperature sensor, since the change in temperature with time can be 

obtained from the change in electrical resistance.  Testing was performed at room 

temperature (25 °C) and a total of 6 samples (3 tests with 2 samples each) were tested for 

each CNT type and weight fraction.  No surface preparation was required for the 

samples. 

 

B.  Micromechanics Modeling 

A micromechanics approach, obtained from Seidel et al. [82,84], was pursued, 

based on the composite cylinders method [34], in order to model the thermal and 

electrical conductivity of CNT/epoxy composites with straight, randomly oriented 

CNTs.  The modeling was done at multiple scales (nano and micro scales) as seen in 

Figure 6 in order to ultimately determine the effective nanocomposite conductivity. 
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Figure 6.  Schematic of the effective CNT/epoxy composite and representative volume 

elements [82] 

 

A composite cylinder assemblage was used as the representative volume element 

(RVE) for the CNT and interface at the nanoscale, as shown in Figure 6.  This nanoscale 

RVE was used to obtain the effective conductivity of the CNT/interface.   

For the boundary conditions at the macroscale, shown in Figure 6, the electric 

potential, , was determined from Eq. 1 – 3, where  is the electric flux vector,  is the 

electric field, and  is the effective electrical conductivity of the effective 

nanocomposite.  The effective nanocomposite electrical conductivity was determined 

from the effective electrical conductivity of the microscale RVE, which was obtained 

from the nanoscale RVE [82], as represented in Figure 6. 
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     (1) 

     (2) 

     (3) 

 

Details on the derivation of all of the following equations are shown in [82,84].  

After applying the energy equivalency between the effective homogeneous cylinder and 

the composite cylinder assemblage, the effective axial and transverse electrical 

conductivity for the total composite cylinder was obtained as shown in Eq. 4 and 5, 

respectively, where   represents the axial electrical conductivity of the ith cylindrical 

layer,  represents the transverse electrical conductivity of the ith cylindrical layer, 

and the radius of each cylindrical layer is defined in Figure 7.  The constants, and 

, in Eq. 5 are obtained from boundary conditions of uniform electrical conduction in 

the axial and transverse direction, an insulated internal surface, and continuity between 

cylindrical layers [82]. 

               

       (4) 

     

 

       (5) 
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Figure 7.  Schematic of layered composite cylinder assemblage [84] 

  

When considering the electron hopping conduction mechanism, the above model 

for the axial and transverse conductivity can only account for electron hopping in the 

transverse direction and not for electron hopping through the CNT ends.  Therefore, an 

effective axial conductivity with end effects was obtained from Eq. 6, where  is the 

conductivity of the CNT,  is the conductivity of the interface layer,  is the length 

of the CNT, and  is the thickness of the interface layer.  As seen in Figure 8, an 

interface was added with the same conductivity and thickness as the electron tunneling 

interface layer in the transverse direction.   
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   (6) 

 

  

Figure 8.  Schematic of CNT with end effects [82] 

 

Therefore, when considering electron hopping (N=3 assemblage, where N is the 

number of layered cylinders), the conductivites of each layer are as shown in Eq. 7 – 9, 

where is the CNT layer, is  the interface layer, and  is the matrix layer. 

         (7) 

 

                 (8) 
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                  (9) 

 

Else if electron hopping is not considered (N=2), then the conductivities are as 

shown in Eq. 10 and 11, where  is the CNT layer and   becomes the matrix layer. 

 

              (10) 

   

 

              (11) 

 

Eq. 7 - 9 were then used as input in Eq. 4 and 5 in order to obtain the effective 

axial and transverse conductivity of the N=3 composite cylinder assemblage.  For the 

N=2 assemblage, Eq. 10 and 11 were used as input.  

Once the effective conductivities of the nanoscale RVE were obtained, the 

effective conductivity of the nanocomposite was obtained from Eq. 12, using the 

microscale RVE. 

 

        (12) 
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The conductivity in the local coordinate system,  , was transformed to the 

global coordinate system,  , by Eq. 13 where Q, Eq. 14, is the direction cosine matrix 

for the 2-1-3 Euler angles ( ), where the rotation in the 1-direction is set to zero. 

 

       (13) 

 

 

        (14) 

 

The tensor A in Eq. 12 corresponds to the electric field concentration tensor 

which relates the average electric field in the nanocomposite to the average electric field 

in the effective CNT composite cylinder assemblage [82].  Using the Mori-Tanaka 

method [69,84], the concentration tensor was obtained from Eq. 15 and 16. 

 

         (15) 

 

 

                     (16) 
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where  is the CNT volume fraction,   is the Kronecker delta and  corresponds to 

the electrical equivalent of the Eshelby tensor [69,71,82,84] and expressed as Eq. 17. 

 

    (17) 

 

where L is equivalent to 

       (18) 

  

and p represents the aspect ratio of the CNT as shown in Eq. 19, where  is the length 

of the CNT and  is the diameter of the CNT. 

 

             (19) 

   

Since the equations for the thermal conductivity are mathematically identical to 

those for electrical conductivity [84], the same method and equations were used in the 

micromechanics model for thermal conductivity, with  being replaced with . 

In order to account for the nanoscale effects present in both the thermal and 

electrical conductivity of CNTs, interface regions were introduced to include phonon 

scattering and electron tunneling.  The scattering of phonons present in the thermal 

conduction of CNT/epoxy composites was accounted for by an interfacial thermal 
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resistance layer, or Kapitza resistance [12,71], between the CNT and the matrix.  The 

value of resistance in this layer reflects the magnitude of phonon scattering caused by 

the presence of the interface and scattering as a result of the presence of defects in the 

CNT.  Electron tunneling was considered by introducing an electrically conductive 

interface layer, between the CNT and matrix, with a magnitude greater than that of the 

matrix but less than the CNT.  As volume fraction increases, a CNT is brought into 

closer proximity to another CNT and there is an increase in the probability of having 

electron hopping from CNT to CNT.  Therefore, the magnitude of the interface layer 

reflects the increase in electrical conductivity in the composite cylinder assemblage due 

to the likelihood of the electron tunneling conduction mechanism.    
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CHAPTER III 

RESULTS AND DISCUSSION 

 

This chapter focuses on presenting both experimental and theoretical results 

obtained from the characterization of XD CNT/epoxy composites.  The characterization 

of pristine, oxidized, and fluorinated XD CNT bundles is presented.  The dispersion of 

the CNTs in the epoxy matrix is examined along with electrical and thermal conductivity 

results for each fabricated sample type.  Finally, the micromechanics modeling results 

are shown and the agreement with experimental results discussed. 

 

A.  Characterization of XD CNTs 

Raman spectroscopy performed on each XD CNT type is shown in Figure 9.  As 

stated before, the D-band measures the disorder, or the breaking of symmetry, created by 

the presence of defects or by functionalization of a CNT.  As seen in Figure 9, the 

intensity of the D-band is high for oxidized XD CNTs, relative to pristine XD CNTs, and 

even higher for fluorinated XD CNTs.  This result suggests that functionalization of XD 

CNTs might create significant damage to the CNT wall and also introduce asymmetry to 

the crystalline structure. 
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Figure 9.  Raman spectra of pristine, oxidized, and fluorinated XD CNTs 

 

SEM images of the resulting ball-milled XD CNT bundles are shown in Figure 

10 for varying ball-milling time. 



 30 

 

Figure 10.  SEM image of ball milled pristine XD CNT bundles (a) 5 minutes (b) 10 

minutes 

 

 As seen in Figure 10, pristine XD CNT bundles tend to compact when ball-

milled.  One important result of the ball-milling of XD CNTs is that the aggregates 

present in the supplied pristine XD CNTs, as seen in Figure 11a, are reduced in size.  

The ball-milled XD CNT bundles also show less entanglement than non-milled XD CNT 

bundles as seen in Figure 11b. 

 

    

Figure 11.  Ball milled XD CNT bundles (a) 0 min (as received) (b) 10 min 
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Raman spectra of the ball-milled XD CNT bundles at different ball-milling times 

is shown in Figure 12. 

 

 

Figure 12.  Raman spectra of pristine XD CNTs at different ball milling times 

 

As stated previously, the D-band, between 1290-1360 cm
-1

, is a measure of the 

disorder in the CNT and it is activated by the presence of defects or the breaking of 

symmetry in the CNT structure [112].  According to Li et al., when ball-milling CNTs, 

the high velocity and frequent collision of the steel balls with the CNTs can damage the 

nanotube cylindrical structure if the impact is high enough [55].  In Figure 12, the 
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intensity of the D-band increases with ball-milling time, suggesting defects are 

introduced into the CNT structure.  The longer the ball-milling time, the more defects 

created on the structure.   

 

B.  Dispersion Analysis of XD CNT/Epoxy Composites 

One of the most important requirements for improving the properties of epoxy by 

the use of nanoinclusions is obtaining a homogeneous dispersion of the nanofiller.  

Carbon nanotubes tend to form large agglomerates due to intermolecular Van der Waals 

forces [113].  Obtaining nanocomposites with a high degree of dispersion is desired in 

order to obtain improved thermal and electrical conductivity of the composite [94].  The 

analysis of the dispersion of CNTs in a nanocomposite will vary depending on the 

magnification at which the analysis is performed.  In order to make a distinction between 

dispersion at different scales, the definition by Li et al. for the dispersion of CNTs will 

be used [54].  According to Li et al., “dispersion in CNT/polymer composites has two 

aspects: i) disentanglement of CNT bundles or agglomerates, which is a nanoscopic 

dispersion, and ii) uniform distribution of individual CNTs or their agglomerates 

throughout the nanocomposites, which is more of a micro- and macroscopic dispersion” 

[54].  Therefore, the Optical Microscopy and Raman Imaging results will analyze the 

uniformity of the agglomerate and CNT distribution, while SEM results will show if the 

CNTs are disentangled.  The dispersion of CNTs is qualitatively described at the length 

scale of observation. 
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As seen in Figure 13, the baseline fabrication procedure mentioned earlier results 

in poor CNT dispersion with pristine XD CNTs, evident in the formation and non-

uniform distribution of large agglomerates.  In order to determine if the mold orientation 

during curing contributes to agglomeration, the XD CNT/epoxy solution was cured both 

vertically and horizontally.  As seen in Figure 13(a), the CNTs experience a gravity 

effect, the CNTs are sinking to the bottom of the mold resulting in large agglomerates 

when cured in the vertical position.  When cured in the horizontal position, results 

indicate that there is a more uniform distribution of the CNT agglomerates, but there is 

still movement of CNTs as seen in Figure 13(b). 

 

    

Figure 13.  0.015wt% pristine XD/epoxy composite cured in (a) vertical (b) horizontal 

position 

 

The sinking of the CNTs suggests that there is movement of the CNTs during 

curing, possibly due to convective heat flow [65].  Also, the decrease in viscosity at the 

higher temperature of 122 °C allows and facilitates the movement of CNTs, resulting in 

severe agglomeration.  In order to improve the dispersion of XD CNTs in the epoxy 
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matrix, focus was shifted to modifying the baseline procedure by controlling two main 

parameters- rate of stirring and the viscosity of the epoxy prior to curing.  An increase in 

the rate of stirring would result in higher shearing forces in the resin and should reduce 

the degree of agglomeration by breaking up the agglomerates, if the shearing force 

overcomes the Van der Waals attraction between the CNTs.  An increase in the viscosity 

of the epoxy prior to full curing would reduce the movement of CNTs at temperatures 

above 25 °C. 

The stirring rate was increased from 60 rpm to 400 rpm, using the same 

fabrication procedure mentioned earlier.  The resulting CNT distribution is shown in 

Figure 14.  The composite shows improvement in CNT agglomerate distribution, as 

evident in the decrease of agglomerate size, and more uniform distribution at the center, 

even though the overall distribution of CNTs is still poor. 

 

 

Figure 14.  0.015wt% pristine XD/epoxy composite with stirring at 400 rpm 

 

Even though the size of agglomerates in the cured samples was reduced by 

increasing the stirring rate, resin and CNT movement during curing, due to reduced 
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viscosity, increased the size of the agglomerates and resulted in a non-uniform, 

heterogeneous distribution of CNTs.  Thus, if the XD CNT/epoxy viscosity were to be 

increased prior to fully curing the epoxy, an improvement in CNT dispersion should 

result by reducing the movement of CNTs.  By partially curing the epoxy before pouring 

it in the mold, using the procedure outlined previously, not only is the viscosity 

increased but the effectiveness of the shear stirring is enhanced.  The dispersion of 

pristine XD CNTs for different pre-curing times is seen in Figure 15. 

The micrographs show a gradual improvement in CNT agglomerate distribution 

and a decrease in agglomerate size with increasing pre-curing time.  The results suggest 

that the higher the viscosity of the epoxy, the more the improvement in CNT 

agglomerate distribution.  The pre-curing technique also shows a more uniform 

distribution of agglomerate size. 

 The distribution of CNT agglomerates in epoxy is shown in Figure 16-18 for 

pristine, oxidized, and fluorinated XD CNTs at different XD CNT weight fractions, 

stirred at 400 rpm and pre-cured for 200 minutes. 
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Figure 15.   OM images showing the affect of pre-curing time for 0.015wt% pristine XD 

CNT composite (a) 0 minutes  25X  (b) 0 minutes  400X (c) 180min  25X 

(d) 180 min 400X (e) 200 min 25X (f) 200 min 400X 
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Figure 16.  OM images of composites with 0.05wt%  (a) pristine XD CNT 25X (b) 

pristine XD CNT 400X (c) oxidized XD CNT 25X (d) oxidized XD CNT 

400X (e) fluorinated XD CNT 25X (f) fluorinated XD CNT 400X 
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Figure 17.  OM images of composites with 0.1wt%  (a) pristine XD CNT 25X (b) 

pristine XD CNT 400X (c) oxidized XD CNT 25X (d) oxidized XD CNT 

400X (e) fluorinated XD CNT 25X (f) fluorinated XD CNT 400X 
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Figure 18.  OM images of composites with 0.6wt% (a) pristine XD CNT 25X (b) pristine 

XD CNT 400X (c) oxidized XD CNT 25X (d) oxidized XD CNT 400X (e) 

fluorinated XD CNT 25X (f) fluorinated XD CNT 400X 
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 As expected, the nanocomposite becomes more opaque with increasing weight 

fraction.  At the macroscale, the distribution of the CNT agglomerates remains uniform 

as weight fraction is increased, although the size of the CNT agglomerates shows a slight 

increase with CNT weight fraction.  The size of the agglomerates for the oxidized XD 

CNT case is slightly smaller in diameter than that for the pristine XD CNT case, 

specifically at the higher CNT weight fraction of 0.6wt%.  The use of fluorinated XD 

CNTs maintains the uniformity of the distribution of CNT agglomerates.  Surprisingly, 

the dispersion of the pristine XD CNTs in the epoxy is very similar to that of the 

chemically treated XD CNTs.  The results at this scale indicate that oxide and fluorine 

functionalization is not significantly helpful for improving the dispersion of CNTs in 

epoxy, for this processing method.   

 Raman imaging was performed in order to analyze the dispersion of CNT at the 

microscale.  As seen in Figure 19, the distribution of CNTs seems less uniform at low 

CNT weight fractions.  As weight fraction increases, the uniformity of the CNT 

agglomerate distribution increases, as seen in Figure 20.  The agglomerate diameter size 

observed in the optical micrographs is confirmed by Raman imaging, with an 

agglomerate diameter ranging from 5-10 μm for pristine, oxidized, and fluorinated XD 

CNTs.  Oxidized XD CNT/epoxy samples show slightly improved uniformity of 

agglomerates, relative to pristine and fluorinated XD CNTs in Figure 20, however the 

dispersion remains similar. 
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Figure 19.  Raman image of composite with 0.05wt%  (a) pristine XD CNT (b) oxidized 

XD CNT (c) fluorinated XD CNT (Brighter color corresponds to higher G-

band intensity) 
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Figure 20.  Raman image of composite with 0.6wt%  (a) pristine XD CNT (b) oxidized 

XD CNT (c) fluorinated XD CNT (Brighter color corresponds to higher G-

band intensity) 

 

 Ball milling the XD CNT bundles results in improved distribution and reduction 

in size of agglomerates.  As seen in Figure 21-22, the diameter of the agglomerates is 

smaller, ≤ 5 μm, than with non-milled CNTs at the same weight fraction.  Also, the 

distribution of ball-milled CNTs is more uniform than with non-milled CNTs.  Also, the 

diameter of the agglomerates decreases with ball-milling time.  As observed in the non-
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milled samples, the diameter of the ball-milled XD CNT agglomerates also increases 

with CNT weight fraction. 

 

 

   

Figure 21.  (a) OM image (b) Raman image of 5 minute mill 0.1wt % pristine XD CNT 

composite  (c) OM image (d) Raman image of 10 minute mill 0.1wt % 

pristine XD CNT composite (Brighter color corresponds to higher G-band 

intensity) 
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Figure 22.  (a) OM image (b) Raman image of 5 minute mill 0.3wt % pristine XD CNT 

composite  (c) OM image (d) Raman image of 10 minute mill 0.3wt % 

pristine XD CNT composite (Brighter color corresponds to higher G-band 

intensity) 
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One reason for the improved dispersion using ball-milled XD CNTs might be the 

breaking up of the large aggregates present in the supplied XD CNT material, as shown 

in Figure 11.  The ball-milled XD CNTs are less entangled and thus it is easier for 

individual CNTs to separate and disperse.  As shown by [80], using previously aligned, 

non-entangled CNTs instead of entangled CNTs before mixing with the polymer, to 

obtain a randomly oriented CNT composite, leads to significant improvement in 

dispersion. 

SEM images in Figure 23 show that XD CNTs in the composite are not 

individually dispersed but are in agglomerate form.  The oxidized XD CNT composites 

(Figure 23c,d) show less entanglement of CNTs than do both the pristine and fluorinated 

XD CNT composites, which supports the results seen in the optical micrographs and the 

Raman images that oxidized XD CNTs provide slightly improved CNT distribution. 
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Figure 23.  SEM image of composite with 0.3wt% (a,b) pristine XD CNT  (c,d) oxidized 

XD CNT  (e,f) fluorinated XD CNT 
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 The SEM results obtained for the ball-milled pristine XD CNT composites are 

shown in Figure 24.  The CNTs in these composites are still somewhat entangled even 

though smaller agglomerates are present.  As seen in Figures 24(a) and 24(c), the 

agglomerate size decreases with increasing ball-milling time, as also shown by Raman 

imaging.  The agglomerates present in the ball-milled samples seem to be further apart 

than in the non-ball-milled XD CNT composites. 

 

  

  

Figure 24.   SEM image of composite with pristine 0.3wt% ball-milled for (a,b) 5 min 

(c,d) 10 min 
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C.  Electrical Conductivity of XD CNT/Epoxy Composites 

The AC electrical conductivity as a function of frequency for pristine XD/epoxy 

composites of different CNT weight fractions is shown in Figure 25. 

 

 

Figure 25.  AC electrical conductivity vs. frequency for pristine XD CNT composites as 

a function of CNT weight fraction 

 

Strong frequency dependence, that is, an increase in AC electrical conductivity 

with an increase in frequency, is observed for the neat epoxy, which is characteristic of 

an electrical insulator [4,65,80,95].  An insulating polymer material can become 

electrically conductive by the addition of electrically conductive inclusions, which will 
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begin to form conductive paths.   The concentration at which a conductive network is 

formed, known as the percolation threshold, will result in an increase of orders of 

magnitude in electrical conductivity, as predicted by percolation theory [28,79,106].  

The frequency dependent conductivity observed for 0.05wt% pristine XD CNT indicates 

that these composite samples remain non-conductive, and thus below the percolation 

threshold.   As seen in Figure 25, a significant increase from 1.06E-15 to 4.74E-6 S/cm 

in electrical conductivity at a frequency of 0.01 Hz is present at a weight fraction of 

0.1wt% pristine XD CNT.  The increase in electrical conductivity of about 9 orders of 

magnitude indicates that the percolation threshold is between a pristine XD CNT weight 

fraction of 0.05 and 0.1wt%;  however, there is about one order of magnitude increase 

from 0.1 to 0.3wt% also at low frequencies.  One important observation is that post-

percolation, the AC electrical conductivity becomes nearly frequency independent.  

Once the percolation threshold is reached, minimal increase in electrical conductivity is 

observed and an electrical conductivity plateau is observed as CNT weight fraction is 

increased.  At low frequencies, the AC electrical conductivity remains constant with 

increasing frequency up to a characteristic frequency in the high frequency region above 

which an increase in frequency results in an increase in electrical conductivity.  In order 

to explain this behavior, the AC electrical conductivity of the CNT/epoxy composite is 

obtained by modeling the complex admittance, ,  as a resistor and capacitor in parallel 

as defined in Eq. 20 [38,48,72,79,80]. 

     (20) 
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where  is the resistance,  is the capacitance, and  is the angular frequency equal to 

, where is the frequency.  The AC electrical conductivity, , is then 

determined from Eq. 21. 

          (21) 

     

where  is the sample thickness, and  is the electrode area.  The DC electrical 

conductivity, , is then determined from Eq. 22. 

 

      (22) 

   

The resistor-capacitor model can be used to analyze and explain the results in 

Figure 25.  As seen in Eq. 20 and 21, the ohmic behavior,  , and the frequency induced 

dielectric behavior, , contribute to the total AC electrical conductivity.  At CNT 

weight fractions below the percolation threshold, the influence of is very small due to 

the lack of conductive pathways, and therefore dominates the AC conductivity.   This 

frequency dependence maintains the composite a dielectric material behaving as a 

capacitor.  Post percolation, the conductivity is dominated by ohmic behavior [79], as a 

result of charge carriers traveling through the conductive pathways [53], and therefore 

the real part of the admittance dominates the conductivity, with the effect of frequency 

only significant at higher frequency values. 
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The results for the AC electrical conductivity as a function of frequency for 

oxidized XD/epoxy composites of different CNT weight fractions is shown in Figure 26. 

 

Figure 26.  AC electrical conductivity vs. frequency for oxidized XD CNT composites as 

a function of CNT weight fraction 

 

The same frequency dependence seen for the pristine XD CNT loaded samples 

below 0.1wt% is also observed in the oxidized XD CNT samples.  At 0.05wt% the 

samples remain non-conductive, but a significant increase in electrical conductivity at a 

0.1wt% oxidized XD CNT weight fraction at low frequencies is seen.  Thus, the 

percolation threshold lies between a CNT weight fraction of 0.05 and 0.1wt% oxidized 

XD CNT.  There is an increase in electrical conductivity of about 5 orders of magnitude, 
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from 1.31E-15 to 2.94E-10 S/cm, for 0.1wt% oxidized XD CNT relative to the neat 

sample at a low frequency of 0.01 Hz, which corresponds to the DC electrical 

conductivity.  An increase of two orders of magnitude in electrical conductivity results 

when increasing the weight fraction from 0.1 to 0.3wt%.  When compared to the 

electrical conductivity of pristine XD CNT composites, oxidized XD CNT composites 

show a decrease of 4 orders of magnitude in electrical conductivity.  This decrease in 

electrical conductivity is observed for all oxidized CNT weight fractions post-

percolation. 

The AC electrical conductivity as a function of frequency for the fluorinated 

XD/epoxy composites of different CNT weight fractions is shown in Figure 27.   

 

Figure 27.  AC electrical conductivity vs. frequency for fluorinated XD CNT composites 

as a function of CNT weight fraction 
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The results show that the fluorinated XD CNT samples tested remain non-

conductive, even at the higher CNT weight fractions.  From theoretical percolation 

theory, these results suggest that the percolation threshold has not been reached and the 

composite samples have not transitioned from insulators to conductors, thus explaining 

the lack of increase in electrical conductivity with CNT weight fraction at low 

frequencies;  however, the microscopic dispersion analysis performed on the fluorinated 

XD CNT composites, Raman imaging and SEM, in this study showed similar dispersion 

for the high weight fractions of fluorinated XD CNT as compared to the pristine and 

oxidized XD CNTs.  Since a percolation network was formed in the pristine and 

oxidized XD CNT composites, evident in the significant increase in electrical 

conductivity, a similar dispersion of fluorinated XD CNTs suggests that a CNT network 

might have also been formed in the fluorinated XD CNT composite samples.  Therefore, 

it would appear that if the fluorinated CNTs did form a continuous network, damage to 

the tubes might be too severe, which is supported by the Raman spectroscopy results.  

The severe damage to the tubes might be causing significant electron scattering, 

ultimately reducing the intrinsic electrical conductivity of the fluorinated CNTs.  As 

supported by Raman results, the D-band, and thus damage and asymmetry in the tubes is 

higher in fluorinated XD CNTs than in oxidized XD CNTs, ultimately resulting in much 

lower electrical conductivity of the composites. 

Figure 28 shows the near-DC (0.01 Hz) electrical conductivity, for the various 

treatments vs. CNT weight percent. 
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Figure 28.  DC electrical conductivity as a function of CNT weight fraction for the 

various chemical treatments 

 

The results show that the electrical conductivity of pristine XD CNT composites 

is 4 orders of magnitude higher than oxidized XD CNT samples for a 0.1 - 0.6wt% 

weight fraction, while the fluorinated XD CNT composites remain non-conductive.  The 

electrical conductivity of the pristine XD CNT and the oxidized XD CNT samples show 

a dependence on CNT concentration with minimal change post-percolation.   

As stated before, and seen again in Figure 28, the percolation threshold occurs 

between a weight fraction of 0.05 and 0.1 for both pristine and oxidized XD CNT 
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samples. In order to determine the theoretical percolation threshold, the data was fit to 

the power law seen in Eq. 23.   

 

    for        (23) 

 

where  is the electrical conductivity, A is a constant,  is the conductive filler 

concentration,  is the percolation concentration, and t is the critical exponent and a 

measure of dimensionality [56,62,106].  The results of the best fit power law are shown 

in Figure 29 and the resulting fitting parameter values shown in Table I. 

 

 

Figure 29.  Percolation scaling law fit for pristine and oxidized XD CNT composites 
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Table I.  Percolation threshold, fitted constant, and critical exponent values for pristine 

and oxidized XD CNT composites 

Composite  (wt%) A t 

Pristine XD/epoxy 0.065 1.35E-4 0.95 

Oxidized XD/epoxy 0.073 2.45E-8 1.09 

 

According to the percolation power law fit, the percolation threshold for pristine 

and oxidized XD CNT composites have very similar values, with oxidized XD CNT 

composites having a slightly larger percolation threshold.  This result suggests that there 

is a similar dispersion of CNTs for pristine and oxidized XD composites, which supports 

the results obtained in the dispersion analysis.  Thakre et al. obtained a percolation 

threshold of 0.0225wt% for pristine XD CNT/epoxy composites [95].  The concentration 

of XD CNTs required for percolation in the study done by [95] is lower than for the 

study shown here, possibly due to differences in CNT dispersion.  Ounaies et al. 

obtained a percolation threshold of 0.05 wt% for SWCNT/polyimide composites [72].  

Others have shown percolation thresholds ranging from 0.007 wt% to several wt% when 

using SWCNTs [107].  The percolation thresholds obtained in this study are in 

agreement with previously reported experimental results.  The exponent t has been 

shown to vary from 1.0 to 1.5 [25,72,106].  Grujicic et al. have found the critical 

exponent t to be as low as 0.87 for non-interacting CNTs [29].  Piyush et al. found a t 
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value of 1.02 for an XD CNT/epoxy composite [95].  The t values obtained in this study 

are in agreement with the values obtained from [61] for the same material system. 

The differences in the percolation value, the constant A, and the critical exponent 

t from other published results might be due to a couple of reasons.  According to [61], 

the percolation threshold depends on various factors such as the aspect ratio of the 

inclusion, the structure of the CNT bundles, size effects, and entanglements and contacts 

between CNTs.  These factors might explain why there are some variations in 

percolation threshold values reported in literature.  In an ideal case, the constant A 

should yield the electrical conductivity of the CNT.  However, the magnitude of this 

constant can deviate from the electrical conductivity of the CNT.  The percolation theory 

assumes that the CNTs are in direct contact and thus assumes that percolation is the only 

conduction mechanism present.  The electrical conduction mechanisms in a CNT/epoxy 

system occur at different scales. At the nanoscale, electrical conduction within the CNTs 

is dominated by ballistic conduction, where electrons travel on a mean free path [47].  At 

the microscale, quantum tunneling, or electron hopping, describes conduction between 

adjacent CNTs [15,90].  If the distance between CNTs is small enough, electrons are 

able to tunnel quantum mechanically from one CNT to another.  If the distance between 

the CNTs is large, a large resistance arises due to the insulating matrix between the 

CNTs, while with tunneling, a lower resistance results, ultimately increasing the 

effective conductivity of the composite [28,80].  At the macroscale, percolation is 

responsible for electron transport [90].  The percolation theory only considers the 

macroscale conduction.  This theory fails to account for any other conduction 
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mechanisms present in these CNT composites at lower scales, such as electron hopping, 

and fails to account for the contact resistance between two CNTs, which can also 

decrease the effective electrical conductivity of the CNT [6,72].  Only considering the 

percolation conduction on the larger scale gives a possible reason for such a difference 

between the value of A and the conductivity of a CNT.  Also, the damage caused by the 

oxidation of the CNTs might be the main contributor to the significant decrease in the 

fitted constant A relative to the pristine XD CNT case.  According to McLachlan et al. 

[61], the exponent t is a measure of the dimensionality of the system, and the value of t 

for a CNT composite can be less than the theoretical value of an ideal 3D system (t = 

2.0) due to distribution of CNT bundles.  Also, there might exist a 2D system within the 

3D system the controls the electrical conductivity [61]. 

Even though the dispersion of the pristine and oxide XD CNT composites is 

similar, as supported by the dispersion analysis and the similar percolation threshold, 

they are not completely identical.  Results from the dispersion analysis show that even 

though the distribution of both pristine and oxidized XD CNTs is uniform, the composite 

samples with pristine XD CNTs show a slightly greater degree of CNT agglomeration at 

the microscale (Figure 18b,d), as compared to the oxidized XD CNT samples.  The 

distribution of a greater number of agglomerates results in the agglomerates coming 

closer together (Figure 23b), and thus, possibly facilitating the electron hopping 

conduction mechanism by reducing the distance between adjacent CNTs.  This result 

might explain the reason for the larger increase in electrical conductivity [60] for pristine 

XD CNT loaded samples as compared to the oxidized XD samples of the same weight 
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fraction.  Another positive aspect of the agglomerated network is the increase in 

possibility of CNTs coming into direct contact and percolating, hence a possible 

explanation for the lower theoretical percolation threshold as compared to oxidized XD 

CNT composites.  The dispersion of the pristine XD CNTs increases the possibility of 

having both conduction mechanisms, percolation by direct contact and electron 

tunneling, yielding different results than the oxidized XD CNT case.  Also, the decrease 

in the magnitude of the electrical conductivity post-percolation for the oxidized XD 

CNT composites might be a result of damage in the oxidized tube.  By oxidizing the 

CNT wall, the possibility of electron scattering increases since oxidizing is shown, by 

the Raman spectroscopy results, to introduce defects to the CNT. 

The results for the AC electrical conductivity as a function of frequency for the 5 

and 10 minute ball-milled pristine XD CNTs for different CNT weight fractions are 

shown in Figures 30 and 31, respectively. 
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Figure 30.  AC electrical conductivity vs. frequency for 5 minute ball-milled pristine XD 

CNT composites as a function of CNT weight fraction 
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Figure 31.  AC electrical conductivity vs. frequency for 10 minute ball-milled pristine 

XD CNT composites as a function of CNT weight fraction 

 

 Ball-milling the pristine XD CNTs significantly reduces the composite electrical 

conductivity, making the composite non-conductive even at the higher CNT weight 

fractions.  One possible reason might be due to a decrease in the intrinsic electrical 

conductivity of the CNT by the addition of defects, as supported by Raman 

spectroscopy.  Another reason might be due to the improvement in dispersion of CNTs.  

The SEM dispersion analysis shows that the agglomerates present in the ball-milled 

samples seem to be further apart relative to the pristine non-milled XD CNTs, making 

the possibility of a percolating network more difficult.  There might not be enough 

interaction between CNTs, resulting in a lack of an electron hopping mechanism.  
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Therefore, a higher weight fraction of CNTs will possibly be required in order for the 

ball-milled CNT composites to reach a percolation threshold, making the samples 

electrically conductive. 

 

D.  Thermal Conductivity of XD CNT/Epoxy Composites 

The thermal conductivity as a function of CNT weight fraction for pristine 

XD/epoxy composites is shown in Figure 32. 

 

 
Figure 32.  Thermal conductivity vs. CNT weight fraction for pristine XD CNT 

composites 
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The neat epoxy showed a thermal conductivity of 0.297 W/mK.  The thermal 

conductivity of pristine XD CNT/epoxy composites showed an initial decrease up to 

0.05wt% XD CNT, continued by a linear increase with increasing weight fraction. The 

thermal conductivity of pristine XD CNT at 0.6wt% increases by 5.5% relative to neat 

epoxy. 

The results for the thermal conductivity of oxidized and fluorinated XD 

CNT/epoxy nanocomposites are shown in Figure 33 and Figure 34, respectively, as a 

function of nanotube weight fraction. 

 

 

Figure 33.  Thermal conductivity vs. CNT weight fraction for oxidized XD CNT  

composites 
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Figure 34.  Thermal conductivity vs. CNT weight fraction for fluorinated XD CNT 

composites 

 

At 0.6wt% oxidized XD CNT, the thermal conductivity of oxidized XD 

CNT/epoxy composites increases by 4.3%. For fluorinated XD CNT case, the thermal 

conductivity increases by 2.5% at the same CNT weight fraction of 0.6wt%.  The trend 

observed for pristine XD composites of an initial decrease followed by a linear increase 

in thermal conductivity as nanotube weight fraction increases is also observed for the 

oxidized and fluorinated XD CNT composite samples. 

In a CNT composite, the phonon frequency mismatch at the CNT/matrix 

interface will greatly reduce the transport of phonons, thus altering the thermal 

conductivity of the composite [91].  This scattering of phonons gives rise to a large 

thermal resistance [70,97,98].  The transport of phonons can further be altered by 
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functionalization of the CNTs due to the presence of more defect sites where phonons 

can scatter [103].  In this study, the presence of more defect sites caused by 

functionalization, as supported by Raman spectroscopy, might explain the reason why 

the thermal conductivity of the oxidized and fluorine-functionalized CNT composites is 

slightly lower than that of pristine CNT composites. According to Shenogin et al., as 

more defects are introduced into the CNT, the phonon mean free path decreases, 

resulting in a decrease in the intrinsic thermal conductivity of the CNT [87].  They also 

show that the thermal interface resistance can be decreased by functionalization due to 

the presence of stronger chemical bonds between the matrix and CNT, but the bonds 

create phonon scattering centers and thus reduce the thermal conductivity of the tube.  A 

significant reduction in intrinsic CNT thermal conductivity caused by oxidation and 

fluorine-functionalization provides a possible explanation for why the results are lower 

than for pristine XD CNT composites.   Wang et al. state that phonon vibrational modes 

in CNTs possess high symmetrical properties [102].  In other words, anything that 

breaks the symmetry of the CNT will result in phonon scattering and thus reduce phonon 

transport in the CNT.  As shown previously by the Raman spectroscopy results of the 

oxidized and fluorinated XD CNTs, there is high asymmetry in the functionalized CNT 

structures, with fluorinated XD CNTs showing the highest intensity of asymmetry.  The 

asymmetry in these chemically modified XD CNTs provides another possible 

explanation for the decrease in thermal conductivity of the composites relative to the 

non-modified pristine XD CNT composite case. 
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It has been shown that agglomerated CNTs can have significantly low thermal 

conductivities [11].  Therefore, the individual dispersion of the CNTs in the matrix 

becomes extremely important if a significant increase in thermal conductivity is to be 

achieved.  The dispersion analysis, specifically Raman imaging and SEM, yielded 

results showing that agglomerates are forming in the composite samples for pristine, 

oxidized, and fluorinated XD CNTs.  Therefore, the minimal increase in thermal 

conductivity may also be due to the presence of agglomerates [103].   

In order to attempt to increase the thermal conductivity of the CNT/epoxy 

composites, the pristine XD CNTs were ball-milled in order break up the aggregates 

present in the supplied XD grade CNT material.  The results for the ball-milled pristine 

XD CNT composites at two different times are shown in Figure 35 and compared to 

non-milled pristine XD CNT composites.  
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Figure 35.  Thermal conductivity vs. CNT weight fraction for ball-milled pristine XD 

CNT composites as a function of ball-milling time 

 

 

The results show that ball-milling the pristine XD CNT gives greater 

improvement in thermal conductivity than the untreated pristine XD CNTs, with a 6.5% 

increase over pure epoxy at only 0.1wt% XD CNT for a ball-milling time of 5 minutes, 

and 3.8% for 10 minutes.  At 0.6wt%, the 5 minute ball-milled XD CNT composites 

show an increase of 7.5% relative to neat epoxy while the 10 minute ball-milled XD 

CNT composites increase by 5.3%.  The same enhancement in thermal conductivity 

obtained at high weight fractions by non-milled pristine XD CNT composites can be 

obtained at much lower CNT concentrations when ball-milling the CNTs.  After the 
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initial increase in thermal conductivity, the ball-milled XD CNT samples show minimal 

increase in thermal conductivity with increasing weight fraction. 

The increase in thermal conductivity over non-milled pristine XD CNTs may be 

possibly due to a decrease in thermal resistance by the formation of smaller 

agglomerates.  As seen in the SEM dispersion analysis, the ball-milled CNT samples 

show smaller agglomerates with a greater distance between them as compared to non-

milled pristine CNT composites, and thus less tube to tube contact.  One interesting 

point to notice is that as ball milling time is increased past 5 minutes, there is a decrease 

in thermal conductivity enhancement.  One possible reason might be the reduction in 

CNT length, which might decrease the intrinsic thermal conductivity of the CNT and 

ultimately decrease the thermal conductivity enhancement [90]. 

 One interesting result is that the thermal conductivity of the XD CNT/epoxy 

composites does not reach a percolation threshold (at least not over the range of weight 

fractions studied), as does the electrical conductivity.  Assuming the CNT electrical and 

thermal conductivity shown in Table II, and using the experimental values obtained for 

the matrix electrical and thermal conductivity, the CNT to matrix ratio of electrical and 

thermal conductivity is found and shown in Table II.     

 

Table II.  Thermal and electrical conductivity ratios using assumed CNT and 

experimental matrix conductivity values 

 

(S/cm) 

 

(S/cm)  

 

(W/m K) 

 

(W/m K)  
1000 1.06e-15 9.43e17 2000 0.2973 6.73e3 
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 A difference of about 14 orders of magnitude is observed between the electrical 

and thermal conductivity ratios.  According to Shenogina et al., the high electrical 

conductivity ratio makes the percolating network more efficient for electron conduction 

while for thermal conductivity, the low ratio requires conduction to involve the matrix 

material [89].  Therefore, the percolation conduction mechanism might be eliminated by 

interfacial thermal resistance, along with CNT to CNT contact resistance, since these 

effects are preventing the flow of heat through the percolated network [10,88,89,98,110].  

In order for a percolation threshold to exist in a filler/polymer composite, the 

conductivity ratio between the filler and the polymer must be greater than 1e5 [63], 

explaining why the electrical conductivity of the composites tested here shows a 

percolation threshold and the thermal conductivity does not. 

 

E.  Micromechanics Modeling of CNT/Epoxy Composites 

In order to obtain results using the micromechanics model, the CNT geometry 

input parameters, shown in Table III, were assumed [28,82].  The material properties 

shown in Table IV were obtained from the acquired experimental results for the epoxy 

matrix and from [23,44,84] and [39] for the CNT electrical and thermal conductivity, 

respectively.  The experimental results obtained in this study were used for obtaining 

some modeling parameters, such as the thickness and the electrical and thermal 

conductivity of the interface layer.  These parameters were adjusted in order for the 

micromechanics model to fit and correctly simulate the experimental results obtained in 

this study. 



 70 

 

Table III.  CNT geometry parameters for input into micromechanics model 

 (nm)  (nm)  (µm) Aspect Ratio 

1  0.66  3 1500 

 

 

Table IV.  Epoxy and CNT electrical and thermal conductivity 

 (S/cm)  (S/cm)  (W/m K)  (W/m K) 

1.06e-15 1000 0.2973 2000 

 

 

1.  Electrical Conductivity Modeling Results 

The electrical conductivity modeling results for the CNT/epoxy composites using 

a composite cylinders method are shown in Figure 36.  
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Figure 36.  Micromechanics electrical conductivity modeling results compared to 

experimental results 

 

As seen in Figure 36, when the interface layer is not considered (N=2), the 

electrical conductivity of the composite does not reach a percolation threshold.  The lack 

of percolation might possibly be due to the high resistance provided by the matrix.  

Since with an N=2 assemblage there is always matrix material between adjacent CNTs, 

the increase in electrical conductivity is only slight and very large volume fractions are 

required to reach the electrical conductivity values of the experimental results. 

 As seen in Figure 36, when using an N=2 assemblage, the electrical conductivity 

of this assemblage is only increased by increasing the aspect ratio of the CNT.  A finite 
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aspect ratio, as with the experimental results, will yield only minimal increase of about 2 

or 3 orders of magnitude at the volume fractions used for the fabricated samples.  An 

aspect ratio of infinity gives electrical conductivity values much greater than those of the 

experimental results.  The N=2 approach fails to accurately simulate the experimental 

results possibly due to this approach lacking the conduction mechanism from CNT to 

CNT and only considering ballistic electron conduction within the CNTs. 

In order to correctly simulate the experimental results, an electron hopping layer 

was considered.  When considering electron hopping, the composite cylinder assemblage 

consists of three phases (N=3), the CNT, the electron hopping interface, and the matrix.  

Using the percolation threshold results obtained from the percolation scaling law shown 

in Table I, the thickness of the electron hopping interface layer is calculated.  First, the 

percolation threshold weight fraction is converted to volume fraction by the use of Eq. 

24 and an epoxy density, g/cm
3
 [36] and a CNT density taken as, 

 g/cm
3
 [101]. 

 

              (24) 

                                        

The percolation threshold obtained from the experimental results in this study, 

, corresponds to the transition from an N=3 to an N=2 cylinder assemblage [82,84], 

when there is no matrix material between adjacent CNTs and a conductive path is 

formed, not by physical contact but by electron hopping.  The critical volume fraction, 

, corresponding to this transition is shown in Eq. 25.  The thickness of the electron 
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hopping interface layer, , is then calculated and the final result shown in Table V for 

both the pristine and oxidized XD CNT cases. 

 

      (25) 

     

 

Table V.  Percolation threshold and CNT interface layer parameters 

 

 

Composite 
 

(wt frac) 
 

(vol frac) 

 
(nm) 

 
(S/cm) 

Pristine XD/epoxy 0.00065 0.00049 44.27 1.0e8  

Oxidized XD/epoxy 0.00073 0.00055 41.72 1.0e4  

 

 

 

The conductivity of the interface layer, , was adjusted to best fit and most 

accurately simulate the experimental data as shown in Figure 36.  From the modeling 

results obtained, it can be concluded that the interface thickness governs at what volume 

fraction the percolation threshold takes place.  Electron hopping can range between 26-

80 nm [14,111].  The result for the interface thickness obtained in this study lies well 

within this range which further highlights the fact that electron hopping dominates the 

electrical conduction in our CNT/epoxy system. 

 As seen in the results, there is an increase in electrical conductivity with an 

increase in volume fraction before the percolation threshold when considering an N=3 

assembly.  As volume fraction increases, the matrix material between adjacent 

CNT/interface cylinders decreases and thus the effective electrical conductivity of the 
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composite increases.  This increase in effective electrical conductivity is possibly due to 

the decrease in resistance from the lack of matrix material between adjacent CNTs.  As 

volume fraction continues to increase, the matrix between adjacent CNT/interface 

further decreases until a point where there is no matrix material between the 

CNT/interface and the interface layers come into contact, initializing the electron 

hopping mechanism.  At the point where the interface layers come into contact, there is a 

sharp increase in electrical conductivity due to both the lack of resistance from the 

matrix and the electron hopping conduction mechanism, forming a conductive network  

within the composite material. 

 Post percolation, the electrical conductivity of the composite is dominated by the 

magnitude of the conductivity of the interface layer.  As seen in the experimental results, 

the electrical conductivity of the oxidized XD CNT/epoxy composites is 4 orders of 

magnitude lower than that of the pristine XD CNT/epoxy composites.  The same 

difference in magnitude is observed in the electrical conductivity of the modeled 

interface layer as shown in Table V.  The lower electrical conductivity of the interface 

layer suggests that the electron hopping mechanism in oxidized CNTs is not as effective 

as in pristine CNTs.  This suggestion might explain why the experimental electrical 

conductivity of the oxidized XD CNT composites is lower relative to pristine XD CNT 

composites.  One possibility might be that with oxidized CNTs, there is a decrease in 

electron hopping likely due to the presence of more defects, as is supported by 

experimental Raman spectroscopy results, created by the oxidation process. 
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2.  Thermal Conductivity Modeling Results 

The thermal conductivity modeling results for the pristine CNT/epoxy 

composites are shown in Figure 37. 

 

 

Figure 37.  Micromechanics thermal conductivity modeling results compared to 

experimental results for pristine CNT composites 

 

The modeling results show that by not considering an interface between the CNT 

and matrix, thermal conductivity values for the composite much greater than the 

experimental results are obtained.  By not considering an interface layer, the scattering 

of phonons is not present and therefore the high intrinsic thermal conductivity of the 

individual CNTs leads to a high thermal conductivity.  Also, a finite aspect ratio does not 

affect the thermal conductivity of the N=2 assemblage since end effects are not taken 
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into consideration.  Therefore, the N=2 approach fails to accurately simulate the 

experimental results possibly due to not considering the interface thermal resistance, 

resulting from the phonon frequency mismatch between the CNT and matrix [88,107]. 

 To accurately simulate the experimental thermal conductivity results, the 

interface thermal resistance was considered.  When using the N=3 composite cylinder 

assemblage, the three phases considered are the CNT, a thermal resistance interface, and 

the matrix.  Seidel et al. used a value of 0.3 nm for an interface thickness between a CNT 

and a polyethylene matrix in order to account for imperfect load transfer [83].  The same 

value for the interface thickness was used here when modeling the N=3 assemblage.  

The thermal conductivity of the interface layer, , was adjusted, to the value shown in 

Table VI, to yield the best fit and provide the best simulation of the experimental data.  

As shown in Figure 37, the N=3 approach fits the experimental data well, suggesting the 

thermal conductivity in XD CNT/epoxy composites is dominated by the high thermal 

resistance of the interface. 

 

Table VI.  Thickness and thermal conductivity of CNT/epoxy interface for pristine CNT 

composites 

Composite  (nm)  (W/m K) 

Pristine CNT/epoxy 0.3 5.0e-3 
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The thermal conductivity of the oxidized and fluorine-functionalized CNT/epoxy 

composites is simulated in Figure 38. 

 

 
Figure 38.  Micromechanics thermal conductivity modeling results compared to 

experimental results for oxidized and fluorine-functionalized CNT 

composites 

 

For simplicity, it is assumed that the interface thickness remains the same for 

pristine, oxidized, and fluorinated CNTs.  The parameter values for the thermal 

conductivity and thickness of the interface that yield the best fit to experimental results 

are shown in Table VII. 
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Table VII.  Thickness and thermal conductivity of CNT/epoxy interface for oxidized, 

and fluorinated CNT composites 

Composite  (nm)  (W/m K) 

Oxidized CNT/epoxy 0.3 3.0e-3 

Fluorinated CNT/epoxy 0.3 2.0e-3 

 

 

As shown in Table VII, the thermal conductivity of the interface decreases with 

oxidized and fluorinated XD CNTs.  The interface region accounts for reduced phonon 

transport resulting from the CNT/epoxy phonon frequency mismatch.  The interface 

conductivity results suggest that phonon transfer through the interface decreases with 

functionalization.  The model does fails to predict the initial decrease observed in the 

oxidized and fluorinated XD CNT composite samples. 

Shenogin et al. [88] suggest that a stronger coupling, by functionalization, 

between the CNT and matrix will reduce the thermal interface resistance, contrary to the 

modeling results obtained above.  However, [88] states that the intrinsic thermal 

conductivity of the CNT will be severely reduced, which was not considered in the 

results in Figure 38.  Therefore, the reduction of the intrinsic thermal conductivity of the 

CNT, by scattering of phonons, is considered and the parameter values yielding the best 

fit to experimental results shown Table VIII and the simulated results shown Figure 39.  
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Table VIII.  Thermal conductivity of CNT and CNT/epoxy interface for oxidized, and 

fluorinated CNT composites when accounting for reduction in intrinsic 

CNT thermal conductivity 

Composite  (W/m K)  (W/m K) 

Oxidized CNT/epoxy 25.0 7.0e-3 

Fluorinated CNT/epoxy 15.0 8.0e-3 

 

 

 

Figure 39.  Micromechanics thermal conductivity modeling results compared to 

experimental results for oxidized and fluorine-functionalized CNT 

composites accounting for decrease in CNT intrinsic conductivity 
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 The results in Figure 39 are almost identical to the results shown in Figure 38.  

The agreement is due to the similarity in the effective thermal conductivity of the total 

CNT/interface assemblage, even though the thermal conductivities of the CNT and of 

the interface themselves are different.  As shown in Table VIII, the thermal conductivity 

of the interface region can be higher for the oxidized and fluorinated XD CNT 

composites relative to the pristine XD CNT composites, but a significant reduction in the 

thermal conductivity of the CNT is observed, with fluorination resulting in a higher 

reduction than oxidation.  This result is supported by the Raman spectroscopy results 

showing and increase in defects and asymmetry with functionalization, both which act to 

scatter phonons, reducing the thermal conductivity of the CNT, with fluorinated XD 

CNTs having a higher intensity than oxidized XD CNTs.   The modeling results obtained 

when considering the decrease in intrinsic thermal conductivity of the CNT are 

supported by Shenogin et al., where they found that chemical bonding of a CNT to a 

matrix reduces the thermal interface resistance while decreasing the CNT thermal 

conductivity [87].  The significant reduction in intrinsic thermal conductivity of the CNT 

will ultimately decrease the thermal conductivity of the composite material.  One 

important point to notice is that while the thermal conductivity of the CNT decreased 

significantly, the thermal conductivity of the interface only increased slightly.  This 

again emphasizes the importance the interface has on the overall thermal conductivity of 

the composite and how the composite thermal conductivity is dominated by the thermal 

interface resistance. 
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CHAPTER IV 

 

CONCLUSIONS AND FUTURE WORK 

 

This work has shown the effect of CNT nanoconstituents on the thermal and 

electrical properties of epoxy composites.  A simple and efficient fabrication method has 

been used.  It was found that pre-curing of the epoxy and increasing the stirring rate help 

to improve the distribution of XD CNT agglomerates.  A qualitative analysis on the 

degree of dispersion was performed at different length scales by the use of different 

techniques.  It was found that pristine XD CNTs are uniformly dispersed but some 

agglomeration is still present, while oxidized XD CNTs yield slightly improved 

dispersion. Fluorinated XD CNTs also show a uniform CNT agglomerate distribution.  

Therefore, when using this fabrication method, functionalization of XD CNTs does not 

significantly improve their dispersion.  Ball-milling of CNTs effectively decreased the 

size of the micrometer sized aggregates present in the supplied XD CNT material.  Ball-

milled pristine XD CNTs yielded improved results in dispersion, with a decrease in 

agglomerate size and an increase in uniformity.   

The electrical conductivity of the fabricated composites was determined as a 

function of frequency.  Results show that electrical conductivity increases by 9 and 5 

orders of magnitude for the pristine and oxidized XD CNT composites relative to the 

neat epoxy matrix, respectively, while fluorinated XD CNT composites remain 

electrically non-conductive.  Also, pristine and oxidized XD CNT composites showed a 

similar percolation threshold.  The electrical conductivity of the ball-milled pristine XD 
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CNT composites remains electrically non-conductive, possibly due to the lack of a 

percolation threshold.  As shown by the results, the introduction of defect sites to the 

CNT, by oxidation, fluorine-functionalization, or ball-milling, possibly reduces the 

electrical conductivity of the CNT/epoxy composites.   

The thermal conductivity of these CNT composites was also characterized.  

Thermal conductivity results show minimal increase for pristine, oxidized, and 

fluorinated XD CNT composites showing a linear increase in thermal conductivity with 

CNT weight fraction.  The small increase in thermal conductivity is possibly due to the 

high interface thermal resistance between the XD CNTs and epoxy.  Also, the 

asymmetry in the oxidized and fluorinated XD CNTs might also lead to a higher degree 

of phonon scattering, ultimately decreasing the thermal conductivity of the composite.  

Ball-milled pristine XD CNTs show an initial increase in thermal conductivity higher 

than non-milled pristine XD CNTs.  After the initial increase, there is minimal increase 

in thermal conductivity with increase in ball-milled XD CNT weight fraction.  

Increasing ball-milling time past 5 minutes results in a decrease in thermal conductivity.  

However, the thermal conductivity improvement remains greater than the pristine XD 

CNT case, except at 0.6 wt%. 

In addition to experimental characterization, modeling was also employed to 

further understand the effect of using CNT inclusions in an epoxy matrix.  A 

micromechanics model based on the composite cylinders method was implemented to 

model the electrical and thermal conductivity of the CNT/epoxy composites.  Even 

though the mathematical equations are similar, conduction mechanisms differ greatly.  
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Nanoscale effects in electrical and thermal conduction, such as electron hopping and 

interface thermal resistance, respectively, were incorporated into the model in order to 

accurately simulate the acquired experimental results.  The results obtained for the 

modeling show good agreement with acquired experimental results and verify that 

electron hopping and thermal interface resistance dominate conduction in these 

composites. 

Future efforts shall be focused on improving the dispersion of CNTs.  Possible 

methods for improving CNT dispersion are the use of enhanced high-shear stirring and 

higher power ultrasonication.  By obtaining individually dispersed CNTs in the matrix, 

the contact resistance might be decreased and thus the electrical and thermal 

conductivities of the composites might show an increase.  Improving dispersion by using 

non-covalent functionalization, to reduce the damage to the CNT structure and thus 

reduce scattering effects, might also be another method.  This approach will maintain the 

intrinsic electrical and thermal conductivity of the CNTs.  Also, using CNTs, other than 

an XD grade, with higher purity might be beneficial to not only dispersion but also to 

reduce electron and phonon scattering.  Another focus might be the alignment of CNTs 

[42,114].  Park et al. have shown that the degree of alignment of SWCNTs in a polymer 

matrix can be controlled by tuning the applied electric field magnitude, frequency, and 

application time [73].  Therefore, an attempt to align CNTs by the use electric fields can 

be pursued.  The alignment of the one-dimensional CNTs may result in higher 

conductivities in the direction of the alignment [2,17,41,46,109]. 
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