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ABSTRACT OF THE DISSERTATION 

 

Electrical and thermal percolation in carbon nanotube-polymer composites 

 

by 

Byung-Wook Kim 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2014 

 

Professor Prabhakar R. Bandaru, Chair  

 

Electrical and thermal properties of carbon-nanotube (CNT)/polymer composites 

were investigated through percolating behavior of conducting fillers in insulating matrix. 

Synthesis methodology has been found using a blend of solution processing, which was 

adapted to facilitate uniformly distributed CNTs in polymer matrix and consequently to 

contribute to percolation. The onset of percolation thresholds depending on aspect ratio 

of fillers were theoretically estimated by the excluded volume method as well as 

experimentally examined with a power relation of the both electrical and thermal 

conductivities. Consistent modeling of the both electrical and thermal conductivity 

anisotropy, in addition to the incorporation of interfacial resistance between connected 



 

xiii 

 

conducting CNT fillers, was used to understand the underlying transport mechanisms and 

variations.  

 Furthermore, we report a decrease in the specific heat capacity of the composites 

at a particular nanotube filler fraction, corresponding to the electrical and thermal 

conductivity percolation threshold. Extensive calibration and characterization of two 

different methods were accomplished for the specific heat capacity measurement, and 

degree of crystallinity through x-ray diffraction implied how degree of disorder would 

alter depending on arranging nanotubes in the polymer matrix. We explained such change 

in terms of the entropic configuration determined by number of isolated or connected 

nanotube fillers. 

Our investigations could yield better insight into percolation phenomena, of wide 

importance in the theory of networks, and the optimal conditions of CNT connectivity 

and dispersion for various applications.  
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CHAPTER 1:  Experimental challenges of the dissertation 

 

This chapter describes background information about thermal conductivity 

measurement and discusses the experimental challenges with the corresponding found 

solution process in each measurement. 

 

1.1 3 method for thermal conductivity 

1.1.1  Background of thermal conductivity measurement 

 Since heat transfers through three different ways which are radiation, convection, 

and conduction, it is necessary to reduce/eliminate radiation and convective effect for 

measuring actual thermal conductivity, and 3 methodology has been known to be 

appropriate for this purpose, since D. G. Cahill reported use of the technique to measure 

thermal conductivity of non-conducting solids in 1987.
1
 When generating AC current 

through a thin and long metal line placed on specimen, electrical resistance of the line 

heater oscillates in the response of specimen at the second harmonic due to Joule heating. 

In turn, the third harmonic voltages, product of the first harmonic current and the second 

harmonic resistance, would be experimentally detected to acquire the temperature 

oscillation as a function of frequency. An analytical solution of heat transfer equation in a 

cylindrical coordinate system was obtained to find the corresponding thermal 

conductivity by equating the measured temperature oscillation to the theoretical one 

given frequency range. 
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1.1.2 Metal line fabrication 

 Although photolithography is standard to fabricate metal lines for the 3 

technique,
1, 2

 we develop another method for flexible materials having low melting point. 

When a photolithography recipe was applied for such materials, for instance Reactive 

ethylene terpolymer (RET), unavoidable cracks were generated during lift-off or when 

carrying samples between processes, as well as the materials was deformed due to 

applied heat during metal deposition without cooling or resting. Thus, a stainless steel 

shadow mask containing different dimensions of the line pattern was designed to solve 

 

 

 

 

Figure 1. 1. Schematic of DC sputtering: metal deposition through shadow mask with 

copper block incorporation. 
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the problem of cracks in metal lines without lift-off process, so that 70 m wide and 10 

mm long lines were found to be optimal based on calibration results with Pyrex, and 

metal deposition process was developed for either sputtering or electron-beam (e-beam) 

evaporation: resting/cooling steps were inserted to dissipate excess heat on to the shadow 

mask for sputtering (Figure 1. 1)/e-beam evaporation (Figure 1. 2).  

When loading the polymer or composite materials, copper blocks were placed and 

attached between the mask and stage as a heat sink, helping to spread heat down to the 

 

  

 

Figure 1. 2. Schematic of e-beam evaporation with liquid N2 cooling 
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stage. For metal (Ti and Au) deposition, liquid nitrogen kept cooling down the stage with 

e-beam evaporation, and the shutters of Ti and Au sputter guns were closed to rest 

samples for 2 min every 10 seconds deposition with sputtering. Hence, temperature of the 

materials maintains below melting point in the both metal deposition processes without 

any deformation, and immaculate metal crack. 

 

1.1.3 Wire bonding 

 Since the Au metal contacts on the flexible materials are still easy to break with 

external force and pressure, the contacts were punctured by Au wire bonding (West Bond 

Wedge Bonder), so after those were initially attached to sliver wires with the electrically 

conductive epoxy (Epoxy Technology EPO-TEK H20E silver epoxy), the epoxy mixture 

was solidified at room temperature for 24 hours. 

 

Figure 1. 3. Image of epoxy wire bonding. 
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1.1.4 Temperature coefficient of resistance 

 Measuring temperature coefficient of resistance of the line heater was done prior 

to 3 method. While a sample mounted on a thermoelectric cooler/heater was 

cooled/heated by changing applied DC current from -1 mA to +1 mA through Keithley 

2400 Source-meter, both the sample temperature and resistance were measured by a K-

type thermocouple touching the sample surface and four-point measurement, respectively, 

after reaching steady-state in 5 min at each temperature. Figure 1. 4 shows the measured 

resistance of the metal line at different temperature, and the least-square method was used 

to find the slope, thus the corresponding temperature coefficient of resistance. 

 

 

Figure 1. 4. Resistance of Ti/Au metal line on RET around room temperature. Square 

black dots are measured resistance at different temperature and red solid line is the linear 

fit by least-square method. 
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1.1.5 Wheatstone bridge and differential amplifier circuitry with lock-in amplifier 

 Before acquiring 3 voltages with a lock-in amplifier, Stanford Research Systems 

SR830, Wheatstone bridge or differential amplifier circuitry was constructed to attenuate 

the first harmonic voltage (V), which is the main noise in the 3 methodology, coming 

from the function generator. As the noise amplitude is generally 3 orders of magnitude 

greater than the amplitude of the third harmonic signal, built-in bandwidth filter of the 

lock-in amplifier was not enough to increase signal-to-noise ratio. Figure 1. 5 shows that 

3 component (V3) of across the sample (Rs) was obtained from measuring voltage 

difference (VA-VB) through the lock-in amplifier inputs when the left arm and right arm 

were balanced by changing resistance (R1) of the potentiometer. 

 

 

 

 

Figure 1. 5. Schematic of the Wheatstone bridge based apparatus for measuring thermal 

conductivity with the 3 method. The bridge serves to nullify the larger first harmonic 

component V 
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 Instead of an external function generator, due to low harmonic distortion internal 

AC voltage source Vo of the lock-in amplifier was connected across the Wheatstone 

bridge (in Figure 1.5). Besides, beneficial functions of SR830 were found to read correct 

signals with suitable combination. A -24 dB/oct low pass filter, the steepest slope mode, 

was selected to attenuate the first harmonic noise, appropriate time constant and 

stabilization time were important to read the third harmonic signals. For example, when 

reading V3 at 1 Hz or below of the function generator, the signal would be stabilized in 

3 minutes with 10 seconds of time constant, while 1 second constant and 10 seconds 

stabilization were used 1k Hz or above.  

  

1.1.6 Automation 

The entire measurement system was automated by a computer which is connected with 

SR830 via General Purpose Interface Bus (GPIB) using a custom LabVIEW virtual 

instrument. The following is the algorithm of measurement. 

 

1. 2 Scanning electron microscopy (SEM) for polymeric materials 

 In general, electrically conducting solid materials is suitable to be used in 

scanning electron microscopy. However, we experimentally prepared polymeric materials 

in order to see dispersion of conducting fillers within insulating polymeric matrix in this 

study. It was necessary to bisect such elastic materials without affecting structural 

modification by external force, such as pressing down with a razor blade or scissors. 

About 300 micrometer thick polymeric materials were clipped with two tweezers after 

being frozen enough within liquid N2 for 2 minutes. 
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 Since reactive ethylene terpolymer (RET) whose conductivity and melting point 

are low, we were not able to observe its structure because of charging effect, and its 

surface was deformed as irradiated electron beam caused heat to the materials. Thus, the 

materials samples were gold-coated using sputtering equipment (Emitech K575X Sputter 

Coater) for 10 seconds prior to Scanning Electron Microscopy (SEM) imaging, then 

dispersion of the CNT fillers was examined using Philips XL30 ESEM. 
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CHAPTER 2: Percolation thresholds in CNT-Polymer Composites 

 

This chapter will describe how to estimate the percolation threshold and examine 

it with experimental results by measuring electrical conductivity of CNT-polymer 

composites.  

 

2.1 Introduction  

Polymer composites containing conducting fillers
3
 such as carbon black

4
, carbon 

fiber, and metal fibers have been extensively investigated for various applications such as 

electromagnetic interference (EMI) shielding
5
, electronic packaging

6
, radar absorption

7
, 

etc., However, presently used composites require high filler to polymer loading ratios 

which deteriorates the overall mechanical properties, through a compromise of intrinsic 

matrix morphology.
8
 A possible way to ameliorate the above problems, through using 

low filler volume fractions, incorporates carbon nanotubes (CNTs) in composites.
9,10,11,12

 

A concomitant large aspect ratio and tunable electrical conductivity would enable 

electrical percolation to be achieved at very small CNT volume fractions
11

. The use of 

small CNT volume fractions would also reduce the economic costs and clustering of the 

CNTs within the polymer matrix, important for large scale application. In this paper, we 

discuss the issue of the minimum volume fraction necessary, i.e., the percolation 

threshold (c) for the CNT-polymer composites to serve as electrically or thermally 

conductive materials through percolation theory 
13

.  
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2.2 Materials and Methods 

2.2.1 Synthesis 

We have sought to understand issues associated with the uniform dispersion of 

CNTs into polymer matrices through optimized synthesis/processing, involving enhanced 

nanotube-polymer interactions through chemical functionalization schemes. We chose for 

our initial experiments, a composite of CNTs and a Reactive Ethylene Terpolymer (RET: 

Elvaloy 4170) – Figure 2. 1 Both pristine and carboxyl functionalized SWNTs (average 

diameter 1-2 nm, and length 5-20 μm) and MWNTs (average diameter 40 nm, length 5-9 

μm) were used and dispersed in toluene with sonication. The exact location of the 

functional groups would depend on the defect density on the nanotubes which can be 

 

Figure 2. 1 Schematic of reaction between CNT functional groups with epoxy groups on 

the RET constituted from (1) polyethylene, (2) methyl-methacrylate, and (3) epoxide 

groups. While (1) and (2) contribute to mechanical robustness, (3) is used for forming 

ester linkages to –COOH groups on the CNTs for enhanced bonding and dispersion. 
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manipulated.
14

 If the defects are randomly dispersed, isotropic bonding of the nanotubes 

with the polymer matrix is implied and would yield uniform dispersion and mixing. It 

was typically seen that sonication reduced the average length of the SWNTs to ~ 4.3 μm, 

with a bundle diameter ~ 4.8 nm, resulting in an aspect ratio of ~ 880. On the other hand, 

the MWNTs have an average length of 1.4 μm, with a bundle diameter ~ 40 nm, yielding 

an aspect ratio of ~ 33.         

 The nanotube dispersion was added to the RET solution (in toluene), and then the 

mixture was ultrasonicated for 5 hours. To remove excess solvent, the mixture was stirred 

and evacuated in vacuum (10
-3

 Torr) for 12 hours. Subsequently, a hot press was used to 

press the composites into the desired thickness, of ~ 2 mm, reported here. 

 

2.2.2 Electrical conductivity measurement 

The four-wire resistance method was used to measure the resistance (R) for the 

nanocomposites with R < 1GΩ, while for higher resistance (> 1 GΩ) composites, two 

point measurements using the Agilent B1500A semiconductor device analyzer, with 

triaxial probes were used. The composites were treated with oxygen plasma and 

subsequently, 5-10 nm of Ti, along with ~ 100 nm of Au were sputtered for electrical 

contacts.  

 

2.2.3 Scanning electron microscopy (SEM) 

The dispersion of the CNT fillers was examined using a scanning electron 

microscopy (SEM, Philips XL30 ESEM). The samples were gold-coated using sputter 

coater (Emitech K575X Sputter Coater) for 30 seconds prior to SEM imaging.  
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2.3 Results and Discussion 

We indeed observed a more uniform dispersion for both low - Figure 2. 2 (a), 

high- Figure 2. 2 (b) COOH-SWNT filling fractions, and high COOH-MWNT filling 

fraction in Figure 2. 2 (d), as seen in the fracture surface images of the composites, in 

comparison to the clumped fillers observed for pristine CNT based composites in Figure 

2. 2 (c).  

 

 

 

 

Figure 2. 2 Scanning Electron Microscope (SEM) micrographs illustrating uniform 

dispersion in the RET polymer at (a) 0.2, (b) 2.2 volume % functionalized SWNT, and (d) 

3.3 volume % functionalized MWNT filling fractions while (c)  non-functionalized 

SWNTs exhibit clumping.  
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The DC conductivity (DC) of the polymer composites as a function of the CNT 

(SWNT and MWNT) filler concentration () is shown in Figure 2. 3. It is immediately 

apparent that there is a much greater enhancement in the electrical conductivity (over ten 

orders of magnitude) compared to the approximately two-fold increase in the thermal 

conductivity values. The DC were fit to the relations of the following form, where c is 

the threshold volume fraction for electrical percolation, while s and t are critical 

exponents at the subcritical and overcritical region, respectively. 









 

c

t

c

c

s

c

DC
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


   ,)(

  ,)(
~                                                    (1) 

Given that the aspect ratio (A.R.) was ~ 880 for the SWNTs and ~ 33 for the MWNTs, the 

theoretical c was calculated from excluded volume percolation theory
15

, to be ~ 0.08 and 

~ 1.9 vol %, respectively, using 

).).(
4

.).(
6

(

.).(
2

.).(2.).(
3

4

4.1
.).( 23

23

RARA

RARARA

RAc







 





           (2) 

We have also shown how the variability in CNT lengths on the A.R. and the electrical 

percolation threshold could be dealt with through using statistical analyses
13

. Such 

modeling could be used to a priori determine the threshold and considers realistic process 

variability which could then be extended to other mutable CNT characteristics such as 

diameter, agglomeration, curvature, etc. Consequently, for the carbon nanotube-polymer 

composites, both   c  and c    regimes were accessible and fit, resulting in a c ~ 

0.074 and 2.0 vol % of SWNT and MWNT filling fractions of the percolation threshold, 

respectively. For   c , the s was ~ 0.7 for the both SWNT and MWNT based 
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composites, while for c    t was determined to be ~ 3.5 and ~ 5.2 for the SWNT and 

MWNT based composites, respectively. 

 

2.4 Conclusions 

We have shown that the onset of electrical conductivity in nanotube-polymer 

composites, as determined through the percolation thresholds, can be fitted with power 

law equations. The close correspondence of the experimental values to those determined 

from theory is quite remarkable and suggests that similar processes are operative in two 

widely differing phenomena. Further research should probe the relationships between the 

exponents, the influence of the respective conductivity contrast ratio of the fillers 

(nanotubes) and the matrix (polymer), etc. Our investigations could yield better insight 

into percolation phenomena, of wide importance in the theory of networks, and the 

optimal conditions for nanotube connectivity and dispersion for wide scale application.   
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CHAPTER 3:  Evidence of percolation related power law behavior in 

the thermal conductivity of nanotube/polymer composites 

 

This chapter shows a power law relation for the thermal conductivity, indicative 

of percolation, through measurements on carbon nanotube/polymer composites. Our 

results contradict earlier assertions and indicate that synthesis methodologies may be 

adapted to facilitate such behavior. Consistent modeling of the experimentally 

determined electrical and thermal conductivity anisotropy, in addition to the 

incorporation of interfacial resistance, was used to understand the underlying 

mechanisms and variations. 

 

3.1 Introduction 

The large length to diameter aspect ratio of one dimensional nanostructures such 

as carbon nanotubes (CNTs) or nanowires is advantageous for enhancing both the 

electrical conductivity () and thermal conductivity () of relatively insulating matrices, 

e.g., polymers, at relatively low nanostructure filler fractions. Integral to such possible 

enhancement are (i) the postulated high conductivity of the nanostructures, along the 

length of the wires,  due to the reduced scattering space/probability
16, 17

, and (ii) that the 

fillers span/percolate through the matrix. Moreover, it would be expected that the 

anisotropy in the  and the  of the fillers would be transferred to the matrix and the 

study of concomitant effects together with aspects related thermal percolation, is 

discussed in this letter. Such investigations would have wide implications to a wide 
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variety of envisaged applications of nanostructure/polymer composites incorporating 

structural reinforcement
18

, electromagnetic interference (EMI) shielding
3, 19

, 

electrochemical capacitors,
20

  etc. 

 

3.2 Experimental Details 

In this study, multi-walled CNTs (of average length 1.6m and diameter of 45 

nm, with standard deviations of 0.5 m and 14 nm respectively, yielding an average 

length/diameter aspect ratio - A.R., of ~ 35) in a range of volume fractions (), i.e., 1-10 

 

 

 

Figure 3. 1 (a) Blended CNT/polymer composite was diced, and (b) subject to repeated 

compressive stress. (c) The compressed sheet comprises CNTs preferentially aligned in 

the plane of the sheet. (d) In-plane (top) and cross-plane (bottom) electrical and thermal 

conductivity measurements were carried out to ascertain anisotropy and percolation.  
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volume % (higher fractions rendered the composites brittle) were dispersed uniformly in 

a reactive ethylene terpolymer (RET) matrix through a careful blend of solution 

processing and mixing techniques over – as outlined in Figure 3. 1.  

The uniformity of the dispersion was gauged through (a) considering the 

nanostructure dispersion, through scanning electron microscopy (SEM) micrographs at 

various length scales (1mm), as well as through (b) our development and use 

of a image processing algorithm for comparing the given distribution to a preferred (e.g., 

uniform) distribution
21

. The underlying rationale for the choice of the RET was that ester 

bond linkages between the carboxyl groups on acid functionalized CNTs and the epoxide 

groups on the polymer would enable robust bonding, as was verified through Fourier 

transform infrared spectroscopy (FTIR)
5
. Consequently, both functionalized CNTs and 

RET were solubilized in toluene solvent and blended through ultrasonication. The blend 

was cast into a glass Petri dish, where the excess solvent was removed by heat treatment 

in a furnace - further details of the composite synthesis technique have been previously 

published
22

. The obtained composite was removed from the dish and then stacked and 

subject to a hot press treatment to obtain CNT/RET films of the desired thickness. We 

report electrical and thermal measurements on representative composite films of 2 mm 

thickness. 

Four probe measurements were used for the  (= x/RA, evaluated from the 

measured electrical resistance R, with x as the contact spacing and A as the cross-

sectional area) of the composites with R < 1 G, while for higher resistance composites 

two-point measurements (using the Agilent B1500A semiconductor device analyzer, with 

triaxial probes) were employed.  The composites were subject to mild oxygen plasma 
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treatment to remove surface contamination and subsequently, 5-10 nm of Ti followed by 

100 nm of Au were sputtered on for electrical contacts. For measurements of the in-plane 

conductivity (װ) the contacts were on the either side of the composite, while 

measurements of the cross-plane (/through thickness) conductivity () used contacts 

deposited on the top and bottom of the composite – see Figure 3. 1(d). Self-heating was 

negligible due to the low applied power. 

 

3.3 Results and Modeling 

The measured װ and  as a function of the CNT concentration is plotted in 

Figure 3. 2.   The variation of both װ  and  could be fitted to power law relations of the 

form
13

:   
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where c is the threshold volume fraction for electrical percolation, while s and t are 

critical exponents. We estimated, from excluded volume percolation theory
15, 23

, that for 

CNTs with an aspect ratio (A.R.) of ~ 35, and using: 
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C is a constant in the range of 1.4 (for thin rods) to 2.8 (for spherical objects)
24

. Using C 

~ 1.4, for the nanotubes, a c of ~ 2.2 volume % was estimated. While the fitted c was ~ 

2.3 vol% for the װ change, a value of ~ 3.3 volume % was noted for the  variation. 

Moreover, there was a more gradual (t ~ 4.2 for  compared with a t value ~ 5.7 for the  
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Figure 3. 2  The variation of the measured electrical conductivity with added CNT filler 

concentration depicted for the in plane (װ) and cross plane () configurations. The 

anisotropy ratio, i.e., װ/ is indicated on the right hand axis. The * indicates the results 

of the Straley model (see text) relating the product of the electrical resistances of the 

matrix and the filler to the percolation threshold. 

 

 

װ variation
25

) and smaller net increase. The differing values of c for the  and װ 

indicate anisotropy and the װ/ ratio has been indicated in Figure 3. 2, e.g., the larger 

value for  could be tentatively understood from the greater deviation from isotropic 

arrangement
26, 27

 of the nanotubes. 

   Concomitantly, the cross plane () and in-planeװ) thermal conductivity 

values were estimated through a steady state method and the 3methology
2
, 
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respectively. For  the experimental apparatus was modeled and constructed in 

accordance with ASTM (American Society for Testing and Materials) standards E1225 

and D 5470. The accuracy of measurement was estimated to be ~ 3% through comparison 

with standards.  For the װ measurements, employing the 3  technique, Ti/Au metal 

lines (70 m wide and 10 mm long) which serve as both heater and thermometer were 

deposited on the composites, with the length scales chosen so as to approximate a narrow 

line heat source
28, 29

 (with a ratio of the sample thickness to the metal line width of ~30). 

Using a lock-in amplifier (Stanford Research Systems: SR 830) and a Wheatstone bridge 

setup, alternating current,  I(), of angular frequency (in the range of 0.1 Hz-1000 Hz), 

passed through the metal lines induces resistance oscillations at 2: R(2), due to Joule 

heating (~ I
2
R), from which the thermal conductivity can be deduced from the third 

harmonic voltage, V(3 (= I()R(2)). The temperature change (T) was deduced using 

the relation
2
: 

)(

)3(2





V

V
T  , where  is the measured temperature coefficient of 

resistance of the metal line. Assuming an adiabatic boundary condition at the bottom of 

the composite (which is valid for a thermal penetration depth smaller than 2 mm
29

) the 

estimated T could be then related to the thermal conductivity product, װ·, obtained 

through:  

 G
P

T 



)ln(
  ·  2 ||


          (3)

 

In (3), P is the electrical power per unit length of the heater and G is a constant. 

Combining the steady-state and the 3 measurements, the individual values of װ and  

were computed. 
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 The measured  and the estimated װ are then plotted as a function of the CNT 

concentration in Figure 3. 3 along with theװ/ anisotropy ratio. While a fairly linear 

change was noted for , a percolation like behavior, similar to the variation in , was 

observed in װ. We then attempted to fit the װ variation using expressions of the form: 

                                              








 

kc

q

kc

kc

p

kc

,,

,,

||
   ,)(

  ,)(
~




            (4) 

Where, kc, is now the threshold volume fraction for the onset of thermal 

percolation, and p and q are critical exponents in the respective regimes. We obtained, 

experimentally, a kc, ~2.2 vol %, close to the theoretically expected value, with p ~ 0.2 

and q ~ 0.1. The value of the exponents in the power laws depends on the particular type 

of conductivity
25, 30

 (i.e., electrical or thermal) as well as on the ratio of the respective 

conductivities of the constituent phases
31

. 

The concomitant larger variation in the increase of the σ (ten-twelve orders of 

magnitude for  and װ) of the CNT/polymer composites compared to the increase of 

the  (50% and 400% for  and װ, respectively) may be attributed to the intrinsically 

greater range in electrical conductivity. In the former case, one has to consider the much 

lower electrical resistance of the CNTs compared to the polymers while there is generally 

a much smaller variation in  between disparate materials. The substantial enhancement 

in װ compared to  is also to be noted. We ascribe the װ increase to the effects of 

percolation. Further evidence was obtained through adapting a Straley model
32

 (used for 

determining the critical exponents for the conductivity of random resistor lattices), where 

the filler (Rf) and matrix (Rm) could be represented as thermal resistors. Through such  
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Figure 3. 3  The variation of the measured thermal conductivity with added CNT filler 

concentration depicted for the in plane (װ) and cross plane () configurations. The 

anisotropy ratio, i.e., װ/ is indicated on the right hand axis. The * indicates the results 

of the Straley model (see text) relating the product of the thermal resistances of the 

matrix and the filler to the percolation threshold. 

 

 

modeling, the effective thermal conductivity at the percolation threshold fraction could be 

related to
u

m

u

f RR 1
, where 

qp
p

u


 , and the estimated value has been indicated through 

a * in Figure 3. 3 The equivalent  values, where the filler and the matrix were 

represented as electrical resistors have been indicated, through *  in Figure 3. 2.  

 We model such connectivity effects encompassing both electrical and thermal 

conductivity through considering the total number of percolating networks in the in plane 
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and cross plane directions, contributing to an equivalent resistance, R|| and R 

respectively. Following the schematic in Figure 3. 4, we assume that each network is 

comprised of a series of nanotubes, and many such networks yield a nanostructure 

contributed total resistance in the in-plane direction (RCNT, ||). Conduction would occur 

simultaneously through the polymer matrix of resistance = RM, ||. If the resistance of a  

 

 

 

 

 

Figure 3. 4 (a) Modeling  networks of aligned MWCNTs in the polymer matrix, and (b) 

the equivalent electrical/thermal circuit schematic with Rc as the nanotube resistance and 

Ri as the interfacial resistance.  
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single nanotube, 
cc

c
A

l
R


 , with l  being the average nanotube length, Ac as the cross-

sectional area, and c the conductivity (which should now be interpreted as an electrical: 

,  or thermal conductivity: ) with an interfacial resistance, Ri (in units of m
2
), then 

RCNT, || would be: 
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is an average orientation angle between the CNT longitudinal axis and the horizontal, 

L|| is the length of the composite sample, and Nc indicates the total number of CNTs and 

estimated through the incorporated volume fraction (). The second multiplicative term 

on the right is a measure of the number of horizontal networks. The RM, ||

mA

L

)1(||

||


 , 

where A|| is the composite cross-sectional area and m is the matrix (/polymer) 

conductivity. The net in-plane conductivity ( ||) constituted of RCNT, || and RM, || would be:  
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Through similar methodology, the net cross-plane conductivity () constituted of RCNT,  

and RM,  would be:  
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Assuming a range of (i.e., |< b) and a constraint on the anisotropy ratio between the 

in-plane and the cross-plane conductivity, i.e., 1
||


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,as b , we derive: 
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In the case of electrical conductivity, due to the measured small m (~3·10
-12 



m

-1
) we 

could ignore the expressions on the far right hand side of the numerator and denominator, 

whence we obtain:  
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Inserting the corresponding  and װ from Figure 3. 2, at   c (i.e., at 3.3 vol%, 4.8 

vol%, and 10 vol %), we find the b values as 4.6
o
, 8.5

o
, and 19

o
 respectively. These 

values were then used for interpreting the thermal conductivity variation vis-à-vis the 

percolation like behavior of װ.    

However, for modeling the thermal conductivity anisotropy, 






 ||
 the matrix 

conductivity, m (~ 0.3 W/mK) cannot be neglected, and terms involving the thermal 

interfacial resistance ( th

iR  in units of m
2
K/W) would remain:  
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Along with the corresponding װ and  from Figure 3. 3, the b values obtained 

previously were inserted into (10), to consistently estimate a c (~ 240 W/mK) and an th

iR

(~ 7 ·10
-8

 m
2
K/W). Such estimates are in excellent accord with previous evaluations of 

nanotube interfacial thermal resistance
33

 and further indicate a significant modulation of 

the thermal conductivity of nanostructures when they are dispersed into a matrix. While 

previous reports
34, 35

 indicated a lack of percolation due to (i) the relatively low thermal 

conductivity contrast and (ii) the interfacial resistance between the conducting 

nanostructure and the matrix (polymer), we have then seen that such characteristics are 

indeed possible. In such previous studies, e.g., it was concluded based on theoretical 

analysis (based on the finite element method: FEM and molecular dynamics) that the low 

thermal conductivity contrast (of less than 10
4
) between the matrix and the filler 

precludes percolation. A linear variation of the thermal conductivity with volume fraction 

was predicted based on effective medium theory, which may not be valid at/near to the 

percolation threshold
13, 37

. Single walled nanotube-epoxy composites were studied
35

 

where the random orientation of the nanotubes was thought to be the reason for the 

thermal conductivity increase. Indeed, a greater degree of isotropy would imply a lower 

percolation threshold as was indicated in Figure 3. 2. Additionally, previous work
35, 36

 did 

not consider the effects of interfacial resistance between the nanotubes and the matrix, the 

effects of which have been discussed in much more detail in this paper.  
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3.4 Conclusions 

We have then shown that it is feasible to adapt a synthesis methodology, e.g., 

using stacking of nanotube/polymer composite sheets, facilitating such behavior. We 

surmise that an increased nanotube aspect ratio, enhanced from that presented in this 

paper, would yield a corresponding exponential increase of the thermal conductivity.         

 In summary, we have shown, through detailed experiments and modeling, 

evidence of anisotropy in both the electrical and thermal conductivity in 

nanotube/polymer composites. A power law relation for the thermal conductivity has 

been indicated with implications for tunable thermal conductivity and thermal switching. 
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CHAPTER 4:  Anomalous variation of the specific heat capacity at the 

electrical and thermal percolation threshold in nanotube/polymer 

composites 

This chapter shows anomalous variation in the measured specific heat capacity of 

nanocomposites based on extensive calibration and characterization (through two 

independent methodologies). The crystalline order (determined through x-ray diffraction 

methods) was found to be anti-correlated to the specific heat and hinted that the 

underlying arrangement of nanotubes in the polymer matrix could be responsible for such 

change. We interpreted the decrease in terms of the partition of the total number of 

nanostructures into isolated or clustered/connected entities and the consequent 

modulation of the entropic characteristics as well as the conductivity. 

 

4.1 Introduction 

The placement of nanostructure fillers in polymers, in addition to the 

technological value
38

, yields significant insights into material interactions and consequent 

physical and chemical property modulation. A related aspect concerns the widespread use 

of carbon nanotube (CNT) additives in battery electrodes and polymers for composite 

synthesis
39,40

 based on the advantages of a large length to diameter aspect ratio (A.R.). 

Consequently, a significant change of the composite character at relatively low (< 0.01 

wt%) nanotube filler concentrations may then be obtained. A significant underlying 

mechanism for the drastic change is the encompassing of the polymer matrix, through the 

percolation
13, 41

 of the nanotubes, which has been shown to modulate the mechanical 
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characteristics
42

 as well as significantly modulate the electrical
43,44

 and thermal 

conductivity
45

 attributes of the polymer. Here, we report an unusual specific heat 

variation in nanotube/polymer composites, related to a reduction in its value at the 

electrical and the thermal percolation threshold, with a concomitant increase in the 

crystallinity. 

 

4.2 Electrical and thermal conductivity percolation 

In this study, multi-walled CNTs of A.R. ~ 35 (estimated through the ratio of the 

average length 1.6 μm and diameter of 45 nm - with a standard deviation of 0.5 μm and 

14 nm, respectively) were uniformly dispersed into a RET (reactive ethylene terpolymer) 

matrix in a volume fraction () range of 0.004 to 0.1. The upper limit of  was dictated 

by the mechanical stability of the composites, as it was found that higher  made the 

samples brittle. The dispersion homogeneity was monitored through scanning electron 

microscopy (SEM) micrographs and quantified through our development of an image-

processing algorithm, which allowed the comparison of the obtained uniformity with that 

of a preferred pattern
46

. The rationale for the choice of the RET and further details on the 

processing have been previously reported
5
. The electrical conductivity (σ) of the 

composites (with sputtered Ti (5 nm)/Au (100 nm) as contacts) with electrical resistance, 

Rel < 1 GΩ) was measured through standard four-probe measurements while for 

composites with Rel > 1 GΩ, two-point methods were employed (using the Agilent 

1500A semiconductor device analyzer, with triaxial probes). The results, shown in Figure 

4.1 indicate a percolation-like behavior with a ten-order of magnitude change in the σ 
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with increasing . We predicted
23,43

 a value of 0.021 for the percolation threshold volume 

fraction (c) – per Eqn. (1) below, using for the constant B a value of 1.4, appropriate for 

thin rods.
24
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Figure 4. 1 Electrical and thermal conductivity percolation in the nanocomposites. The 

measured electrical conductivity (): left vertical axis, and thermal conductivity (): right 

vertical axis, as a function of the nanotube filler fraction (). The solid lines are fits to the 

conductivity variation near the percolation threshold (c ~0.02) to a power law expression 

of the form:           
 , where t is a critical exponent. 
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A c of ~ 0.02 was experimentally estimated through fitting the conductivity variation, 

close31 to c, to a power law expression of the form:           
 , where t is a critical 

exponent
13, 25

. While the threshold could depend on microscopic details, the t is material 

independent and universal
47

 at t = 2, as was indeed found through our observations and 

fitting. 

 

4. 3 Decrease of specific heat capacity at the percolation threshold 

Concomitantly, we measured thermal conductivity (k) of the polymer 

nanocomposites through both a 3 based methodology
2
 and steady state methods. It was 

seen that k variation with  also followed a percolation-like transition, and was fitted to a 

power law expression with a similar c of ~ albeit with a different exponent, t of ~ 0.3. 

The difference in the t from the value obtained from the electrical conductivity 

measurements was ascribed to the substantial influence of the interfacial resistance9 as 

well as the different physical origin of thermal transport
25,31

. In both the electrical and 

thermal measurements, it was ensured that the sample and the metal lines were 

electrically isolated/ mutually insulated at all CNT concentrations through monitoring the 

electrical capacitance. While the traditional use of the 3ω method, with reference to the 

measured third harmonic of the voltage V (3ω), at a given angular frequency ω (= 2πf, 

where f is the measurement frequency) - due to the product of the alternating current: I (ω) 

and the Joule heating induced resistance variation: R (2ω), has been in the measurement 

of the κ, we coopted the underlying principles for the measurement of the specific heat 

capacity: Cp, of the composites. It was previously shown that
2
: 
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V(3) = 
       

      
 

   

  
 

        

                

 

 
 dk                                (2) 

For our measurements, l (= 10 mm) and 2b (=70 μm) refer to the length and width of the 

metal (me) line, which served as both the heater and thermometer and were chosen so as 

to approximate a narrow line heat source (with a ratio of the sample thickness to the 

metal line width of ~ 30). The density (ρ), resistance of the metal line (Rme) as well as the 

related temperature coefficient (=dRme/dT) was measured and well calibrated. The 

variation of the V (3ω) over a range of f (from 0.1 Hz to 1000 Hz) was measured using a 

lock-in amplifier (Stanford Research Systems: SRS 830) in concert with a Wheatstone 

bridge setup (used to cancel the lower voltage harmonics). In a lower range of 

frequencies (from 1 Hz to 100 Hz), the slope of the V(3ω) vs. ln (f) was used to deduce 

the κ variation, with P/l as the power per unit length at 2ω. Subsequently, with the 

obtained values of κ for a given  , the Cp was obtained through a numerical solution of 

Eqn. (2) and a fit to the entire curve: see inset to Figure 4. 2(a). The results of the Cp 

variation for a range of  in the nanotube/polymer samples are indicated, through 

diamond symbols, in Figure 4. 2(a). The accuracy of measurement was estimated to be 

~3 % through comparison with standards
45

. It was noted that the observed variation was 

unusual in that there seemed to be a dip in the Cp magnitude close to/at the c. 

As such variation was reproducible in three sets of samples, further confirmation 

was attempted through another independent technique. Consequently, the Cp was 

measured through monitoring the decay of the temperature (T) profile developed in 
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response to the application of electrical power pulses to sputtered Ti (10 nm)/Au (100 nm) 

contacts on the top and bottom of the nanocomposite sample– Figure 4. 2(b). We  

 

 

 

 

Figure 4. 2 A characteristic decrease of the specific heat capacity (Cp) at the electrical and 

thermal percolation threshold. (a) The variation of the Cp with , as measured by the 3ω 

method indicated a decrease near the c. The inset shoes the measured V (3ω), at a given 

operating frequency (f). (b) Schematic of a thermal time constant based method for the 

determination of the Cp of the composite sample, where the temperature decay time 

constant τ = Rth∙C denotes the equivalent thermal resistance (Rth) and capacitance (C = 

m∙Cp, with m as the mass of the sample) measured through a (c) fit to the thermal profile 

(bottom) developed in response to an application of a power pulse (top) to the Ti/Au 

electrodes. (d) Superposed values of Cp determined through both the 3ω and the thermal 

time constant based measurements clearly show a dip near c. 
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defined and measured a thermal time constant (τ), as the time during which the T of the 

sample decays by a factor of e (the base of the natural logarithm) from the profiles: 

Figure 4. 2(c). From the relation, τ = RthC = Rth∙m∙Cp, with Rth (=ΔT/P, the ratio of the 

temperature drop: ΔT, across the sample to the applied power: P) as the thermal 

resistance, and C being the thermal capacitance (= the product of the mass of the sample: 

m and the Cp) the specific heat capacity was estimated
48

. The method was calibrated 

through testing for the Cp of a variety of materials, e.g., Pyrex glass (measured Cp = 760 

J/kg∙K vs. reported value of 750 J/kg∙K
49

) and typically yielded Cp values to within 2 % 

of those reported in literature. The previously observed decrease in the Cp values was 

again observed, further enhancing our confidence that the characteristic at the c was 

indeed typical to the nanotube/polymer composites. The combined data sets from both 

the (a) 3ω methodology, and (b) the heat pulse method measurements are indicated in 

Figure 4. 2(d). 

 We sought to understand such an unexpected change in the Cp through further 

diagnostics on the samples using x-ray diffraction (employing the Bruker D8, operated at 

40 kV, 200 mA). A corresponding degree of crystalline order (defined for polymeric 

materials through the ratio of the integrated intensity of the crystalline peak to that of the 

amorphous background
50

) opposite to that observed in the Cp was revealed (Figure 4. 3) 

and hinted that the underlying arrangement of the nanotubes in the polymer matrix could 

be responsible for the specific heat variation. It has also previously been discussed, in the 

context of ethylene based polymers akin to RET, that an increasing crystallinity decreases 

the specific heat
51, 52

. The indexing of the peak positions (inset to Figure 4. 3) was done to 

within close accord of the published patterns
53

. The change in the XRD patterns with 
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increasing  has been indicated in the Supplementary Information. It was intriguing to 

consider the notion that crystallinity seems to be maximal at the nanotube percolation 

threshold in the polymer. While such a correlation has been previously noted for 

semiconductor based systems
54

, such as phosphorus doped Si:F:H alloys
55

, our work is a 

seminal report of such phenomena in nanostructure-polymer systems. The estimated 

degree of crystallinity of ~ 0.27: Figure 4. 3, at the c was intermediate to the theoretical 

boundary values
56

 of 0.15 and 0.44 for three- and two-dimensional percolating systems 

and indicate a tendency towards rod-like percolation
57

, as would be expected for 

nanotube containing systems. 

Since c indicates a degree of ordering, we attempted to relate a change in the 

entropy to the observed Cp variation. We hypothesized that the relative arrangement of 

the CNTs would determine the change as either individual entities (as at  < c) or 

clusters (typical at  > c). As it was previously discussed, through Figure 4. 3, that a 

maximum of the degree of crystallinity corresponded to the c, it was plausible that the  

connectivity of the nanotubes could be related to the observed Cp. minimum. We consider 

the equivalence between the change of the specific heat to the change of the Boltzmann 

entropy (ΔS), at a given temperature
58

. The ΔS term incorporates the total number of 

CNTs (Nt) partitioned either into individual/isolated (Ni) or connected (Nc) constituents, 

i.e., Nt = Ni + Nc, and would be proportional to ln [Nt! /(Ni! Nc!)]. The argument of the 

logarithm would be related to the variety of possible arrangements of the Nt ( =  ∙Vs/ 

VCNT, where Vs and VCNT represent the sample volume and that of an individual CNT 

assumed to be a cylinder with mean length of 1.6 μm and diameter of 45 nm, respectively) 
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nanostructures. We consequently computed the ratio of the experimentally determined 

specific heat values at two particular measured values of  (say, 1 and 2), i.e., as Cp,1 

and Cp, 2 , referenced to the value for the polymer alone, i.e., Cp,  =0 , through:   

 

 

 

Figure 4. 3 Correlation of the measured specific heat capacity (Cp) to the crystallinity of 

the nanocomposite. The Cp (left axis) variation is anti-correlated to the change of the 

degree of crystalline order – determined via x-ray diffraction, (right axis) with . The 

inset indicates a typical x-ray diffractogram of the nanocomposite (for  = 0.009) – 

indicating the Intensity (in arbitrary units, a.u.) vs. 2θ and the crystal plane indices above 

the peaks, based on which the crystallinity (defined through the ratio of the integrated  

intensity of the crystalline peaks: solid to that of the total integrated area: crystalline peak 

+ amorphous background: diagonal shaded) was determined. 
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                                 (3) 

 

As the corresponding total number of nanotubes: Nt, 1 and Nt, 2 at 1 and 2, respectively, 

are known, Eqn. (3) was self-consistently solved over the range of  - using Cp data from 

Figures 4. 2(d) and 4. 3, to determine the number of connected nanotubes: Nc, 1 and Nc, 2 

at a given 1 and 2, respectively. The results of the above computational procedure are 

plotted in Figure 4. 4 and indicate an upward and a downward percolation like transition 

in the Nc and Ni, respectively. Such a plot seems to be in accord with the intuition of 

increasing cluster formation with enhanced nanotube filler concentration. We then think 

that the variation of the Cp with  could indeed arise from the reorganization of the 

nanotubes, as depicted schematically in the insets to Figure 4. 4. The increasing degree of 

crystallinity up to c, facilitated through nanotube connectivity, may correspond to an 

enhanced ordering in the polymer composite with a concomitant decrease in the 

composite entropy and the related Cp. In the sub-percolation threshold regime (with  < 

c) the nanostructures are relatively isolated, and evolve to an ordered polymer matrix 

spanning network at  ~ c. However, further increase of the nanotube content (at  > c) 

leads to uneven clustering and disorder, even as Nc was increased, implying an increased 

Cp. The reduction in the specific heat capacity of nanotube/polymer composites precisely 

near the electrical and thermal conductivity percolation threshold is remarkable in terms 

of thermal property modulation. It would be of much interest to explore the universal 
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validity of the observed phenomena related to the extent to which the Cp could be 

diminished as a function of the nanostructure aspect ratio as well as due to the influence 

of polymer matrix characteristics. 

 

 

 

Figure 4. 4 The computed variation (from Eqn. 3) of the total number of CNTs (Nt) 

partitioned into isolated (Ni) or connected (Nc) constituents, i.e., Nt = Ni + Nc. The insets 

(a), (b), and (c) indicate plausible arrangement of the nanostructures in the polymer 

matrix at  < c,  = c, and at  < c, respectively. The increase in nanotube ordering 

with φ corresponds to an increase in the Nc and a decreased Cp. Further increase of  

beyond c induces clustering of the Nc and an increase of the Cp. 
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4. 4 Conclusions  

In summary, we have reported a characteristic dip in the specific heat capacity of 

nanotube-polymer composites near the electrical and thermal conductivity percolation 

threshold. Such variation has been ascribed to the change in the ordering of the nanotubes 

from connected entities enhancing the crystallinity to cluster formation, below and above 

the percolation threshold, respectively.   
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Chapter 5: Summary of dissertation 

  

 The dissertation presented here investigated the electrical and thermal properties 

of CNT-polymer composites. Synthesizing such composite materials was successfully 

accomplished to uniformly disperse functionalized CNT fillers to be chemically linked 

with epoxide group of the polymer using a blend of solution and ultrasonication 

processing. Dependence of aspect ratio fillers on percolation threshold was 

experimentally observed and theoretically verified by the excluded volume method: thin 

and long CNTs are easy to make percolating networks, enhancing electrical and thermal 

conductivity within insulating matrix.  

 A consistent resistor model was constructed to understand thermal conduction 

within such nanostructure with analogy to the electrical conduction. Due to high 

electrical conductivity contrast between CNT and polymer (~15 orders of magnitude), 

electrical conducting along CNT networks dominates at or beyond percolation threshold. 

However, ~3 orders of magnitude difference of thermal conductivity between them 

allows non-negligible thermal conduction through the polymer. In addition, the effects of 

CNT orientation were studied: given volume fraction of CNTs aligned CNTs enhanced 

electrical/thermal conduction. 

 In the study of heat capacity, we have seen that the specific heat capacity of the 

composite materials reduced near the threshold. As the experimental result was initially 

unexpected and seminal, careful calibration and validation were conducted with two 

independent measurement manners, as well as degree of crystallinity supported the result. 
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We explained our experimental observation on the basis of Boltzmann entropy: forming 

CNT networks decreases degree of disorder, consequently heat capacity.  

We expect our work to generate wide interest in the scientific community due to 

the tunability of thermal properties. We think that our demonstrations will have a major 

impact through providing insight into the inter-relationship of percolation and ordering 

and generate deep inquiry in exploring the universal validity of the observed phenomena. 
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