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 In this research, multiwalled carbon nanotubes (MWCNTs) were directly 

functionalized with benzene-1,3,5-tricarboxylic acid (BTC) and 3,5-diaminobenzoic 

acid (DAB) via a Friedel-Crafts acylation with less structural damage as confirm by 

FT-IR, XPS and FT-Raman analysis. The functional groups on MWCNT surfaces can 

accelerate the curing reaction of epoxy composites remarkable inducing rather low 

exothermic peak temperature (Tp), exothermic heat of reaction (∆H) and activation 

energy (Ea). Additionally, the crosslink density (λ) increased and free volume fraction 

(fg) decreased with the addition of functionalized MWCNTs, resulting in dramatic 

increase of glass transition temperatures (Tg) and decrease of coefficient of thermal 

expansion (CTE). The thermal conductivity enhancement can be observed with 

functionalized MWCNT systems probably due to good dispersion and decreased 

interfacial thermal resistance between MWCNT and polymer matrix. Moreover, the 

modified Maxwell-Garnett typed EMA model is appropriate for predicting effective 

thermal conductivity of epoxy composites filled with low concentration of MWCNTs. 

Epoxy composites incorporated with hybrid fillers which consisted of MWCNTs and 

submicron-sized silicon nitride (Si3N4) exhibit higher thermal conductivity than those 

with single filler, thereby forming high packing density and perfectly heat conductive 

pathways. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Overview 

In past few years smart devices with ultrathin, light weight and multifunction 

have become very popular. The increasing interest in these devices has heightened the 

need for advanced microelectronic packaging appropriate to use in electronics. As 

continuous development in the miniaturization, the heat dissipation is still a critical 

problem in packaging, limiting the reliability and high performance. Therefore, the 

polymer-based composite with high thermal conductivity has been received more 

attention, especially high thermally conductive underfill. Commercially, underfill is 

epoxy-based composite which is used to fill into the gap between silicon chip and 

substrate in microelectronic packaging. Underfill plays a key role to adsorb and to 

dissipate thermal stresses occurred in the devices, thereby enhancing solder bump 

fatigue life [1-4].  

 

Traditionally, the addition of inorganic particles with intrinsically high thermal 

conductivity into a conventional underfill with efficient dispersion has been attracted 

more attention as the approach to increase the heat dissipation and the thermal 

conductivity [5-7]. Commonly used inorganic fillers include silicon carbide (SiC), 

alumina (Al2O3), aluminum nitride (AlN), boron nitride (BN) and so forth [5, 8, 9]. 

The fillers, whose intrinsic thermal conductivity is higher than other fillers, are more 

effective for increasing thermal conductivity of underfill [10, 11]. Additionally, a 

shape of filler also affects the thermal conductivity of underfill in which the non-

spherical particles can provide filler-filler and filler-matrix interaction better than 

spherical particles [12, 13]. The fillers with high aspect ratio easily form random 

bridges or conductive networks that facilitate the heat transfer through polymer matrix 

by phonon transfer. The formation of effective heat conductive pathways is promoted 

by an increase of thermally conductive filler loading, commonly higher than 30 vol%, 

thereby enhancing heat dissipation ability [14, 15]. However, the introduction of high 
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filler concentration into polymer matrix results in an increase of viscosity and 

limitation of processability.  

 

One solution to this problem might be using the filler with large aspect ratio at 

lower content to maximize the randomly heat conductive networks in the composites. 

Multi-walled carbon nanotubes (MWCNTs) are one of the most attractive filler 

candidates due to the exceptional characteristic of MWCNTs including nanostructure, 

high aspect ratio and intensively outstanding thermo-mechanical and thermal 

properties. MWCNTs exhibit extremely powerful performance with very low weight 

compared with various engineering materials, for example, MWCNTs are many times 

stronger than steel, though three to five times lighter [16]. Therefore, the 

incorporation of MWCNTs into the polymer matrix has been proposed for high 

performance and light-weight composites. Furthermore, MWCNTs are often used in 

the thermal management applications. It is due to the fact that MWCNTs show 

extremely high thermal conductivity in which the highest measured thermal 

conductivity of MWCNTs is 3000 W/mK [17]. However, it is known that the 

advantage of MWCNTs certainly depends on the degree of dispersion. MWCNTs 

easily form large agglomerates and are hardly dispersed in polymer matrix due to 

their high surface area and intrinsic van der Waals force. Besides, weak interfacial 

interaction between MWCNT and polymer matrix results in a lack of load transfer 

and heat transfer in polymer composite. These behaviors hinder actual potential of 

using MWCNTs to obtain targeted properties. Accordingly, an approach to achieve 

good dispersion and strong interfacial interaction of MWCNTs is a challenge.  

 

The surface modification has widely been considered to overcome the 

limitation in MWCNT manipulation. MWCNTs were often treated by the harsh 

chemical oxidation in strong acids like nitric acid and sulfuric acid and/or their 

mixtures at elevated temperatures [18, 19]. The carboxylic and oxygen-containing 

groups could be generated on their surfaces that facilitated further functionalization or 

fabrication [20-22]. Although, better dispersion and interfacial interaction can be 

achieved via this method, the dramatic structural damages on the surface of 

MWCNTs can easily occur. Consequently, much attention has been focused on the 
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alternative functionalization methods without or less structural damage. Among 

various methods of surface modification, it was found that a direct Friedel-Crafts 

acylation, the functionalization reaction, is convenient and effective for the 

purification and the functionalization of the reactive functional groups onto the 

surface of MWCNTs in a one-pot process with trace amount of defects [23-25]. 

 

Many recent studies have focused on the addition of hybrid filler systems into 

the polymer matrix. Polymer composites containing mixed thermally conductive 

inorganic particles such as BN [26], AlN [27] and SiC [28, 29] have been conducted. 

The hybrid fillers consisting of MWCNTs and thermally conductive particles have 

been considered as well. Due to the fact that partial replacement of inorganic filler 

into the space formed in MWCNT-to-MWCNT networks can be obtained more heat 

conductive pathways with high packing density that facilitate phonon transfer leading 

to high thermal conductivity. Among commonly used inorganic particles, silicon 

nitride (Si3N4) is one of the attractive inorganic fillers because of its high thermal 

conductivity as well as low CTE and more commercially available than BN [30-33]. 

However, there has not been the study of the effects of Si3N4 particles mixed with 

MWCNTs as hybrid fillers on the thermal conductivity and dynamic mechanical 

properties yet. Additionally, particle size of fillers is one of the most important factors 

for the enhancement of thermal conductivity. The micron-sized fillers effectively 

achieve the expected thermal conductivity of composites, but the settling of fillers in 

polymer matrix is often observed [34]. Also, the micron-sized particles are not able to 

flow in narrow gaps. In case of nano-sized fillers, the thermal conductivity of 

composites exceptionally increases with low filler loading. Due to high surface area 

of nano-sized particles, the strong agglomeration occurred and thus the surface 

modification and effective mixing method are required to improve the dispersion, 

thereby increasing the production costs. Besides, the viscosity of composites intensely 

increases that hinders the processability. To avoid agglomeration of filler and to 

obtain low viscous epoxy composite for ease in industrial processing, the submicron-

sized Si3N4 is considered as ideal filler to generate the hybrid filler with perfect 

thermal conductive networks. 
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Accordingly, the crucial objective of this work is to improve the thermal 

conductivity of epoxy resin for using in microelectronic packaging, which requires 

insulation properties. Consequently, this study was designed to evaluate the effect of 

surface functionalization with various reactive functionalizing reactants via Friedel-

Crafts acylation in a mild medium on the properties of MWCNTs. The dynamic 

mechanical and thermal properties of MWCNT/epoxy composites were investigated 

as well. Thermal conductivity of MWCNT/epoxy composites was compared with the 

theoretical values predicted by using various theoretical and empirical models. In 

addition, the properties of epoxy composites incorporated with hybrid fillers between 

MWCNTs and submicron-sized Si3N4 were also explored. 

 

1.2 Objectives of research 

1. To evaluate the effect of surface functionalization of MWCNTs via Friedel-

Crafts acylation on the surface properties of MWCNTs and the properties of epoxy 

composites 

2. To investigate the effect of MWCNT concentration and hybrid fillers on 

thermal conductivity, mechanical and thermal properties of epoxy composites 

 

1.3 Scopes of research 

1. Functionalization and characterization of MWCNTs with reactive reactants 

which are benzene-1,3,5-tricarboxylic acid (BTC) and 3,5-diaminobenzoic acid 

(DAB) via Friedel-Crafts acylation.  

2. Preparation of epoxy composites filled with unmodified and functionalized 

MWCNTs varied in the range of 0.3% to 1.0% by volume. 

3. Preparation of epoxy composites filled with hybrid fillers of 1.0vol% 

MWCNTs and submicron-sized Si3N4 particles at 2.5%, 5.0% and 7.5% by volume. 

 4. Investigation of the morphology, thermal conductivity, mechanical and 

thermal properties of epoxy composites. 

5. Predication of thermal conductivity of epoxy composites by using 

theoretical and empirical models. 

 



 

CHAPTER II 

THEORY  

 

This chapter gives a brief overview of underfilling technology, focusing on the 

flip-chip packaging, the required properties of underfill materials and the 

development of underfill formulation. The principle of carbon nanotubes and surface 

modification including Friedel-Crafts acylation are also described in this chapter. 

 

2.1 Underfilling technology 

 

 

 

 

 

Figure 2.1 Scheme of flip-chip packaging [35] 

Flip-chip is the first level integrated circuit packaging approach in which the 

active side of the silicon chip is faced down and connected to the substrate. The active 

side of the chip is bumped with solder balls that can be molten and wetted on the 

metal pad of the substrate, and form the electrical and mechanical connections 

between the silicon chip and the substrate [36]. A general scheme of the flip-chip 

packaging is shown in Figure 2.1. Although the organic substrate is favored in terms 

of its low dielectric constant and low cost, the high CTE mismatch between the 

silicon chip and the organic substrate produces the cracking caused by excess thermal 

stress inside the packaging resulting in decreasing its reliability and performance. 

Therefore, a liquid encapsulant called underfill, usually based on uncured epoxy resin 

monomer heavily filled with fused silica (SiO2), is filled the gap between chip and 

substrate to assure that the solder connection does not crack or open during the 

 

 Printed circuit board 

Silicon chip 

Contact pad 
Solder Underfill 
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thermal cycling [37]. According to the different processes, underfilling can be 

classified into capillary underfill, molded underfill, no-flow underfill, and wafer level 

underfill, which are listed in Table 2.1. The conventional capillary underfill and no-

flow underfill are considered in this study. 

 

 

Table 2.1 Classification of underfill process [38] 

Process Dispense Stage 
Application 

Location 

Fluxing 

ability 

Material 

Form 

Capillary 

underfill 

After chip assembly 

and reflow 

Between chip and 

substrate 
No Liquid 

Molded 

underfill 

After chip assembly 

and reflow 

Between chip and 

substrate, 

overmolding the chip 

No Solid 

No-flow 

underfill 

Before chip assembly 

and reflow 
On the substrate Yes Liquid 

Wafer level 

underfill 

After IC fabrication 

and before wafer dicing 
On the wafer Yes 

Semi-

solid 

 

In the conventional capillary underfill, also called conventional underfill for 

short, as shown in Figure 2.2(a), the chip is placed on the substrate and the following 

processes are alignment, flux dispersing, solder bump reflow in which the solder 

bumps are joined between chip and substrate, flux cleaning, underfilling and curing, 

respectively [36, 39]. The conventional underfill is drawn into the gap between chip 

and substrate by the capillary force, which is usually slow and possibly causes the 

void formation resulting in the incomplete capillary flow. The curing of the underfill 

takes long time that consumed manufacturing time. In addition, decreasing bump 

pitch and chip height, and increasing bump density ultimately push the limits of 

conventional underfill materials.  
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Figure 2.2 Scheme of (a) conventional capillary underfill and (b) no-flow underfill 

processes [40] 

 

The no-flow underfill was invented by Wong et al. in 1996 to replace the 

conventional underfill and to reduce the cost because the no-flow underfill has fewer 

processing steps than the conventional underfill [41-44]. The scheme of no-flow 

underfill process is illustrated in Figure 2.2(b). The underfill material is dispensed 

onto the substrate followed by placing the chip on the substrate. After that the whole 

assembly is subjected to solder reflow and the underfill is cured in one step. Minimal 

curing reaction before the solder bump reflow and rapid curing reaction later are the 

crucial requirements of the materials for the no-flow underfill process that must match 

the reflow profile of the solder bump. The temperature profile of no-flow underfill 

Heated No-flow underfill 

(1) Underfill Dispensing (2) Chip Placement (3) Flux, solder reflow & 

underfill cure 
(b) No-flow Underfill 

Solder ball Board 

Heated Underfill 
Solvent spray 

Heated 
Chip 

Bond pad 

Flux 

(1) Fluxing Dispensing (2) Chip Placement (3) Solder Reflow 

(4) Flux Cleansing (5) Underfill Dispensing (6) Underfill Cure 

(a) Capillary Underfill 
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process is demonstrated in Figure 2.3. The no-flow underfill process not only 

eliminates the limits on the viscosity of underfill material and the package size, but 

also improves the production efficiency. 

 

 

Figure 2.3 Temperature profile of no-flow underfill process[40] 

 

2.2 Underfill materials 

In addition to the advancement of underfill processes, underfill materials have 

been developed to be appropriate for the invented processes. Most underfill materials 

are based on epoxy resins [36]. The general underfill formula is composed of an 

epoxy resin monomer or epoxy mixture, a curing agent, a catalyst, SiO2 filler, and 

other necessary additives (such as fluxing agent, toughening agent, adhesion promoter 

and dispersant agent) depending on the specific application [38]. The composition of 

underfill material is described in more detail below. Although the properties of 

underfill materials vary with the different underfill processes, the general requirement 

of the underfill material for flip-chip packaging can be summarized in Table 2.2.  
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Table 2.2 Desired properties of underfill materials for flip-chip packaging [36] 

Property Value 

Coefficient of thermal conductivity (CTE) 22-27 ppm/°C 

Glass transition temperature (Tg) > 125 °C 

Curing time < 30 min 

Working life (viscosity double @ 25°C) > 16 hrs 

Viscosity (@ 25°C) <20 kcps 

Modulus 8-10 GPa 

Fracture toughness > 1.3 MPa/m2 

Volume resistance (@ 25°C) > 1013 ohm/cm 

Dielectric constant (@ 25°C) < 4.0 

Filler content < 70% 

 

2.2.1 Epoxy resins  

The thermosetting polymer containing the epoxy group or oxirane, a three-

member ring consisting of an oxygen atom and two carbon atoms, can be called as 

epoxy resin [45]. The commonly used epoxy resin monomers can be categorized into 

three main groups: diglycidyl ether type, cycloaliphatic type and epoxy novolac type 

[46]. The selection of base epoxy resins plays a key role to succeed the underfill 

technology since many desired material properties are mainly determined by the base 

epoxy resins [38].  With the different polymerization degree and molecular weight, 

the epoxy before curing can be low viscosity liquid, high viscosity liquid, semi-solid 

and solid. The types of epoxy resins are shown in Table 2.3.  
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Table 2.3 Epoxy resin types [46] 

Epoxy resin type Examples: Resin/Supplier Characteristics EEWa 

Diglycidyl ether of 

bisphenol A 

(DGEBA) 

EPON 828/Resolution 

DER 331/Dow Chemical Co. 

General-purpose use 185-192 

Diglycidyl ether of 

bisphenol F 

(DGEBF) 

EPON 826/Resolution High flexibility, low 

viscosity 

166-177 

Epoxy novolac 

resin 

DER 438/Dow Chemical Co. 

EPON 164/Resolution 

High heat and 

chemical resistance 

170-230 

Cycloaliphatic 

epoxy resin 

ERL 4221/Aldrich Chemical 

Co. 

Good electrical 

characteristics and 

chemical resistance, 

low viscosity 

131-143 

aEpoxy equivalent weight (EEW) is the weight of resin per epoxy group. 

 

2.2.2 Curing agents 

A curing agent, also known as hardener, is an organic compound used to 

promote the curing reaction or the cross-linking reaction by reacting with the 

available epoxy or hydroxyl groups of epoxy resin monomer [45]. Amines and 

anhydrides are the common curing agents which have been intensively used in 

electronic applications. For underfilling technology, the decision among curing agents 

should be considered from the viscosity and flowability, curing mechanism, gelation 
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behavior, wetting ability to the metal before curing, as well as the chemical structure 

and material properties after curing [38]. The advantages and disadvantages of distinct 

types of curing agents are detailed in Table 2.4. 
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Figure 2.4 Mechanism of epoxy cured with amine curing agent [45] 

 

Epoxy resins may be cured with the variety of curing agents that have a 

reactive hydrogen atom or hydroxyl group. Generally, the reactive hydrogen of curing 

agent can react with the epoxy groups of epoxy resins and initiates the polymerization 

process. For example, each primary amine curing agent has two reactive hydrogens 

that can react with two epoxy groups. The mechanism of amine curing agent as 

illustrated in Figure 2.4 starts with the reactive hydrogen of primary amines rapidly 

attaches to the oxygen atom to open the epoxy groups and to form a secondary amine. 

The resulting secondary amine further reacts with the other epoxy groups producing a 

tertiary amine and generating more hydroxyl groups that can further react and 

crosslink with other epoxy groups. 
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Figure 2.5 Mechanism of epoxy cured with anhydride curing agent [38] 

 

Furthermore, anhydride curing agents are commonly used to cure epoxy 

resins, especially liquid anhydrides that have low viscosity and are easy to mix with 

epoxy resins. Nevertheless, the reactivity of some anhydrides with epoxies is low. 

Tertiary amines, metallic salts and imidazoles are often used as accelerator to 

accelerate gelation time and cure. The principle curing reaction is shown in Figure 

2.5. The anhydride possibly reacts with the hydroxyl group of epoxy resin to produce 

monoester and a free carboxyl group (COOH) as illustrated in Figure 2.5(a). Then, 

free carboxyl group reacts with the epoxy group to form a second ester linkage and a 

free hydroxyl group as shown in Figure 2.5(b) that can react with other epoxy groups. 

Also, a free hydroxyl group may directly attach the epoxy group as displayed in 

Figure 2.5(c). 
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2.2.3 Catalysts 

Catalyst is an initiator or a promoter of epoxy curing reaction by initially 

opening the epoxy ring and causing homopolymerization of the resins [38, 45, 46]. 

The types and amounts of catalyst used with the epoxy resins are determined to 

provide the optimal properties under required processing condition. Generally, only 

several parts per hundred of catalyst is used with the epoxy resins. The excess 

amounts of catalyst can result in the poor physical properties and degraded resins. 

There are at least four categories of catalysts that have been used in electronic 

applications including imidazoles and their derivatives, quaternary phosphonium 

compounds, metal acetylacetonates and some photoliable onium salts. 

 

In addition to epoxy resins and curing agents, underfill materials are 

formulated with various additives to enhance or to modify their properties. For 

example, diluents with low viscosity are used to reduce the viscosity or to improve the 

solubility of epoxy resins. Diluents may be either reactive or non-reactive. 

Elastomeric polymer is possibly added to enhance toughness and flexibility. The great 

important additive in underfill formulation is the filler. The fillers, such as metal, 

metal oxide and inorganic particles, are incorporated with the polymers to improve 

their basic properties. The use of metal filler can enhance both thermal and electrical 

properties of polymers but it is not suitable for underfill materials which electrical 

insulation is required. Therefore, the metal oxide and inorganic particles are the 

candidates. 
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Table 2.4 Typical epoxy curing agents [38] 

Curing Agent Application Advantage Disadvantage 

Aliphatic 

amines 

Room temperature 

or low-temperature 

cure 

- Low viscosity 

- Low formulation 

cost 

- Moderate chemical 

resistance 

 

- Critical mix ratios 

- Strong skin irritant 

- High vapor pressure 

- Short working life, 

high exothermic 

reaction 

- Rigid, poor peel and 

impact properties 

Aromatic 

amines 

Heat cure - Moderate heat and 

chemical resistance 

 

- Solid at room 

temperature 

- Rigid 

- Long elevated-

temperature cures 

Polyamides Room temperature 

or low-temperature 

cure 

- Low toxicity 

- Good bond strength 

and flexibility 

- Moderately high 

peel and impact 

strength 

- High formulation 

cost 

- Long cure times at 

room temperature 

- High viscosity 

- Low heat and 

chemical resistance 

Anhydrides Heat cure - Good heat and 

chemical resistance 

- Long elevated-

temperature cure 

- Critical mix ratio 

- Rigid 
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2.2.4 Inorganic fillers 

Underfill materials are applied in flip-chip packages to adhere between the 

silicon chip and the substrate and to protect the solder-ball interconnections by 

minimizing the thermal stress and strain caused by mismatches in CTE of devices. As 

component density increases, the operating at high speeds and consuming high power 

of devices, thermal and stress dissipation are becoming important. Underfill materials 

play a rule in conducting heat from the devices; however, underfill materials based on 

epoxy resin have low thermal conductivity and high CTE. Accordingly, the inorganic 

fillers as demonstrated in Table 2.5 that are electrical insulation and have low CTE 

are widely used in underfill applications.  

 

Table 2.5 Thermal conductive materials commonly used in electronic packages [38] 

Material Symbol Thermal conductivity (W/mK) 

Alumina Al2O3 18-40 

Aluminum nitride AlN 170-260 

Beryllia BeO 250 

Boron nitride BN 130-260 

Diamond Crystalline 1500-2000 

Gallium arsenide GaAs 43-50 

Indium phosphide InP 68 

Quartz Crystalline SiO2 1.4 

Silicon carbide SiC 270 

Silicon dioxide SiO2 1.5-7 

Silicon nitride Si3N4 170 
*Values vary depending on the purity of the sample, testing condition and testing method. 
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Nevertheless, inorganic fillers are used to achieve the thermal transport 

properties of underfill materials at very high filler content resulting in increasing their 

viscosity abruptly.  Accordingly, finding of new ideal materials to modify the thermal 

transport properties of underfill materials is the challenge. Recently, the carbon-based 

materials, especially MWCNTs and SWCNTs that are mentioned in the next section, 

have been paid more attention to use in electronic applications due to the outstanding 

thermal, electrical and mechanical properties. Thus, MWCNTs and SWCNTs are the 

filler candidates in this work. 

 

2.3 Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) were first discovered by Iijima in 1991while 

studying the material deposited on the cathode during the arc evaporation synthesis of 

fullerene. Since the performing of a large-scale synthesis method by Ebbesen and 

Ajaian in 1992, there are many investigations and attempts that have been made to 

understand their chemical structures in order to improve the synthesis techniques and 

understand the relationship between structure and properties. The brief knowledge of 

CNTs is described in this section. 

 

2.3.1 Fundamentals of carbon nanotubes 

Carbon nanotubes are  fullerene-based  structures that  can  be  visualized  as  

a  sheet  of  graphite  rolled  into  a  tube. Ideally  all  carbon  atoms  in  the  nanotubes  

are covalently  bonded  and  form  repeated  close-packed  hexagonal  structures  in  

each layer  or  shell  where each carbon atom is bonded to three neighboring carbon 

atoms through sp2 hybridization . Commonly, there are two main forms of CNTs: 

 

Single-walled carbon nanotubes (SWCNTs) are close to an ideal fullerene 

fiber and consist of a single-layer  cylinder  extending  from  end  to  end  with  a  

narrow  distribution  in diameter range (1 to 2 nm). 
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Multi-walled carbon nanotubes (MWCNTs) consist of concentric cylinders 

placed around a common central hollow area with a constant separation between the 

layers close to the graphite interlayer spacing (0.34 nm). Each individual cylinder can 

be characterized by a different helicity and has a diameter ranging from 2 to 25 nm 

and a length of several microns. 

 

Table 2.6 Physical properties of different carbon materials [47] 

Property 
Carbon material 

Graphite Diamond Fullerene SWCNT MWCNT 

Specific gravity  

(g/cm3) 
1.9-2.3 3.5 1.7 0.8 1.8 

Electrical conductivity 

 (S/cm) 

4000p, 

3.3c 
10-2-10-15 10-5 102-106 103-105 

Electron mobility  

(cm2/Vs) 
2.0 x 104 1800 0.5-6 ~105 104-105 

Thermal conductivity 

 (W/mK) 
298p, 2.2c 900-2320 0.4 6000 3000 

Coefficient of thermal 

expansion 

(ppm/K) 

-1p, 0.29c 1-3 0.62 n/a n/a 

Thermal stability in air  

(°C) 
450-650 <600 <600 <600 <600 

p: in-plane; c: c-axis. 

 

SWCNTs tend to be stronger and more flexible than MWCNTs. Sliding of 

individual cylinders inside one another is one reason that MWCNTs are weaker. 

SWCNTs also possess better electrical conductivity and more transparent. However, 
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their production and purification process are complicate thus SWCNTs are more 

expensive. Currently, MWCNTs are more widely used in composite materials than 

SWCNTs for these reasons. The properties of CNTs depend on chirality (how the 

graphite sheet is rolled), the diameter and the length of the tube and the morphology. 

The principle properties of CNTs are shown in Table 2.6. 

 

2.3.2 Synthesis of carbon nanotubes  

Since CNTs were first discovered, they have been intensively investigated in 

wide range of applications. In the early research, CNTs were produced in small 

quantity, difficult to purify and to manipulate and expensive. Thus, researchers have 

tried to develop the synthesis method to produce CNTs in the large scale and high 

purity. The widely used methods to synthesis CNTs are: 

 

2.3.2.1 Arc discharge 

The arc discharge method is probably one of the simplest ways to produce 

carbon nanotubes. The electric arc discharge is produced between two graphite 

electrodes placed end to end under an inert gas atmosphere, generally He or Ar. A 

direct current (~50 to 100 amps) driven by a low-voltage (~12 to 25 V) generates a 

high temperature discharge or plasma between the two electrodes. The discharge 

vaporizes the anode rod and forms carbon nanotubes deposited on the cathode rod. 

This method is usually used to produce MWCNTs, but if the anode is doped with a 

metal catalyst, such as Fe, Co, Ni, or Mo, the arc discharge can produce SWCNTs. 

Producing  carbon nanotubes  in  high  yield  depends  on  the  uniformity  of  the 

plasma arc, the current density, inert gas pressure and the cooling temperature of the 

deposit form on the graphite electrode. 

 

2.3.2.2 Laser ablation 

In the laser ablation process, a pulsed laser vaporizes a graphite target in a 

high-temperature reactor while an inert gas is bled into the chamber. Carbon 

nanotubes are produced and then deposited onto the collector surface, the water-

http://en.wikipedia.org/wiki/Pulsed_laser
http://en.wikipedia.org/wiki/Inert_gas
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cooled metallic. The laser ablation method has been proven to be the efficient 

technique for the production of high purity carbon nanotubes. 

 

2.3.2.3 Chemical vapor deposition (CVD) 

 The CVD process encompasses a wide range  of  synthesis  techniques,  from  

the  gram-quantity  bulk  formation  of nanotube material to the formation of 

individual aligned SWCNTs on SiO2 substrates  for  use  in  electronics.  CVD can 

also produce aligned vertical MWCNTs for use as high-performance field emitters. 

Additionally, CVD in its  various  forms  produces  SWCNT  material  of  higher  

atomic  quality  and higher percent yield than the other methods currently available 

and, as such, represents a  significant  advance  in  SWCNT  production.  The 

majority of SWCNT production methods developed lately have been direct 

descendents of basic CVD. Simply put, gaseous carbon feedstock is flowed over 

transition metal  nanoparticles  at  medium  to  high  temperature  (550  to  1200˚C)  

and reacts with the nanoparticles to produce SWCNTs. With CVD, SWCNTs 

anywhere from 0.4 to 5 nm can be readily produced, and depending on the conditions, 

feedstock, and catalyst, the yield can exceed 99% (weight percent of final  material)  

and  the  final  product  can  be  completely  free  of amorphous carbon. 

 

2.3.2.4 High pressure conversion of carbon monoxide (HiPCo) 

One of the recent methods for producing SWCNTs is the HiPCo process.  

Though related to CVD synthesis, HiPCo deserves a separate mention, since in recent 

years it has become a source of high-quality, narrow-diameter distribution SWCNTs 

around the world.  The metal  catalyst  is  formed in  situ when  Fe(CO) or  Ni(CO)  is 

injected into the reactor along with a stream of carbon monoxide (CO) gas at  900  to  

1100˚C  and  at  a  pressure  of  30 to 50 atm.  The reaction to make SWCNTs is the 

disproportion of CO by nanometer-size metal catalyst particles.  Yields  of  SWCNT  

material  are  claimed  to  be  up  to  97%  atomic purity. The SWCNTs made by this 

process have diameters between 0.7 and 1.1 nm. By tuning the pressure in the reactor 

and the catalyst composition, it is possible to tune the diameter range of the nanotubes 

produced.  
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2.3.3 Surface modification of carbon nanotubes 

Although CNTs have many advantages for electronic applications, the difficult 

to manipulate is a crucial problem. Due to the insolubility and non-reactive surface of 

CNTs, the properties of CNT/polymer composites are lower than those from the 

theoretical prediction. To overcome this problem, the surface modification by 

functionalizing the surface of CNTs is applied to enhance the interaction between 

CNT and polymer matrix. The approaches to modify surface of CNT are given as 

follows: 

 

2.3.3.1 Acid treatment 

Acid treatment, also called acid oxidation, is an essential process to purify 

CNTs by removing the impurity compounds on the CNT surface such as metal 

catalysts, carbon fragments and amorphous carbon particles. During acid oxidation, 

the carbon-carbon bonded network of the graphitic layers is broken allowing the 

decoration of CNT surface with oxygen-containing groups including carboxyl, 

phenolic and lactone groups. Generally, the strong acids, like nitric acid, sulfuric acid 

and their mixture, are used as medium for this process at elevated temperature. The 

functional groups attached on surface of CNTs have been extensively exploited for 

further chemical functionalization. The attachment of silane coupling agent on 

modified CNT surface by acid treatment is illustrated Figure 2.6. 

 

2.3.3.2 Friedel-Crafts acylation 

Friedel-Crafts reactions were discovered in 1877 by Charles Friedel and James 

Crafts. There are two main types of Friedel-Crafts reactions including alkylation and 

acylation. This type is a part of electrophilic aromatic substitution reactions that 

feature an electrophile replacing a hydrogen atom in an aromatic compound and can 

form a new carbon-carbon bond if done with an electrophilic carbon species.  

  

http://en.wikipedia.org/wiki/Carboxyl
http://en.wikipedia.org/wiki/Phenol
http://en.wikipedia.org/wiki/Lactone
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Figure 2.6 Attachment of silane coupling agent on modified CNT surface by acid 

treatment [48] 

 

Friedel–Crafts acylation is the acylation of aromatic rings with an acyl 

chloride using a strong Lewis acid catalyst. Friedel–Crafts acylation is also possible 

with acid anhydrides. Reaction conditions are similar to the Friedel–Crafts alkylation 

mentioned above. This reaction has several advantages over the alkylation reaction. 

Due to the electron-withdrawing effect of the carbonyl group, the ketone product is 

always less reactive than the original molecule, so multiple acylations do not occur. 

Also, there are no carbocation rearrangements, as the carbonium ion is stabilized by a 

resonance structure in which the positive charge is on the oxygen. The scheme of 

Friedel-Crafts acylation is illustrated in Figure 2.7. 

 

OH

O

Catalyst

RCOCl or RCOOH

 

 

Figure 2.7 Scheme of Friedel-Crafts acylation 

http://en.wikipedia.org/wiki/Acylation
http://en.wikipedia.org/wiki/Acyl_chloride
http://en.wikipedia.org/wiki/Acyl_chloride
http://en.wikipedia.org/wiki/Lewis_acid
http://en.wikipedia.org/wiki/Acid_anhydride
http://en.wikipedia.org/wiki/Carbonyl
http://en.wikipedia.org/wiki/Ketone
http://en.wikipedia.org/wiki/Carbocation
http://en.wikipedia.org/wiki/Carbonium_ion


 

CHAPTER III 

LITERATURE REVIEWS 

 

Effective underfill materials should not only have a suitable CTE to IC devices 

and a low dielectric constant to reduce the device propagation delay, but also possess 

a high thermal conductivity to dissipate heat from electronic packaging. Underfill 

materials are commonly based on epoxy resins which have poor thermal properties 

resulting in poor reliability and performance of packaging. Therefore, the 

improvement of thermal conductivity of underfill materials has been extensively 

considered that some literatures are reviewed in this chapter. 

 

3.1 Underfill materials incorporated with thermal conductive fillers 

Commonly, silica has been added into epoxy resins to reduce CTE of underfill 

materials; however, silica has poor thermal conductivity thus the high thermal 

conductive particles are the potential candidates.  According to the early researches, 

the ceramic particles like SiC [5], BN [9] and AlN [8, 12] were added into epoxy 

resins to modify the global properties of underfill materials. It was found that thermal 

conductivity of epoxy composites increased almost linearly with increasing filler 

content [2, 3]. The formation of heat conductive networks was promoted by 

increasing filler concentration responding to heat conduction passing through the 

composites. Considering at same loading, the fillers with higher intrinsic thermal 

conductivity provide the higher thermal conductivity of epoxy composites [1, 4]. 

Also, the influence of filler’s geometry was studied. The fillers with high aspect ratio 

easily provided the networks between them, known as conductive paths, resulting in 

better contact between the filler and polymer matrix which is possible to reduce 

thermal contact resistance, thereby increasing thermal conductivity of composites 

[13]. There are several literatures that explored the effect of hybrid fillers on the 

properties of composites. It was clear that the filler systems containing the different 

shapes, that gave high packing density, were effective to promote the heat conductive 
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pathways[9, 12]. However, the high thermal conductivity achieved at very high filler 

loading, resulting in the high viscosity, limits underfill applications.  

 

3.2 CNT/polymer composites 

Carbon nanotubes (CNTs) are the carbon-based fillers that have the 

outstanding properties rather than other carbon materials. Due to excellent thermal 

and mechanical properties, low density and high aspect ratio, CNTs have been 

comprehensively employed as ideal reinforcing additives in various thermoplastics 

and thermosetting matrices [47,49, 50]. Some literatures revealed that mechanical 

properties of composites were achieved by incorporation of CNTs into polymer 

matrix because the aspect ratio of CNTs is adequately large to maximize the load 

transfer between the CNTs and the matrix [51-54]. Moreover, CNTs were expected to 

be effective fillers to rectify the thermal properties of polymers owing to the high 

thermal conductivity and good thermal stability. Thus, many efforts have been 

devoted to employing CNTs as thermal conductive filler in polymer composites. For 

CNT/polymer composites, the thermal conductivity depends on several factors 

including the content, aspect ratio, dispersion of CNTs and their interfacial 

interactions with polymer matrix. It was found that thermal conductivity of composite 

was improved with increasing CNT loading. Unfortunately, the composite undergoes 

an insulator-to-conductor transition when CNT loading was gradually increased [53, 

55]. Rising to the critical filler content as the percolation threshold, the electrical 

conductivity of the composite sharply jumps up several orders of magnitude due to 

the formation of continuous electron paths or conductive networks. To minimize 

aforementioned problem, the few amounts of CNTs were incorporated into polymers 

for insulating materials. Generally, CNTs are held together in bundles or 

entanglements by Van der Waals force because of the small diameter in nanoscale 

with high aspect ratio (>1000) and extremely large surface area of CNTs. The nature 

of CNT dispersion is different from other fillers, such as spherical particles and 

carbon fibers that the homogeneous distribution of individual particles in polymer 

matrix can be done easily. Meanwhile, CNTs are very insoluble in most solvents and 

also aggregate when they are filled into polymer matrix.  Accordingly, the properties 
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of composites reinforced with CNTs are also lower than those with theoretical 

predictions related to individual CNTs. The methods on how to divide individual 

CNT from CNT bundles and to disperse them in polymer matrix are the challenge.  

 

To take advantage of their properties as predicted, achieving homogeneous 

dispersion and good interfacial interaction between CNTs and polymer matrix is a 

crucial issue on incorporation of CNTs and polymer matrix. The several literatures 

have reported on the dispersion techniques of CNTs in polymer matrix [47, 56]. CNTs 

must be efficiently dispersed as an individual tube into the polymer matrix. 

Ultrasonication is one of the most effective physical approaches to disperse CNTs 

[47]. The principle of this method is applying the ultrasound energy to agitate 

particles in a solution and to promote the peeling off of individual particles located at 

the exterior of bundles or agglomerates. CNTs are effectively dispersed in low 

viscous liquids; however, most polymers are either in a solid or viscous liquid form. 

The solvents or the diluents are required to dissolve and to reduce the viscosity of 

polymers. Furthermore, the processing conditions of ultrasonication affect the quality 

of CNTs. If the treatment is too long and/or too aggressive, the CNT structures can be 

easily damaged and converted into carbon fibers or carbonaceous in serious cases 

resulting in the lower thermal and mechanical properties. Unfortunately, 

ultrasonication is ineffective to provide strong interfacial interaction between CNTs 

and polymer matrix. Therefore, other effective methods have been studied for CNTs 

incorporated into polymer matrix. 

 

3.3 Surface modification of CNTs  

Due to the inert surface of CNTs, and the large difference in surface energies 

of CNTs and the polymer matrix, physical interaction between components may not 

be adequate to execute maximum enhanced properties of composites. Thus, chemical 

treatment approaches have become popular and an alternative approach for CNT 

surface modification is chemical oxidation. In typical chemical oxidation, CNTs are 

treated in high concentration acids, such as nitric acid and sulfuric acid and/or their 

mixtures, at elevated temperatures. After acid treatment, metal impurities and 
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amorphous carbon were removed [50, 57]. Also, the carboxylic groups and oxygen-

containing groups were observed on CNT surface [58]. These functional groups 

facilitate further reactions such as silanization and polymer grafting [59-61]. The 

surface modification of CNTs by acid treatment is demonstrated in Figure 3.1. Some 

investigations indicated that dispersibility and solubility of modified CNTs were 

improved, resulting in better global properties of composites [19, 50, 62]. However, 

many cases often show damage to CNT structures owing to the harsh reaction 

conditions. Significant damage to the CNT framework is unavoidable, such as 

sidewall opening, breaking, and turning into amorphous carbon [18]. Consequently, 

developing an efficient chemical modification method without or with little damage to 

CNT surface is very important for the development of the CNT utility.  

 

 

 

Figure 3.1 Surface modification of CNTs by acid treatment [19] 

 

Recently, carbon nanofibers were successfully grafted with monomer by using 

an electrophilic substitution reaction, also called Friedel-Crtafts acylation. 

Polyphosphoric acid (PPA)/phosphorus pentoxide (P2O5) were used as medium 

reaction [63]. It is envisioned that the presence of versatile carbonyl groups on the 

surface of carbon nanofibers will allow further development of CNT-based materials. 

In this method, PPA not only serves as Friedel-Crafts catalyst, but also plays two 

forceful roles in the functionalization of CNF surface. Its moderate acidity promotes 

debundling of CNFs that implies to promote homogeneous distribution, and its high 
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viscosity helps to impede CNF reaggregation after their dispersion. Moreover, several 

studies reported that the various 4-substituted benzoic acids could be introduced on 

MWCNT surface via Friedel–Crafts acylation as shown in Figure 3.2 [24, 64]. It 

revealed that the solubility and thermal stability of functionalized MWCNTs were 

greatly influenced by the nature of surface groups. The results envision that they 

potentially provide basic knowledge on the selection of surface groups for specific 

applications and are very useful for the composite preparation. For example, 

MWCNTs functionalized with 4-ethoxybenzoic acid (EtO-MWCNTs) could be 

homogeneously dispersed in ethylene glycol and in situ polymerized with terephthalic 

acid to prepare EtO-MWNT/PET nanocomposites [64]. 

 

 
X = NH2, OH, OCH2CH3, OCH3, H, F, Cl, Br, I, NO2 

 

Figure 3.2 Functionalization of MWCNTs with 4-substituted benzoic acids in 

PPA/P2O5 at 130 °C [24] 
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From these developments, Han et al. have attempted to purify and to 

functionalize SWCNTs in one-pot process using a mild PPA/P2O5 medium because 

the purification and surface modification of SWCNTs are equally important for the 

further development and utility [23]. From the FTIR results, the spectra of all purified 

SWCNTs have few or no change compared with the spectrum of as-received 

SWCNTs. It could be confirmed that PPA does not oxidize SWCNTs to create more 

carboxylic acid (COOH) groups on the side walls of them during the purification 

unlike the purification by using acid oxidation. This result also implies that a mild 

PPA is indeed an excellent medium to purify SWCNTs without or little damage to the 

SWCNT surface. Also, the functionalization of SWCNTs with 4-aminobenzoic acid 

(4-ABAc) was conducted in the same purification medium that the characteristic peak 

of the carbonyl group was observed at 1656 cm-1 in FTIR spectrum. Consequently, the 

purification and functionalization of SWCNTs could be performed in a one-pot 

manufacturing process that allows further development to generate interesting CNT-

based materials. Recently, Yang et al. studied the grafting of benzenetricarboxylic 

acid (BTC) onto MWCNTs via Friedel-Crafts reaction [49]. The dispersion and 

thermal properties of BTC-MWCNT/epoxy composites were investigated comparing 

with pristine-MWCNTs and oxidized MWCNTs. From Raman spectra, ID/IG ratio of 

BTC-MWCNTs was smaller than others in which it revealed that BTC-MWCNTs 

provided better structure than those of pristine-MWCNTs and oxidized MWCNTs. 

Thermal conductivity of BTC-MWCNT/epoxy composites increased more than 315% 

by adding 1 vol% of BTC-MWCNTs. Knowledge of surface modification via Friedel-

Crafts acylation have led to the hope that CNTs grafted with functional groups, that 

can be reacted with epoxy groups, via this method will improve the global properties 

of underfill materials. 

 

 



 

CHAPTER IV 

EXPERIMENTAL 

 

4.1 Materials 

Diglycidyl ether of bisphenol A (DER331, MW 372) from Dow Chemical 

Company, hexahydro-4-methylphthalic anhydride (MHHPA, 96%) and cobalt (II) 

acetylacetonate (CoIIAcAc) from Sigma-Aldrich Co. were used as polymer matrix, 

curing agent and catalyst, respectively. The purified multi-walled carbon nanotubes 

(MWCNTs) produced by a chemical vapor deposition (CVD) process from Chengdu 

Organic Chemicals Company (Chinese Academy of Sciences) and submicron-sized 

silicon nitride (Si3N4, 1 μm) from Sigma-Aldrich Co were used as fillers. 

Polyphosphoric acid (PPA, 83% assay) and phosphorus pentoxide (P2O5) from 

Sigma-Aldrich Co. were used as a reaction medium for the functionalization in which 

benzene-1,3,5-tricarboxylic acid (BTC) and 3,5-diaminobenzoic acid (DAB) from 

Sigma-Aldrich Co. were used as functionalizing reactants. The chemical structures 

and properties of materials are shown as follows. 

 

Table 4.1 Properties of as-received MWCNTs 

Properties Value 

CNT content >90% 

Outer Diameter <8 nm 

Inner Diameter 2-5 nm 

Length 10 μm 

Special Surface Area 500 m2g-1 

True density ~2.1 gcm-3 

Electrical Conductivity >100 scm-1 
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Figure 4.1 Structure of epoxy monomer 
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Figure 4.2 Structure of hexahydro-4-methylphthalic anhydride (MHHPA) 
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Figure 4.3 Structure of benzene-1,3,5-tricarboxylic acid (BTC) 
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Figure 4.4 Structure of 3,5-diaminobenzoic acid (DAB)  
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Table 4.2 Properties of Si3N4 

Properties Value 

Diameter <1 μm 

Molecular Weight 140.28 gmol-1 

Density  3.44 gml-1 

Coefficient of Thermal Expansion 4.4 ppmºC-1 

Thermal Conductivity >150 Wm-1K-1 

 

4.2 Preparation of functionalized MWCNTs  

In this work, MWCNTs were covalently functionalized with functionalizing 

reactants via electrophilic substitution reaction which was called a direct Friedel-

Crafts acylation in a mild PPA/P2O5 medium. Due to its moderate acidic, PPA not 

only promoted the oxidation of metallic impurities and carbonaceous fragments on the 

surface of MWCNTs, but also effectively catalyzed the Friedel-Crafts reaction. 

Besides, the viscous characteristic of PPA could impede the reaggregation of 

MWCNTs. P2O5 was used as a dehydrating agent to promote the functionalization. 

The scheme of functionalizing reaction is demonstrated in Figure 4.5 and the 

experimental details are described as follows.  

 

The specific weight of functionalizing reactant, as-received MWCNTs, PPA 

and P2O5 were placed in a 100 ml round-bottom flask equipped with a mechanical 

stirrer, nitrogen inlet and outlet. This mixture was stirred at 130 °C for 72 hr under dry 

nitrogen purge. Distilled water was added to the mixture after cooling down to room 

temperature. The obtained MWCNTs separated by centrifuge were stirred in acetone 

for 1 day to remove unreacted chemicals. The MWCNT solution was then separated 

by centrifuge. The above-mentioned purification steps were repeated for 2–3 times. 

After that, the MWCNTs were washed with distilled water and separated by 

centrifuge. Then, the collected powder was freeze dried for 3 days to remove 

remaining solvent. In this research, the unmodified MWCNTs are defined as U-
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MWCNT where MWCNTs functionalized with BTC and DAB are defined as BTC-

MWCNT and DAB-MWCNT, respectively.  

 

 
 

Figure 4.5 Functionalization of MWCNTs via a direct Friedel-Crafts acylation 

 

4.3 Preparation of MWCNT/epoxy composites 

Owing to poor dispersion of MWCNTs in epoxy, MWCNTs were firstly 

sonicated in the curing agent that was also acted as a solvent due to its low viscosity 

for 1 hr. In case of hybrid filler systems, submicron-sized Si3N4 particles were mixed 

and sonicated in MWCNT mixture. Epoxy was then added and stirred in the mixture. 

The catalyst was dissolved in the mixture by ultrasonication for 30 min. The mixture 

was then stirred until homogeneous. The obtained mixture was transferred to 

aluminum mold and degassed in a vacuum oven. After curing at 230 °C for 1 hr, the 

sample was slowly cooled down to room temperature. The mold was peeled off and 

the sample was polished for further analysis. Figure 4.6 demonstrates the procedure of 

epoxy composite preparation. 
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Figure 4.6 Scheme of epoxy composite preparation  

Weigh curing agent 

Sonicate for 1 hr  

Stir for 1hr 

Sonicate for 30 min 

Pour into the mold 

Degas 

Cure at 230 ºC for 1 hr 

Epoxy composites 

Add weighed 

fillers 

Add weighed 

epoxy 

Add weighed 

catalyst 



33 

4.4 Characterization 

4.4.1 Fourier Transform Infrared Spectroscopy 

To investigate the functional groups on MWCNT surface before and after the 

functionalization, FT-IR spectra were conducted by using a Spectrum GX FT-IR 

spectrometer (Perkin Elmer, USA). The powder sample and KBr powder were ground 

together. The ground powder was pressed into pellet with a smooth surface. The pellet 

was loaded into a sample holder and then placed in a chamber. All FT-IR spectra were 

collected in a range of 4000-650 cm-1 with a resolution of 4.0 cm-1 under continuous 

nitrogen flow.  

 

4.4.2 X-ray Photoelectron Spectroscopy 

Surface chemistry of unmodified and functionalized MWCNTs was evaluated 

by using XPS. XPS analysis was performed by using an AMICUS photoelectron 

spectrometer equipped with a Mg Kα X-ray as a primary excitation and a KRATOS 

VISION2 software. The XPS curve fitting of C1s, O1s and N1s was accomplished by 

Origin 8.1. 

 

4.4.3 Fourier Transform Raman Spectroscopy 

The effect of functionalization on the structural quality of MWCNTs was 

examined by using a Spectrum GX FT-Raman spectrometer (PerkinElmer, USA). FT-

Raman analysis was performed over a range of 0-1000 cm-1 with a laser in the near 

infrared-usually at 1064 nm.  

 

4.4.4 Thermogravimetric/Differential Thermal Analysis 

The thermal stability of MWCNTs before and after the functionalization was 

evaluated by using a Diamond TG/DTA instrument (PerkinElmer, USA). Samples 

were loaded in ceramic pans and then heated to 800 °C at 10 °C/min under nitrogen 

atmosphere at 100 ml/min flow rate. 
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4.4.5 Dispersion Analysis 

The dispersion stability of MWCNTs at different time intervals was 

investigated. MWCNTs were dispersed in ethanol with 0.4 mg/ml via ultrasonication 

for 30 min and dispersibility was then observed at different time intervals. 

 

4.4.6 Scanning Electron Microscopy  

Morphology of the fracture surface of epoxy composites was observed by 

using a Hitachi S-3400 scanning electron microscope (SEM) to study the dispersion 

of fillers in the polymer matrix. All samples were quenched in liquid nitrogen and 

fractured to obtain the cross-sections. The samples were then sputter coated with gold 

before the SEM observation. 

 

4.4.7 Differential Scanning Calorimetry 

The curing behavior of epoxy composites filled with unmodified and 

functionalized MWCNTs was examined by differential scanning calorimetry (TA 

Instrument, model 2910 DSC, USA). The non-isothermal scanning experiments were 

performed at different heating rates of 3, 5, 10 and 20 ºC min-1. A full temperature 

scan was performed between 30 ºC and 350 ºC under nitrogen atmosphere at a flow 

rate of 50 ml min-1. 

 

4.4.8 Density Analysis 

The density of epoxy composites was measured by water displacement which 

can be given by 

                                                         ρ= 
Wdry

Wdry-Wwet
ρwater(T)                                         (1) 

where ρ is the density of epoxy composite; Wdry and Wwet are the weight of sample in 

air and water, respectively; and ρwater(T) is the density of water at measured 

temperature. 
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The theoretical density of composites was also calculated by using a following 

equation 

ρ=ρm(1 -�Vi

n

i=1

)+� ρiVi

n

i=1

                                       (2) 

where ρm, and ρi are the density of polymer matrix and filler, respectively; and Vi is 

the volume fraction of filler. 

 

4.4.9 Dynamic Mechanical Analysis 

The dynamic mechanical properties of epoxy composites were investigated by 

using a Pyris Diamond DMA instrument (Perkin-Elmer, USA). The bending mode 

was performed at various frequencies of 1, 2, 5, 10, 20 and 50 Hz for all of samples. 

The samples were heated from room temperature to 200 °C at a heating rate of 5 

°C/min under N2 atmosphere. 

 

4.4.10 Thermomechanical Analysis 

The coefficient of thermal expansion (CTE) of all samples was determined by 

using a Pyris Diamond TMA instrument (Perkin-Elmer, USA). The expansion probe 

was performed with 3 mN of static force. The temperature was scanned from room 

temperature to 250 °C at a heating rate of 5 °C/min under N2 atmosphere.  

 

4.4.11 Thermal Conductivity Analysis 

The laser-flash thermal conductivity measurement was performed in this work. 

The measurement of thermal diffusivity was conducted by using a LFA 1000 Laser 

flash (NETZSCH, Germany). The sample surface was irradiated with very short laser 

pulse and temperature rise was measured on the opposite side of the sample, leading 

to calculating the thermal diffusivity. Specific heat capacity was measured by using a 

Pyris Diamond DSC instrument (Perkin Elmer, USA). Also, the bulk density of the 

specimen was measured by water displacement. 

 



 

CHAPTER V 

RESULTS AND DISCUSSION 

 

The primary goal of this work was to enhance thermal conductivity of 

underfill materials by using MWCNTs as fillers. MWCNTs were directly 

functionalized with various functionalizing reactants via Friedel-Crafts acylation to 

enhance the dispersion and interfacial interaction between filler and polymer matrix. 

The results of functionalization were discussed in this chapter. The properties of 

epoxy composites filled with unmodified and functionalized MWCNTs were 

investigated by using various analytical techniques. Additionally, thermal 

conductivity of composites was evaluated and compared with several theoretical and 

empirical models as well. Furthermore, the results of hybrid fillers containing 

MWCNTs and submicron-sized Si3N4 particles on the properties of underfill materials 

were also discussed in detail. 

 

5.1 Functionalization of MWCNTs 

To obtain great performance of MWCNTs as reinforcing filler in polymer 

composites, enhancing dispersion and interfacial interaction between MWCNT and 

polymer matrix is necessary. In this research, MWCNTs were covalently 

functionalized with reactive functionalizing reactants, i.e., benzene-1,3,5-tricarboxylic 

acid (BTC) and 3,5-diaminobenzoic acid (DAB), via a direct Friedel-Crafts acylation, 

electrophilic substitution reaction, in a mild PPA/P2O5 medium under nitrogen 

atmosphere. After the functionalization, MWCNT surface would be decorated with 

carboxyl and amino functional groups which were really helpful for further composite 

fabrication. The results of functionalization and preparation of MWCNT/epoxy 

composite were investigated via various analytical techniques and discussed as 

follows.  
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5.1.1 Surface chemistry of functionalized MWCNTs 

Surface chemistry of MWCNTs before and after the functionalization was 

investigated by using FT-IR as illustrated in Figure 5.1. It was clearly seen that U-

MWCNTs show a peak at ∼1567 cm-1 assigned to aromatic C=C stretch of benzene 

ring and a small peak at ∼1189 cm-1 corresponded to C-O stretch of the phenols [65, 

66]. It revealed that there were small amounts of oxygen-containing groups 

established on the surface of U-MWCNTs. After the functionalization, BTC-

MWCNTs exhibit peaks at ∼1622 and ∼1718 cm-1 ascribed to C=O stretch and 

another peak at ∼3434 cm-1 assigned to O-H stretch of carboxylic group on their 

surface [67] as depicted in Figure 5.1(b). A characteristic peak at ∼1216 cm-1 is 

observed in DAB-MWCNT spectrum as shown in Figure 5.1(c) which is attributed to 

N-H stretch of primary aromatic amine. Also, the peaks at ∼1736 and ∼3435 cm-1 can 

be ascribed to C=O stretch of carbonyl group and N-H stretch of amine groups, 

respectively [68]. These observations indicated that the functionalization was 

successful to introduce the functionalizing reactants as BTC and DAB onto MWCNT 

surfaces.  
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Figure 5.1 FTIR spectra of (a) U-MWCNTs, (b) BTC-MWCNTs and (c) DAB-

MWCNTs 

 

Additionally, XPS analysis was conducted to determine the surface elements 

of MWCNTs before and after the functionalization. The XPS survey spectra of all 

samples are displayed in Figure 5.2. Peaks of C1s at ∼285 eV and O1s at ∼534 eV can 

be attributed to the carbon structures of MWCNTs and oxygen-containing groups on 

MWCNT surfaces, respectively [69]. As expected, N1s peak was only visible in the 

spectrum of DAB-MWCNTs at ∼400.2 eV (N-C), indicating the existence of amino 

groups on their surface, whereas other spectra do not show any peak in this range [70, 

71]. The magnification of XPS spectra in N 1s region of all samples are shown in 

Figure 5.3. The surface element composition of unmodified and functionalized 

MWCNTs based on the ratios of peak areas from XPS analysis are summarized in 

Table 5.1. Relative concentration of O and N atoms noticeably increased after the 

functionalization whereas the amounts of C atom significantly decreased. This is due 

to the fact that the carbon atoms were possibly eliminated and generated the 

additional defects during the functionalization, where the ring structure was opened 
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and oxygen-containing groups can be added to this defect to stabilize the structure. 

Thus, O/C ratio of functionalized MWCNTs increased about 2 times, comparing with 

that of U-MWCNTs. In the case of DAB-MWCNTs, it was evident that N content 

obviously increased to 5%. The degree of functionalization was also determined based 

on the normalized elemental composition and the known structure of the functional 

groups as shown in Table 5.1. 

 

The fitting spectra of C1s and O1s were also performed to obtain more 

informative bonding structure of MWCNTs before and after the functionalization. 

C1s peaks were deconvoluted into several Gaussian peaks to identify the type of 

carbon bonding as depicted in Figure 5.4. The main peak at 284.2 - 284.5 eV 

represents the sp2-hybridized graphite-like carbon atoms (C=C). The peak at around 

285.2 - 285.5 eV corresponds to the sp3-hybridized diamond-like carbon atoms (C-C), 

referring to the defects on the nanotube structure. Various functionalities on MWCNT 

surface were observed as small peaks at 286.1 - 286.3 eV (C-O), 286.6 eV (C-NH2), 

287.4 - 287.6 eV (C=O), and 288.1 eV (COOH) [71]. Also, the peak at 290.8 eV can 

be assigned to π-π* transition. It was an interesting phenomenon that the relative 

concentration of C=C fairly decreased while the concentration of C=O, COOH and C-

NH2 increased after the functionalization. It is due to the fact that some of C=C 

structures were possibly interrupted and altered to C-C structures because of the 

attachment of BTC and DAB moieties during the functionalization. These results are 

consistent with previous publications [71, 72]. Figure 5.5 gives the deconvolution of 

O1s spectra which exhibit two peaks assigned to O=C at 351.6 - 351.7 eV and O-C at 

533.3 - 533.6 eV [61, 70, 71]. Relative concentration of O=C significant increased for 

the functionalized samples. It is possibly due to grafting of functional groups onto the 

MWCNT surface through carboxyl bonding.  
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Figure 5.2 XPS survey spectra of (a) U-MWCNTs, (b) BTC-MWCNTs and (c) DAB-

MWCNTs 
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Figure 5.3 High-resolution XPS spectra for N1s region of (a) U-MWCNTs, (b) BTC-

MWCNTs and (c) DAB-MWCNTs   
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Figure 5.4 High-resolution XPS spectra for C1s region of (a) U-MWCNTs, (b) BTC-

MWCNTs and (c) DAB-MWCNTs  
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Figure 5.5 High-resolution XPS spectra for O1s region of (a) U-MWCNTs, (b) BTC-

MWCNTs and (c) DAB-MWCNTs  
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Table 5.1 Surface elements of unmodified and functionalized MWCNTs analyzed 

using XPS 

Sample 
XPS Atomic (%) O/C 

(%) 

N/C 

(%) 

% 

functionalization C 1s O 1s N 1s 

U-MWCNT 90.20 9.80 - 0.11 - - 

BTC-MWCNT 79.75 20.25 - 0.25 - 3.43 

DAB-MWCNT 79.82 15.83 4.35 0.20 0.05 3.37 

 

The effect of functionalization on the structural destruction of MWCNTs was 

evaluated by using FT-Raman spectroscopy. Figure 5.6 provides FT-Raman spectra 

for unmodified and functionalized MWCNTs. It is obviously shown that two 

characteristic bands located at ∼1590 cm-1 and ∼1284 cm-1  commonly refers to the in-

plane tangential mode (G band) for stretching vibrations of the sp2-hybridized carbons 

(C=C) and disorder-induced modes (D band) of sp3-hybridized carbons or defects (C-

C), respectively [23, 73]. The ratio of integral area of D band to G band (ID/IG) is 

often used to investigate the amount of defects in nanotube structure before and after 

the functionalization [74]. The FT-Raman results are summarized in Table 5.2. It was 

found that the ID/IG ratio of functionalized MWCNTs was higher than that of U-

MWCNTs. It revealed that the amount of the sp3-hybridized carbons or defects on the 

MWCNT surface increased after the functionalization because some of C=C 

structures were interrupted possibly due to the grafting of functional groups and 

converted to C-C structures. However, the ID/IG ratio of functionalized MWCNTs via 

this method was not significantly changed, comparing with the conventional surface 

treatment. It is due to the fact that MWCNTs were functionalized in the mild medium 

reaction which could introduce functional groups onto their surface via covalent 

bonds but it was not too strong to generate many defects on their surface. Therefore, 

this result is confirmed that functionalized MWCNTs were obtained with less 

structural damage.  

  



45 

1100 1200 1300 1400 1500 1600 1700

In
te

ns
it

y

Raman Shift (cm-1)

(c)

(b)

(a)

 
Figure 5.6 FT-Raman spectra of (a) U-MWCNTs, (b) BTC-MWCNTs and (c) DAB-

MWCNTs 

 

Table 5.2 FT-Raman results of unmodified and functionalized MWCNTs 

Material 
Intensity 

FWHM ID/IG 
D band G band 

U-MWCNT 0.204 0.855 32.25 0.449 

BTC-MWCNT 0.246 0.932 35.92 0.487 

DAB-MWCNT 0.236 0.896 36.93 0.455 

  

D Band ~1284 cm-1 

Defect (C-C) 

G Band ~1590 cm-1 

Graphite structure (C=C) 
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5.1.2 Thermal stability of functionalized MWCNTs 

TGA analysis was carried out on MWCNTs before and after functionalization 

in order to evaluate their thermal stability. TGA measurement was conducted from 

room temperature to 800 ºC in air and nitrogen atmosphere at heating rate of 10 

ºCmin-1. Figure 5.7 demonstrates TGA thermograms of various MWCNTs in N2 

atmosphere. It was found that the weight of functionalized MWCNTs decreased in 

temperature range of 300 ºC to 600 ºC, whereas the weight of U-MWCNTs barely 

decreased. It is associated with the decomposition of oxygen-containing groups 

possibly generated during surface treatment and substituted compounds attached on 

their surface. The disordered and amorphous carbons on the surface of all MWCNTs 

were obviously decomposed at temperature higher than 600 ºC. However, all of 

samples obviously exhibit high thermal stability that is consistent with high residual 

weight at 800 ºC.  
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Figure 5.7 TGA curves of the unmodified and functionalized MWCNTs in N2 

atmosphere 
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Additionally, thermal stability of all samples was also conducted in air 

atmosphere as shown in Figure 5.8. For TGA curves of BTC-MWCNTs and DAB-

MWCNTs, the slight weight loss was observed at temperature under 300 ºC possibly 

due to disintegration of organic compounds as carboxylic, amino and O-containing 

groups adsorbed on the MWCNT surface. The amorphous carbons tended to be 

oxidized at temperature higher than 300 ºC. Also, it can be observed that the graphitic 

carbons were oxidized at temperature higher than 500 ºC. The weight of U-MWCNTs 

is fairly stable at low temperature and terribly decreased around 500 ºC whereas the 

weight of the functionalized MWCNTs significantly decreased around 650 ºC. This 

result corresponded with the degradation temperature (Td) obtained at 10% weight 

loss as shown in Table 5.3. The Td of functionalized MWCNTs is intensively higher 

than that of U-MWCNTs. It is notable that thermal stability of MWCNTs 

substantially enhanced after surface treatment because the disordered and amorphous 

carbons were probably removed during the functionalization.  
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Figure 5.8 TGA curves of the unmodified and functionalized MWCNTs in air 

atmosphere 

  

Td,10 
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Table 5.3 Degradation temperatures at 10% weight loss of unmodified and 
functionalized MWCNTs in air atmosphere 

Material Td,10 (ºC) 

U-MWCNT 475 

BTC-MWCNT 573 

DAB-MWCNT 535 

 

 

5.1.3 Dispersibility of functionalized MWCNTs 

The investigation of the settling behavior of the MWCNTs suspended in a 

polar solvent is a practical technique due to its simplicity, inexpensive, fast and the 

qualitative information [19, 25, 62]. The unmodified and functionalized MWCNTs 

were dispersed in ethanol using ultrasonication and their stability was monitored at 

different time intervals. The photographs of MWCNT dispersion state taken at 

different time intervals are illustrated in Figure 5.9. The first photograph was taken 

right after stopping ultrasonication. All of samples showed good dispersion in ethanol. 

Nevertheless, U-MWCNTs settled gradually and completely after 18 hrs because of 

their agglomeration and poor hydrogen-bonding ability. Remarkably, BTC-MWCNTs 

and DAB-MWCNTs still exhibited good dispersibility. It is noteworthy that the 

presence of carboxylic and amino groups on the surface of BTC-MWCNT and DAB-

MWCNT, respectively, led to the decrease of van der Waals force among them which 

promotes their separation and dispersion in ethanol. It is due to the fact that the 

functional groups on the MWCNT surfaces provided polarity and their hydrogen-

bonding ability. This enhanced dispersibility has a positive effect on the manipulation 

of MWCNT/polymer composites.  
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Figure 5.9 Photographs of the dispersion behavior for (1) U-MWCNT, (2) BTC-

MWCNT and (3) DAB-MWCNT in ethanol observed at several time intervals 
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5.2 Variation of chemical structure of functionalized MWCNTs 

 The effect of chemical structure of functionalized MWCNTs on the properties 

of epoxy composites was studied in this part. The epoxy composites were fabricated 

by incorporating unmodified and functionalized MWCNTs at filler content of 0.3 

vol%. The scheme of reaction to produce functionalized MWCNT/epoxy composites 

is demonstrated in Figure 5.10. 

 

 
 

Figure 5.10 Procedure of functionalized MWCNTs/epoxy composite 
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5.2.1 Curing behavior of MWCNT/epoxy composites 

In order to investigate the effect of functionalization of reactive substituted 

groups onto MWCNTs, the curing behavior of epoxy composites was elucidated via 

DSC. Figure 5.11 presents curing exotherms of epoxy composites incorporated with 

unmodified and functionalized MWCNTs at heating rate of 10 ºC min-1. 
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Figure 5.11 DSC thermograms of (a) neat epoxy and epoxy composites filled with (b) 

U-MWCNTs, (c) BTC-MWCNTs, and (d) DAB-MWCNTs at filler content of 0.3 

vol% 

 

As it was clearly seen, the curing profiles of epoxy composites filled with 

functionalized MWCNTs shifted to lower temperature than that of neat epoxy resin. 

The exothermic peak temperature (Tp) decreased from 281 ºC to 262 ºC with the 

presence of MWCNTs in epoxy systems. Interestingly, the incorporation of U-

MWCNT into epoxy matrix provided lower Tp than the neat epoxy which may be due 

to the presence of metallic catalysts and oxygen-containing groups on the surface of 

∆H=363.4 Jg-1           281 ºC 

∆H=317.4 Jg-1           281 ºC 

∆H=285.0 Jg-1           272 ºC 

∆H=296.6 Jg-1           262 ºC 
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the as-received MWCNTs. The metallic catalyst can promote the early state of the 

curing reaction [75]. Besides, the oxygen-containing groups like hydroxyl and 

carboxyl groups possibly accelerate the ring opening of epoxy monomer which 

initiates the curing process [76]. The introduction of functionalized MWCNTs into 

epoxy matrix was found to remarkably decrease Tp. It is attributed to the carboxyl and 

amino functional groups on the surface of BTC-MWCNTs and DAB-MWCNTs, 

respectively, because in nature they are highly reactive towards oxirane rings. The 

carboxyl and amino groups can open the oxirane ring and generate the network 

formation. This phenomenon is consistent with the results of Zhou and co-workers 

who found that both COOH-MWCNTs and silane treatment of COOH-MWCNTs 

have catalytic effects on the curing process, shortening pre-cure time [77].  

 

Also, the heat of reaction (∆H) of samples significantly decreased by adding 

functionalized MWCNTs into polymer matrix. The ∆H value of epoxy composites 

incorporating with DAB-MWCNTs was quite higher than that of BTC-MWCNTs It is 

possibly due to higher reactivity of amines on DAB-MWCNT surface, enhancing 

crosslink networks in polymer composites [46]. The reactive hydrogen of primary 

amines rapidly attached to the oxygen atom to open the epoxy groups and to form a 

secondary amine. The resulting secondary amine further reacted with the other epoxy 

groups producing a tertiary amine and generating more hydroxyl groups that can 

further react and crosslink with other epoxy groups.  

 

To study curing kinetics of epoxy composites, the Kissinger and Ozawa 

methods were used to investigate kinetics of MWCNT/epoxy composites by using 

DSC data at various heating rates [78, 79]. DSC thermograms of 0.3vol% DAB-

MWCNTs/epoxy composites at various heating rates are shown in Figure 5.12. It was 

found that Tp of all samples decreased as heating rate decreased as listed in Table 5.4. 
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Figure 5.12 DSC thermograms of epoxy composites filled with 0.3vol% DAB-

MWCNTs at various heating rates 

 

Table 5.4 Exothermic peak temperatures of epoxy composites at various heating rates 

Sample 
Heating rate, β (ºCmin-1) 

1 2 5 10 20 

Neat epoxy 222.55 216.33 206.68 203.49 222.55 

U-MWCNT 0.3 248.38 248.38 229.21 226.63 248.38 

BTC-MWCNT 0.3 281.15 281.09 272.22 262.34 281.15 

DAB-MWCNT 0.3 306.93 304.62 297.32 294.72 306.93 
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Kissinger method is based on a linear relationship between ln(β/Tp
2) against 

the inverse of the peak temperature of the exothermic curing reaction (1/Tp).The 

activation energy (Ea) can be obtained as follows:  

 

ln
β
Tp

2 = ln�
QpAR

Ea
� -

Ea

RTp
                                                  (3) 

where β is a constant heating rate, f(α) is differential conversion function 

depending on reaction mechanism, and  

Qp= - �
df (α)

dα
� ,                                                         (4) 

α = αp                                                                               (5) 

A similar method to Kissinger method is Ozawa method that relates the lnβ 

and (1/Tp) as follows:  

lnβ = ln�
QpAR

Ea
� - lnF(α) - 5.331 - 1.052

Ea

RTp
,                            (6) 

F(α)=�
dα

f (α)

α

0

 

where F(α) is a constant function. 

 

According to the Kissinger and Ozawa method, good linear relationship 

between the heating rate and the reversal of the exothermic peak temperature can be 

obtained as shown in Figure 5.13. The value of Ea can also be determined from the 

slope of the plot. The Ea values of all systems are shown in Table 5.5. It was found 

that the Ea values obtained from both methods show fairly consistent results 

indicating that the Ea values significantly decreased with the presence of MWCNTs, 

especially functionalized MWCNTs. This curing acceleration caused by the reactive 

functional groups on their surface. The decrease in curing temperature and activation 

energy of MWCNT/epoxy composites has a positive effect on the underfill 

manufacturing, i.e., a relatively lower curing temperature or lower energy 

consumption can be used. 
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Table 5.5 Activation energy evaluated from Kissinger and Ozawa methods 

Sample 
Ea (kJmol-1) 

Kissinger Ozawa 

Neat Epoxy 44.21 50.49 

U-MWCNT0.3 40.78 47.15 

BTC-MWCNT0.3 36.84 43.28 

DAB-MWCNT0.3 37.71 44.05 
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Figure 5.13 Average activation energy determinations by using Kissinger method and 

Ozawa method plots of epoxy composite filled with 0.3vol% of DAB-MWCNTs 
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5.2.2 Dynamic mechanical properties of MWCNT/epoxy composites 

Dynamic mechanical analysis (DMA) is an effective technique to measure the 

properties of the viscoelastic materials as a function of temperature and frequency. 

Usually, the storage modulus (E′) and the loss modulus (E″) are the quantity of stored 

energy and the energy dissipated as heat through elastic and viscous behavior of 

polymer, respectively.  

 

The storage moduli of epoxy composites recorded at 1 Hz frequency are 

illustrated in Figure 5.14(a). The storage modulus at room temperature of neat epoxy 

resin is approximately 1.56 GPa whereas that of U-MWCNT/epoxy composite is 

about 2.42 GPa. It is due to the high aspect ratio and outstanding mechanical 

properties of U-MWCNT. Moreover, the small amounts of oxygen-containing groups 

on the surface of U-MWCNT possibly react with the epoxy monomer. The effective 

load transfer was caused by the continuity of U-MWCNT networks in the matrix and 

better interfacial interaction between U-MWCNT and epoxy matrix, resulting in the 

enhanced storage modulus. This result is in good agreement with the results of the 

previous work [80]. Interestingly, the storage moduli at room temperature of epoxy 

composites incorporated with BTC-MWCNTs and DAB-MWCNTs substantially 

increased to be in the range of 2.68 GPa and 2.64 GPa, respectively. This behavior 

suggested that the effect of functionalization provided the restriction of the polymer 

mobility [81, 82]. The presence of carboxylic and amino groups of the substituted 

compounds attached onto MWCNT surface are believed to enhance the uniform 

dispersion in epoxy matrix and to provide moderately strong interfacial interaction 

between nanotubes and the matrix. Furthermore, the incorporation of unmodified and 

functionalized MWCNTs into the epoxy matrix can enhance the storage modulus at 

the room temperature, indicating the increased stiffness as well as good stability in the 

glassy region of material. The improvement of thermal stability of epoxy composites 

incorporated with functionalized MWCNTs allows these materials to be used in the 

wide range of temperature, especially in high thermal applications.  

  



57 

0

1

2

3

4

60 80 100 120 140 160 180 200

Neat Epoxy
U-MWCNT 0.3
BTC-MWCNT 0.3
DAB-MWCNT 0.3

E
' (

G
Pa

)

Temperature (oC)

(a)

0

100

200

300

400

500

60 80 100 120 140 160 180 200

Neat Epoxy
U-MWCNT 0.3
BTC-MWCNT 0.3
DAB-MWCNT 0.3

E
" 

(M
P

a)

Temperature (oC)

(b)

 
 

Figure 5.14 (a) Storage moduli and (b) loss moduli of epoxy composites incorporated 

with unmodified and functionalized of MWCNTs at the filler content of 0.3 vol% 
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Figure 5.14(b) shows a plot of loss moduli of epoxy composites as a function 

of temperature at 1 Hz frequency. The glass transition temperature (Tg) can be 

investigated from the maximum value at the peak of loss modulus curve, 

corresponding to the initial drop from the glassy state into the rubbery state. The 

change in the glass transition is attributed to the increase of molecular mobility when 

the molecular chain obtained adequate energy to overcome configurational 

rearrangements of polymer chain backbones. The results revealed that the loss 

modulus peak shifts to higher temperature with the value ranging from 131 ºC in neat 

epoxy resin to 136 ºC in DAB-MWCNT/epoxy composite as shown in Table 5.6. It is 

well known that Tg of materials involves the mobility of polymer chain or free volume 

fraction. The addition of MWCNTs possibly hinders chain mobility of the matrix and 

reduces free volume fraction, resulting in the enhancement of Tg.  

 

Based on the viscoelastic properties obtained from DMA measurements, the 

crosslink density is proportional to the storage modulus in the rubbery plateau and can 

be determined according to the following equation[83, 84]: 

λ=
E'

3RT
                                                              (7) 

where λ is the crosslink density, E′ is the storage modulus at Tg+50ºC, R is the gas 

constant (8.314 J.K-1mol-1) and T is the absolute temperature at Tg+50ºC .  

 

As shown in Table 5.6, the incorporation of MWCNTs into the epoxy matrix 

provided higher crosslink density than 5213 mol/m3 of neat epoxy. This behavior 

implied that the addition of only 0.3 vol% MWCNTs yielded higher crosslink degree. 

Especially, carboxyl and amino groups functionalized MWCNTs possibly reacted 

with the oxirane rings of epoxy resins to obtain more crosslink networks. 

Furthermore, the crosslink density of thermosetting polymer directly correlated to the 

Tg. As the crosslink density increases, the Tg tends to increase which corresponds with 

the mentioned results. 
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Table 5.6 Glass transition temperature and crosslink density of epoxy composites 

filled with 0.3 vol% MWCNTs 

Sample Tg (°C) λ (10-3molm-3) 

Neat Epoxy 131 5.213 

U-MWCNT 0.3 134 5.399 

BTC-MWCNT 0.3 134 5.473 

DAB-MWCNT 0.3 136 5.807 

 

5.2.3 Thermomechanical properties of MWCNT/epoxy composites 

The linear thermal expansion as a function of temperature was investigated 

using TMA. Generally, the linear thermal expansion of polymer composite gradually 

increased in a glassy state due to rigidity of crosslink materials. Then, it sharply 

increased in the rubbery state because polymer chains were more flexible and dilated 

at temperature higher than Tg. The coefficient of thermal expansion (CTE) was 

determined from a slope of a plot between linear thermal expansion and temperature. 

Commonly, the linear expansion of polymer composite rapidly increased when 

temperature is higher than Tg. Therefore, the CTE of polymer composites are often 

reported 2 values, i.e., in the glassy state and above Tg. Table 5.7 displays the CTE 

below Tg of all samples. It is important to point out that the incorporation of 

MWCNTs into epoxy matrix led to rather low CTE than that of the neat epoxy sample 

possibly due to the intrinsic low CTE of MWCNTs. Considering epoxy composites 

filled with functionalized MWCNTs, the carboxylic and amino groups in the structure 

of BTC and DAB attached on MWCNT surface were available to react with the 

oxirane rings in epoxy molecules. This point is believed to effectively provide strong 

interfacial interaction and additional crosslink networks that restrict the mobility of 

matrix and decrease the free volume fraction. Also, the enhancement of the interfacial 

interaction has a positive effect on thermal stability of MWCNT/polymer composites 
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due to the achieving of the thermal transfer between MWCNTs and the polymer 

matrix. Consequently, the CTE of epoxy composites fairly decreased with the 

presence of functionalized MWCNTs. These materials are good candidates for using 

in the applications which require low CTE, especially in the underfill applications 

applying in microelectronic packaging. 

 

Table 5.7 Coefficient of thermal expansion (CTE) of epoxy composites filled with 0.3 

vol% MWCNTs 

Material CTE (ppm°C-1) 

Neat Epoxy 72.91 

U-MWCNT 0.3 69.02 

BTC-MWCNT 0.3 67.36 

DAB-MWCNT 0.3 66.31 

 

5.2.4 Free volume characteristic of MWCNT/epoxy composites 

The viscoelastic properties of thermosetting polymer, especially Tg, can be 

explained in terms of free volume theory. This theory starts with a Williams-Landell-

Ferry (WLF) equation which is one of well-known equations used to describe the 

material behavior with respect to temperature [85, 86]. The WLF equation can be 

modified and written in terms of frequency as follows [87]: 

1

Log ( f
fr

)
=

C2

C1
�

1
Tg-Tgr

�+
1

C1
                                          (8) 

where fr is the reference frequency at 1 Hz; f is the applied frequencies in DMA 

analysis. The Tgr was Tg obtained at the reference frequency of 1 Hz and the Tg was 

obtained by the maximum value of the loss modulus peak at each frequency. The 

WLF parameters, C1 and C2, associating with the free volume fraction and the 

empirical Doolittle expression are defined below: 
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C1=
B

2.303fg
=

1
2.303fg

                                           (9) 

where fg is the free volume fraction at Tg and B is a constant parameter close to unity. 

C2=
fg

∆CTE
                                                           (10) 

where ∆CTE = CTE2 – CTE1 is possibly identified with the difference between the 

CTE above and below Tg, respectively. Consequently, it becomes the calculation of 

the free volume fraction at Tg [88].  

 

A good linear correlation between 1/Log (f/fr) and 1/(Tg -Tgr) is observed as 

demonstrated in Figure 5.15. The values of the constants C1 and C2, C2/C1 and the free 

volume fraction are summarized in Table 5.8. The constants C1 and C2 are commonly 

dependent on the material characteristic in which the universal values are 17 and 54 at 

Tg, respectively. According to the obtained values, C1 increased with the addition of 

functionalized MWCNTs into epoxy matrix. The value of C1 obtained from the 

empirical method is close to the universal value for the epoxy resin [86]. 

Consequently, the free volume fraction, fg, at Tg of all systems was calculated 

following the equation (3). It was found that fg decreased from 0.0244 in neat epoxy 

resin to be in the range of 0.0214 - 0.0187 with the presence of MWCNTs. As 

expected, the fg significantly decreased in case of functionalized MWCNT/epoxy 

composites. This phenomenon can be explained in terms of high reactivity of 

functional groups on the surface of MWCNTs that possessed the strong interfacial 

interaction between nanotubes and the matrix. The decrease of fg referred to the lack 

of chain’s mobility due to the introduction of unmodified and functionalized 

MWCNT into epoxy matrix. This result is consistent with the increase of Tg and the 

decrease of CTE as mentioned above. 
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Table 5.8 WLF constants and the free volume fraction for epoxy composites 

Material C2/C1 1/C1 C1 C2 fg 

Neat Epoxy 3.1882 0.0563 17.76 56.62 0.0244 

U-MWCNT 0.3 0.1372 0.0492 20.33 2.79 0.0214 

BTC-MWCNT 0.3 0.1562 0.0470 21.28 3.33 0.0204 

DAB-MWCNT 0.3 0.1484 0.0431 23.20 3.44 0.0187 
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Figure 5.15 The plot of 1/Log(f/fr) versus 1/(Tg -Tgr) for determination of the WLF 

parameter constants C1 and C2 of neat epoxy and epoxy composites 
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5.2.5 Morphology of MWCNT/epoxy composites 

Furthermore, the dispersion of MWCNTs in polymer matrix is one of the most 

considerable issues for high performance composite fabrication. A homogeneous 

dispersion of MWCNTs and strong interfacial interaction between polymer matrix 

and MWCNTs can efficiently enhance the properties of composites. The dispersion of 

unmodified and functionalized MWCNTs in epoxy matrix at 0.3 vol% was 

investigated by using SEM as shown in Figure 5.16. The neat epoxy displayed a 

relatively smooth fracture surface which commonly referred to brittle characteristic of 

epoxy resin. The composites reinforced with MWCNTs exhibited obviously greater 

roughness of the fracture surface. It reveals that the addition of MWCNTs into 

polymer matrix can highly improve the fracture toughness of composites. As seen in 

Figure 5.16(b), it is clear that the U-MWCNTs were heterogeneously dispersed within 

epoxy matrix. It is due to that fact that U-MWCNTs were entangled and formed large 

bundles in epoxy matrix. On the contrary, BTC-MWCNTs and DAB-MWCNTs 

exhibit well homogeneous dispersion in epoxy resin as shown in Figure 5.16(c) and 

(d), respectively. This phenomenon might be due to the functional groups introduced 

onto the surface of MWCNTs which can enhance dispersion and provide better 

interfacial interaction between functionalized MWCNTs and polymer matrix.  
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Figure 5.16 Fracture surfaces of (a) neat epoxy and epoxy composites filled with (b) 

U-MWCNTs, (c) BTC-MWCNTs, and (d) DAB-MWCNTs at filler content of 0.3 

vol% 

 

5.2.6 Thermal conductivity of MWCNT/epoxy composites 

In order to elucidate the effect of the functionalization of MWCNTs on the 

thermal conductivity of epoxy composites, the values of thermal conductivity were 

calculated from the equation 

K= αρCp                                                                 (11)  

where K, α, ρ and Cp are the thermal conductivity of composites, thermal diffusivity, 

density and heat capacity, respectively.  

 

Figure 5.17 shows the temperature dependence of thermal diffusivity of all 

composites. It was found that the thermal diffusivity gradually decreased as the 

temperature increased. However, the thermal diffusivity of composites remarkably 

increased by adding only 0.3 vol% of fillers. Clearly, the thermal diffusivities of 

(a) (b) 

(c) (d) 
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functionalized MWCNT/epoxy composites were higher than that obtained from U-

MWCNT/epoxy composites. It is possibly due to the continuity of randomly dispersed 

MWCNTs and good interfacial interaction between MWCNT and polymer matrix 

caused by the functionalization.  
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Figure 5.17 Thermal diffusivities of epoxy composites filled with unmodified and 

functionalized of MWCNTs at the filler content of 0.3 vol% 

 

Thermal conductivity of epoxy composites filled with 0.3 vol% unmodified 

and functionalized MWCNTs at 50 °C as shown in Table 5.9. Thermal conductivity 

of epoxy composites was higher than that of neat epoxy. Owing to U-MWCNTs 

randomly dispersed in polymer matrix, heat conductive pathways were performed in 

polymer matrix, enhancing heat transfer through the composite. After the 

functionalization, the dispersion of functionalized MWCNTs within epoxy resin was 

greatly improved. The functional groups on their surface provided better interfacial 

interaction between MWCNT and polymer matrix, reducing the interfacial thermal 

resistance. Beside that the effective heat conductive pathways were provided in the 

composite because of more continuity of MWCNT networks after the 
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functionalization. Thus, functionalized MWCNTs, especially DAB-MWCNTs, 

provided high thermal conductivity, comparing with that of neat epoxy. 

 

Table 5.9 Thermal conductivity of epoxy composites filled with 0.3 vol% MWCNTs 

Material 
K 

(Wm-1K-1) 

KR 

(%) 

Neat Epoxy 0.157 100.00 

U-MWCNT 0.3 0.182 115.92 

BTC-MWCNT 0.3 0.189 120.38 

DAB-MWCNT 0.3 0.193 122.93 
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5.3 Variation of MWCNT concentration 

According the preliminary results as mentioned above, DAB-MWCNTs 

exhibit high performance as effective fillers in epoxy composites. Thus, DAB-

MWCNTs were used to investigate the effect of filler loading on the properties of 

epoxy composites in this section. The thermal and mechanical properties of epoxy 

composites incorporated with DAB-MWCNTs were discussed in further detail below, 

comparing with U-MWCNT/epoxy composites. The filler contents were varied from 

0.3 vol% to 1.0 vol%.  

 

5.3.1 Curing behavior of MWCNT/epoxy composites 

In this study, the curing behavior of epoxy composites as a function of filler 

concentration was evaluated by using DSC. Figure 5.18 shows the plot of Tp versus 

filler concentration of epoxy composites incorporated with U-MWCNTs and DAB-

MWCNTs at heating rate of 10 ºC min-1. Obviously, the Tp of epoxy composites 

decreased as filler concentration increased. Especially DAB-MWCNT/epoxy 

composites, Tp of epoxy composites significantly decreased from 281 ºC to 229 ºC. It 

is attributed highly reactive diaminobenzoyl groups and oxygen-containing groups 

their surface which can react with the oxirane ring in epoxy structure as curing agent. 

The addition of high volume fraction of DAB-MWCNTs into the systems contributed 

high content of curing agents, thereby inducing the curing reaction of epoxy 

composites occurred at lower temperature. This evidence is intensely consistent with 

the decrease of Ea values as a function of DAB-MWCNT loading. The Ea values 

determined according to the Kissinger method as a function of the filler concentration 

are shows Figure 5.19.  
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Figure 5.18 Exothermic peak temperature of epoxy composites filled with MWCNTs 

at various contents 
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Figure 5.19 Activation Energy of epoxy composites filled with MWCNTs at various 

contents 
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5.3.2 Dynamic mechanical analysis of MWCNT/epoxy composites 

In this section, the dynamic mechanical properties of epoxy composites 

reinforced with U-MWCNTs and DAB-MWCNTs at low concentration are discussed. 

The plots of storage modulus (E′) and loss modulus (E″) as a function of temperature 

for epoxy composites filled with various loading of U-MWCNTs and DAB-

MWCNTs are illustrated in Figure 5.20 and 5.21, respectively. As can be seen in 

Figure 5.20(a), the storage moduli at room temperature of U-MWCNT/epoxy 

composites increased with increasing filler concentration because of their high aspect 

ratio and excellent mechanical properties. However, the decrease of E′ was found at 

high loading of U-MWCNTs. It is explained by considering the fact that U-MWCNTs 

were easily entangled and formed large agglomerates in epoxy matrix because of high 

surface area and high intrinsic van der Waals force between the nanotubes, resulting 

in a lack of continuity in load transfer. Evidently, E′ of DAB-MWCNT/epoxy 

composites linearly increased as a function of volume fraction as shown in Figure 

5.21(a) and was higher than that of U-MWCNTs at the same filler loading. It can be 

attributed to well homogeneous dispersion of DAB-MWCNTs in the polymer matrix 

after the functionalization. It is mainly because the presence of amino groups in DAB 

structure and oxygen-containing groups on their surface led to the decrease of van der 

Waals force among the nanotubes. Another possible reason to explain this 

phenomenon is better interfacial interaction between the nanotube and polymer 

matrix. The existence of amino groups and small amount of oxygen containing groups 

on MWCNTs could provide fairly strong interaction with epoxy resin, corresponding 

to effective load and heat transfer from MWCNTs through epoxy matrix.  
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Figure 5.20 Dynamic mechanical properties of epoxy composites reinforced with U-

MWCNTs: (a) storage modulus and (b) loss modulus 
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Figure 5.21 Dynamic mechanical properties of epoxy composites reinforced with 

DAB-MWCNTs: (a) storage modulus and (b) loss modulus  

  



73 

According to the calculation of the crosslink density (λ) as described in 

previous section, the crosslink density of epoxy composites as a function of filler 

concentration is shown in Figure 5.22. It is well known that the epoxide group can be 

attacked by amine or carboxyl acid and then form the crosslinking structure of epoxy 

resin via nucleophilic addition reaction. With the addition of U-MWCNTs, the 

crosslink density of composites slightly increased. It is believed that small amounts of 

oxygen-containing groups embedded on the MWCNT surface probably reacted with 

the oxirane rings in epoxy monomer, providing more crosslink degree. In case of 

DAB-MWCNT/epoxy composites, the diamino functional groups of DAB introduced 

onto the surface of MWCNTs could react with epoxy monomers and formed 

additional crosslink networks in composites. Thus, the crosslink density of DAB-

MWCNT/epoxy composites linearly increased as a function of volume fraction and 

was higher than that of U-MWCNTs as well.  
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Figure 5.22 Crosslink density of epoxy composites filled with MWCNTs at various 

contents 
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Figure 5.23 Glass transition temperature of epoxy composites filled with MWCNTs 

at various contents 

 

Figure 5.20(b) and 5.21(b) illustrates the loss moduli of epoxy composites 

reinforced with U-MWCNTs and DAB-MWCNTs as a function of temperature, 

respectively. The E″ peaks obviously shifted to higher temperature at very low 

loading of MWCNTs, indicating the Tg enhancement. This phenomenon is attributed 

to the existence of randomly dispersed U-MWCNTs in epoxy matrix restricted the 

mobility of polymer chains. It is known that the Tg of polymer composite substantially 

related to the mobility of polymer segments or the free volume fraction in polymer. 

Nonetheless, the Tg of composites slightly decreased with further increase of U-

MWCNT contents. It can be definitely considered that large bundles of U-MWCNTs 

dispersed heterogeneously in polymer matrix possibly interrupted the formation of 

crosslink networks in the composites. This behavior is consistent with the 

insignificant change in the crosslink density of U-MWCNT/epoxy composites when 

the filler loading was higher than 0.5 vol%. In contrast, the Tg of composites 

noticeably increased with the incorporation of DAB-MWCNTs because of the good 

dispersion and greatly improved interfacial interaction after the functionalization as 
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discussed previously. Figure 5.23 demonstrates the plot of Tg versus filler volume 

fraction of composites. Besides, the increase of crosslink density in composites 

referred to the decrease of free volume fraction could restrict the polymer mobility, 

leading to high Tg[82, 87, 89].  

 

5.3.3 Thermo mechanical analysis of MWCNT/epoxy composites 

As illustrated in Figure 5.24, the CTE decreased as the volume fraction of 

fillers increased, resulting in decrease of free volume fraction as mentioned above. 

Especially DAB-MWCNT/epoxy composites, diamino groups on the DAB-MWCNT 

surface probably formed the chemical bonding with epoxy resin, increasing the 

crosslink density and reducing the free volume fraction. 
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Figure 5.24 Coefficient of thermal expansion of epoxy composites filled with U-

MWCNTs and DAB-MWCNTs at various contents 
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(a) (b) 

(c) (d) 

5.3.4 Morphology analysis of MWCNT/epoxy composites 

As can be seen in Figure 5.25, the fracture surface of epoxy composites filled 

with various filler contents was also observed in this work. It can be observed that U-

MWCNTs exhibit poor dispersion within polymer matrix in which large bundles of 

U-MWCNTs can be observed when U-MWCNT loading increase. It is due to their 

high surface area and high van der Waals force between the nanotubes. After the 

functionalization, DAB-MWCNTs were dispersed more homogeneously in polymer 

matrix. The small white dots, representing the broken ends of embedded MWCNTs, 

were mainly observed in the composite as shown in Figure 5.25(d). This phenomenon 

might be due to enhanced dispersibility and interfacial interaction caused by 

diaminobenzoyl functional groups established on the surface of DAB-MWCNTs.  

 

 

Figure 5.25 Fracture surfaces of (a) neat epoxy and composites filled with (b) U-

MWCNT 0.5 vol%, (c) U-MWCNT 1.0 vol% and (d) DAB-MWCNT 1.0 vol% 
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5.3.5 Thermal conductivity of MWCNT/epoxy composites 

In order to elucidate the effect of MWCNT concentration and the 

functionalization on the thermal conductivity of composite, the values of thermal 

conductivity were calculated from Eq. (11). The density of MWCNT/epoxy 

composites was measured by water displacement. The comparison between the 

measured and theoretical density is illustrated in Figure 5.26. The measured density is 

very close to the theoretical density. Figure 5.27 shows the temperature dependence of 

thermal diffusivity of composites incorporated with U-MWCNTs and DAB-

MWCNTs. For all samples, the thermal diffusivity gradually decreased as the 

temperature increased. However, the thermal diffusivity of composites remarkably 

increased by adding small amounts of fillers. Clearly, the thermal diffusivity of DAB-

MWCNT/epoxy composites is higher than that obtained from U-MWCNT/epoxy 

composites. It is possibly due to good interfacial interaction between DAB-MWCNT 

and polymer matrix caused by the functionalization.  
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Figure 5.26 Density of epoxy composites as a function of filler loading  
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Figure 5.27 Thermal diffusivity of epoxy composites incorporated with (a) U-

MWCNT and (b) DAB-MWCNT at various loading   
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Figure 5.28 shows the thermal conductivity of epoxy composites at 50 °C. At 

very low concentration, U-MWCNTs were randomly dispersed in polymer matrix and 

provided heat conductive pathways in the polymer matrix. Thus, thermal conductivity 

of composites was higher than that of neat epoxy. With further increase of U-

MWCNT loading, thermal conductivity scarcely increased. It is attributed to their 

high surface area, high aspect ratio and high van der Waals force between the 

nanotubes, causing the heterogeneous dispersion of U-MWCNTs at high volume 

fraction in polymer matrix as seen in SEM images. This behavior hindered the 

potential of U-MWCNTs. After the functionalization with DAB, the dispersion of 

DAB-MWCNTs within epoxy resin was greatly improved. The DAB moieties on 

their surface provided better interfacial interaction between DAB-MWCNT and 

polymer matrix, reducing the interfacial thermal resistance. The effective heat 

conductive pathways were provided in the composite. Therefore, the thermal 

conductivity of epoxy composites increased as a function of DAB-MWCNT 

concentration. Also, thermal conductivity of epoxy filled with DAB-MWCNTs was 

higher than that of U-MWCNTs at the same filler loading.  

 

5.3.6 Prediction of thermal conductivity of MWCNT/epoxy composites 

To investigate the effect of the addition of thermally conductive filler on the 

thermal conductivity of polymer composites, various theoretical and empirical models 

have been considered [31, 90-92].  The most common equations based on Maxwell-

Eucken’s and Lewis-Nielsen’s models were used in this work to predict the thermal 

conductivity of epoxy composites.  

 

The Maxwell-Eucken’s model can be used to predict the thermal conductivity 

of composites by 

K=Km
[Kf+2Km+2Vf(Kf-Km)]
[Kf+2Km-Vf(Kf-Km)]

                                   (12) 

where K, Km and Kf are the thermal conductivity of composites, polymer matrix and 

filler, respectively; Vf is the volume fraction of filler. It was clearly seen that the 

experimental data were higher than those predicted values which is due to the 
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assumption of this model which indicates that the fillers are spherical particles 

without mutual interaction dispersed randomly in the polymer matrix [93]. While, 

MWCNTs used in this work have extremely high aspect ratio and the mutual 

interaction with each other. Therefore, MWCNTs could provide more heat conductive 

networks in the composite, resulting in the enhancement of thermal conductivity. It is, 

especially true for DAB-MWCNTs because the DAB functional groups on their 

surface could achieve good dispersion and interaction between the polymer matrix 

and filler as mentioned above. 
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Figure 5.28 The experimental and theoretical thermal conductivity of epoxy 

composites as a function of filler loading 

 

The Lewis-Nielsen’s model was further applied to evaluate the thermal 

conductivity of composites by taking the geometry and the maximum volume fraction 

of filler into the consideration [94]. It can be explained by 

K=Km
1+ABVf

1-BψVf
                                                     (13) 

where 

A=KE-1,                                                           (14) 

B=
Kf/Km - 1
Kf/Km + A

,                                                      (15) 
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ψ=1+(
1-Vm

Vm
2 )Vf,                                                   (16) 

where KE is an Einstein constant related to the shape and orientation of the filler; B is 

a factor depending on the thermal conductivity of each component; Vm is the 

maximum packing fraction of filler; and ψ is a parameter related to the volume 

fraction of filler.  

 

Generally, the values of A and Vm are constant for each type of filler. For 

instance, A = 8.38 and Vm = 0.52 are often used for the polymer composites based on 

the short fibers with aspect ratio less than 15 randomly dispersed in 3D direction. As 

shown in Figure 5.28, the experimental values of thermal conductivity of epoxy 

composites incorporated with U-MWCNTs and DAB-MWCNTs was compared to 

that obtained from this model. It was found that the experimental values did not fit 

well with the predicted values. The thermal conductivity based on this model was 

close to the experimental values rather than those calculated from Maxwell-Eucken’s 

model. It is due to the fact that this model is the most versatile for the particulate/short 

fiber composites, whereas MWCNTs are much stronger and have higher aspect ratio 

than the conventional fibers. Besides, the value of A, which strongly affects the 

prediction, is not suitable for MWCNT/ polymer composites.  

 

As mentioned above, the measured thermal conductivity of MWCNT/epoxy 

composites was fairly higher than those predicted from the conventional models. 

Consequently, the effective medium approaches (EMA) have been proposed to 

evaluate the effective thermal conductivity of polymer composites [95]. The 

Maxwell-Garnett (MG) typed EMA has been found suitable for predicting the thermal 

conductivity of polymer composites filled with low concentration of MWCNTs [96]. 

The MG-EMA was built on the basis of a random orientation of MWCNTs and high 

aspect ratio (p>1000) [97].  
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The MG-EMA equation can be expressed as  

Ke

Km
 = 

3+2Vf�βx(1-Lx)+βz(1-Lz)�
3-Vf(2βxLx+βzLz)

,                                  (17) 

where Ke is the effective thermal conductivity of composite; Km and Kf are the 

thermal conductivity of polymer matrix and filler, respectively; and Vf is the volume 

fraction of filler. βx and βz are defined as 

βx= 
Kx-Km

Km+Lx(Kf-Km)
,                                           (18) 

βz= 
Kz-Km

Km+Lz(Kf-Km)
 ,                                          (19) 

where Kx and Kz are the thermal conductivity of MWCNTs along transverse and 

longitudinal axes, respectively. Lx and Lz are the geometrical factors depending on the 

aspect ratio (p) of MWCNTs, given by  

Lx= 
p2

2(p2-1)
-

p

2(p2-1)3/2 cosh-1p,                               (20) 

Lz=1-2Lx,                                                                 (21) 

 

The high aspect ratio (p>100) of MWCNTs gives Lx = 0.5 and Lz = 0. If Kx 

and Kz of MWCNTs are much larger than Km, then Eq. (17) can be simplified as [96] 

 
Ke

Km
=

3+VfKf/Km

3-2Vf
.                                             (22) 

 

Figure 5.29 shows the effective thermal conductivity (Ke) of composite as a 

function of MWCNT loading. As seen, the simplified equation predicted much higher 

thermal conductivity than the experimental values. The deviation between the 

theoretical and experimental values is possibly due to the interfacial thermal 

resistance (Rk) between the nanotube and the polymer matrix. Therefore, the Ke in Eq. 

(22) was developed by considering the perfect interface without any interfacial 

thermal resistance (Rk = 0). The modified MG-EMA model was developed by taking 

the interfacial thermal resistance into the consideration in term of Kapitza radius (ak) 

which can be described as a following expression [98, 99]  
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Ke

Km
=1+

Vfp
3

Kf/Km

p+ 2ak
d

Kf
Km

                                        (23) 

where 

ak=RkKm                                                     (24) 
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Figure 5.29 Effective thermal conductivity of epoxy composites predicted by using 

Maxwell-Garnett (MG) typed EMA model with Rk = 0  
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Figure 5.30 shows the predicted Ke/Km ratio with various Rk values. The 

enhancement of thermal conductivity was noticeably observed with low Rk. The 

measured values for U-MWCNT/epoxy composites were close to the predicted values 

according to Eq. (23) with Rk = 4x10-7 m2K/W, whereas the experimental data for 

DAB-MWCNT/epoxy composites fit quite well with the theoretical values when Rk is 

about 2x10-7 m2K/W. These results indicated that the interfacial thermal resistance 

slightly decreased after the functionalization. The amino groups in the DAB structure 

established on the surface of MWCNTs could provide chemical bonding between 

DAB-MWCNT and epoxy resin, resulting in the decrease of interfacial thermal 

resistance. Therefore, the thermal conductivity of DAB-MWCNT/epoxy composites 

greatly enhanced. 
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Figure 5.30 Ke/Km ratio with various Rk values 
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5.4 Hybrid filler/epoxy composites 

To improve the thermal conductivity of epoxy resin for using in 

microelectronic packaging, the addition of hybrid filler systems into the polymer 

matrix was focused in this part. However, the insulation properties are still required 

for underfills. The content of electrically conducting MWCNTs should be kept as low 

as possible but still high enough for good heat dissipation. Consequently, the 

combinations of 1.0 vol% MWCNTs and various contents of submicron-sized Si3N4 

particles were studied as hybrid filler systems. 

 

5.4.1 Dynamic mechanical properties of hybrid filler/epoxy composites 

Additionally, the storage moduli and loss moduli of composites containing 

hybrid fillers are illustrated in Figure 5.31. It can be seen that E′ of epoxy composites 

filled with hybrid filler were higher than that with single filler. The E′ increased with 

increasing of Si3N4 content. The effective reinforcement of submicron-sized Si3N4 

particles may be attributed to their rigidity and intrinsic high modulus. From the 

results of E″ peak, it reveals that the addition of Si3N4 particles into U-MWCNT 

based epoxy composites slightly enhanced their Tg. It is possibly due to the fact that 

the increase of filler concentration could reduce the free volume fraction. Considering 

the hybrid filler system containing 1.0 vol% DAB-MWCNTs and 7.5 vol% Si3N4, the 

composite exhibits high E′ and high Tg. It is believed that these behaviors are 

attributed to the presence of amino groups that promoted good dispersion of fillers 

and better interfacial interaction, possibly hindering polymer chain mobility and 

reducing free volume fraction in the composite. However, the addition of submicron-

sized Si3N4 fairly obstructed the formation of crosslink structures in composites, 

decreasing the crosslink density. The Tg and crosslink density of epoxy composites 

added with hybrid fillers are determined and shown in Table 5.10. 
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Figure 5.31 Dynamic mechanical properties of epoxy composites reinforced with 

various hybrid fillers: (a) storage modulus and (b) loss modulus 
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Table 5.10 Properties of epoxy composites filled with various hybrid fillers 

Sample 
Tg 

(°C) 

λ 

(10-3molm-3) 

U-MWCNT 1.0 133 5.779 

U-MWCNT 1.0 – Si3N4 2.5 136 5.132 

U-MWCNT 1.0 – Si3N4 5.0 136 5.095 

U-MWCNT 1.0 – Si3N4 7.5 134 5.094 

DAB-MWCNT 1.0 141 7.173 

DAB-MWCNT 1.0 – Si3N4 7.5 142 6.898 

 

5.4.2 Thermomechanical properties of hybrid filler/epoxy composites 

As shown in Figure 5.32, the addition of hybrid fillers as MWCNTs and Si3N4 

particles into polymer matrix provided rather low CTE because of low intrinsic CTE 

of fillers. Especially, the CTE of composite remarkably reduced by the incorporation 

of hybrid fillers based on DAB-MWCNTs into epoxy matrix. It is possibly due to 

optimal packing density of DAB-MWCNTs and Si3N4 particles, caused by amino 

functional groups of DAB-MWCNTs that effectively formed filler-filler interaction. It 

has a positive effect on thermal stability of composites, thus the CTE of epoxy 

composites remarkably decreased.  
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Figure 5.32 Coefficient of thermal expansion of epoxy composites filled with hybrid 

fillers 

 

5.4.3 Morphology of hybrid filler/epoxy composites 

The dispersion of hybrid fillers containing MWCNTs and Si3N4 particles in 

the polymer matrix was evaluated as shown in Figure 5.33. The fracture surface of the 

composite reinforced with U-MWCNTs and Si3N4 fillers is quite smooth. It might be 

due to the heterogeneous distribution of fillers in epoxy matrix and weak interfacial 

interaction between fillers and polymer matrix. On the other hand, the addition of 

hybrid filler based on DAB-MWCNTs into polymer matrix provided more roughness 

of the fractured surface. It is due to the fact that amino groups of DAB moieties on 

their surface improved the dispersion of fillers in the matrix and also enhanced 

interfacial interaction between fillers and the polymer matrix. 
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(b) 

(a) 

 

Figure 5.33 Fracture surfaces of (a) U-MWCNT 1.0 vol%-Si3N4 7.5 vol% and (b) 

DAB-MWCNT 1.0 vol%-Si3N4 7.5vol% 
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5.4.4 Thermal conductivity of hybrid filler/epoxy composites 

To obtain higher thermal conductivity of composites, MWCNTs were partially 

replaced with submicron-sized fillers. The effects of hybrid filler systems on the 

thermal conductivity were investigated and summarized in Table 5.11. The 1.0 vol% 

U-MWCNTs filled epoxy composites were incorporated with various contents of 

Si3N4 particles. It was found that thermal conductivity increased with increasing Si3N4 

content. The addition of submicron-sized fillers in the composites promoted more heat 

conductive pathways and high packing density, enhancing the heat dissipation of 

materials. In case of epoxy resin filled with 1.0 vol% DAB-MWCNTs and 7.5 vol% 

Si3N4, the heat conductive networks were effectively formed with optimal packing 

density, thereby increasing thermal conductivity more than 134% compared with that 

of neat epoxy. This result confirms that the hybrid fillers can be used as effective filler 

to improve the thermal conductivity of composites. 

 

Table 5.11 Properties of epoxy composites filled with various hybrid fillers 

Sample 
ρ 

(gcm-3) 

α 

(mm2s-1) 

K 

(Wm-1K-1) 

KR 

(%) 

U-MWCNT 1.0 1.1958 0.119 0.203 129.30 

U-MWCNT 1.0 – Si3N4 2.5 1.2584 0.145 0.255 162.42 

U-MWCNT 1.0 – Si3N4 5.0 1.3202 0.166 0.304 193.63 

U-MWCNT 1.0 – Si3N4 7.5 1.3865 0.170 0.324 206.37 

DAB-MWCNT 1.0 1.1908 0.126 0.233 148.41 

DAB-MWCNT 1.0 – Si3N4 7.5 1.3818 0.175 0.367 233.76 

 



 

CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

Directly functionalized multiwalled carbon nanotubes (MWCNTs) with 

benzene-1,3,5-tricarboxylic acid (BTC) and 3,5-diaminobenzoic acid (DAB) were 

successfully accomplished with less structural damage as confirmed by XPS, FT-IR 

and FT-Raman results. The functionalization of MWCNTs with BTC and DAB 

enhanced the dispersibility and interfacial interaction between the nanotubes and the 

polymer matrix. From DSC results, the reactive functional groups introduced onto 

MWCNT surfaces can accelerate the curing reaction of epoxy composites remarkable 

inducing low exothermic peak temperature and exothermic heat of reaction. The 

activation energy values obtained from Kissinger and Ozawa methods show fairly 

consistent results in which the activation energy values obviously decrease with the 

introduction of MWCNTs, especially DAB-MWCNTs. The incorporation of only 0.3 

vol% of unmodified and functionalized MWCNTs remarkably enhanced the dynamic 

mechanical properties of epoxy composites, especially Tg. The storage moduli of 

epoxy composites were substantially increased with the addition of functionalized 

MWCNTs. High crosslink density of composites resulted in the decrease of free 

volume fraction which was calculated from the WLF equation. The thermal stability 

was improved as observed in the decrease of CTE. 

 

The composites reinforced with DAB-MWCNTs remarkably exhibit high E′, 

high Tg and low CTE rather than those of U-MWCNTs at the same filler content. 

Amino groups of diaminobenzoyl compound promoted strong interfacial interaction 

between DAB-MWCNT and polymer matrix that can reduce the interfacial thermal 

resistance, resulting in an increase of thermal conductivity. The modified MG-EMA 

model by taking the interfacial thermal resistance into the consideration is appropriate 

for predicting the thermal conductivity of epoxy composites filled with low 

concentration of MWCNTs. The study on the properties of epoxy composites 
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reinforced with hybrid filler systems was also performed. According to the results, the 

hybrid filler systems were effective filler to enhance dynamic mechanical properties 

and thermal properties of composites. Especially, the hybrid filler containing 1.0 vol% 

DAB-MWCNTs and 7.5 vol% Si3N4 promoted effective heat conductive pathways 

and optimal packing density in polymer matrix, thereby achieving 134% higher 

thermal conductivity than that of neat epoxy resin. 

 

6.2 Recommendations for further study 

1. Transmission electron micrograph should be taken to characterize size and 

structure of MWCNTs in epoxy composites. 

2. The viscosity and flow behavior of MWCNT/epoxy composites should be 

investigated. 

3. The effect of MWCNTs on the pot life of underfill should be explored. 

4. Thermal stability of epoxy composites, decomposition temperature (Td), 

should be investigated. 

 5. The dielectric constant of epoxy composites should be studied. 
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APPENDIX A 

Calculation of acivation energy for epoxy composites 

 

In this work, the curing exotherms of epoxy composites were investigated at 

various heating rates to calculate the activation energy (Ea). The determination of Ea 

according Kissinger and Ozawa methods was demonstrated here.  

Kissinger method:  

ln
β

Tp2
= ln �

QpAR
Ea

� −
Ea

RTp
                                                     

Ozawa method: 

lnβ = ln �
QpAR

Ea
� −  lnF(α)  −  5.331 −  1.052

Ea
RTp

                                

The details of Ea determination for neat epoxy resin and epoxy composites 

filled with BTC-MWCNT at filler content of 0.3 vol% were shown as follows: 

 

Example A-1: Neat epoxy resin 
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Figure A.1 DSC thermograms of neat epoxy resin at various heating rates  
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Table A.1 Curing exothermic temperatures and kinetic parameters of neat epoxy resin 

evaluated from Kissinger and Ozawa methods 

β      

(ºC/min) 

Tp Kissinger Ozawa 

(ºC) (K) 1000/Tp ln(β/Tp
2) 1000Tp lnβ 

3 222.55 495.70 2.02 -11.31 2.02 1.10 

5 248.38 521.53 1.92 -10.90 1.92 1.61 

10 281.15 554.30 1.80 -10.33 1.80 2.30 

20 306.93 580.08 1.72 -9.73 1.72 3.00 

Ea     

(kJmol-1) 
 44.21 50.49 
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Figure A.2 Averaged activation energy determinations by using Kissinger method 

and Ozawa method plots of neat epoxy resin  

y = -5.3179x - 0.6487 
R2 = 0.9839 

y = -6.3887x + 13.921 
R2 = 0.9839 
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Example A-2: 0.3vol% BTC-MWCNT/epoxy composite 
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Figure A.3 DSC thermograms of epoxy composites filled with 0.3vol% BTC-

MWCNTs at various heating rates 

 

Table A.2 Curing exothermic temperatures and kinetic parameters of epoxy 

composites filled with 0.3vol% BTC-MWCNTs evaluated from Kissinger and Ozawa 

methods 

β      

(ºC/min) 

Tp Kissinger Ozawa 

(ºC) (K) 1000/Tp ln(β/Tp
2) 1000Tp lnβ 

3 206.68 479.83 2.08 -11.25 2.08 1.10 

5 229.21 502.36 1.99 -10.83 1.99 1.61 

10 272.22 545.37 1.83 -10.30 1.83 2.30 

20 297.32 570.47 1.75 -9.70 1.75 3.00 

Ea     

(kJmol-1) 
 36.84 43.28 
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Figure A.4. Averaged activation energy determinations by using Kissinger method 

and Ozawa method plots of epoxy composite filled with 0.3vol% of BTC-MWCNTs 

 

Also, these values was done for our data and listed in Table A.3. 

  

y = -4.4313x – 2.0315 
R2 = 0.9764 

y = -5.4761x + 12.490 
R2 = 0.9837 
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Table A.3 Exothermic peak temperatures and activation energy of epoxy composites 

Sample 
β Tp Ea 

(ºCmin-1) (ºC) (K) Kissinger Ozawa 

U-MWCNT 0.3 

3 216.33 489.48 

40.78 47.15 
5 248.38 521.53 
10 281.09 554.24 
20 304.62 577.77 

U-MWCNT 0.5 

3 213.85 487.00 

40.24 46.59 
5 231.05 504.20 
10 269.57 542.72 
20 300.88 574.03 

U-MWCNT 0.7 

3 207.85 481.00 

39.67 45.96 
5 228.75 501.90 
10 265.90 539.05 
20 294.95 568.10 

U-MWCNT 1.0 

3 205.63 478.78 

38.60 44.88 
5 219.24 492.39 
10 262.38 535.53 
20 289.78 562.93 

DAB-MWCNT 0.3 

3 203.49 476.64 

37.71 44.05 
5 226.63 499.78 
10 262.34 535.49 
20 294.72 567.87 

DAB-MWCNT 0.5 

3 193.76 466.91 

36.92 41.59 
5 219.37 492.52 
10 250.25 523.40 
20 285.03 558.18 

DAB-MWCNT 0.7 

3 180.61 453.76 

36.46 42.53 
5 204.05 477.20 
10 239.16 512.31 
20 265.14 538.29 

DAB-MWCNT 1.0 

3 174.53 447.68 

35.27 41.77 
5 198.81 471.96 
10 229.26 502.41 
20 262.05 535.20 
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APPENDIX B 

Calculation of free volume fraction for epoxy composites 

 

According Williams-Landell-Ferry (WLF) equation, the free volume fraction 

of epoxy composites can determine by using with following equations. 

1

Log ( f
fr

)
=

C2

C1
�

1
Tg-Tgr

�+
1

C1
                                                    

where  

C1=
B

2.303fg
=

1
2.303fg

 and C2=
fg

∆CTE
.                                              

 

Based on DMA analysis, the loss moduli of epoxy composites as a function of 

temperature at various frequencies were investigated as illustrated below.  
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Figure B.1 Loss moduli as a function of temperature of neat epoxy resin at various 

frequencies 
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Figure B.2 Loss moduli as a function of temperature of 0.3vol% U-MWCNT/epoxy 

composite at various frequencies 
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Figure B.3 Loss moduli as a function of temperature of 0.3vol% BTC-

MWCNT/epoxy composite at various frequencies 
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Figure B.4 Loss moduli as a function of temperature of 0.3vol% DAB-

MWCNT/epoxy composite at various frequencies 

 

Table B.1 Tg obtained from the maximum value of loss modulus peak of epoxy 

composites reinforced with various fillers at content of 0.3 vol% 

Sample 
f (Hz) 

1 2 5 10 20 

Neat epoxy 
ºC 131 131.99 133.09 134.57 135.84 

K 404.14 405.13 406.23 407.71 408.98 

U-MWCNT 0.3 
ºC 134.01 135.98 138.46 139.04 140.32 

K 407.15 409.12 411.6 412.18 413.46 

BTC-MWCNT 0.3 
ºC 134.41 136.17 138.17 139.1 140.6 

K 407.55 409.31 411.31 412.24 413.74 

DAB-MWCNT 0.3 
ºC 136.33 138.22 139.9 141.77 143.2 

K 409.47 411.36 413.04 414.91 416.34 
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Table B.2 The values of Tg-Tgr and 1/(Tg-Tgr) of epoxy composites when Tgr is the Tg 

of epoxy composite at the reference frequency of 1 Hz 

Sample 
f (Hz) 

1 2 5 10 20 

Neat epoxy 
Tg-Tgr 0 0.99 2.09 3.57 4.84 

1/(Tg-Tgr) - 1.01 0.48 0.28 0.21 

U-MWCNT 0.3 
Tg-Tgr 0 1.96 4.45 5.03 6.31 

1/(Tg-Tgr) - 0.51 0.22 0.2 0.16 

BTC-MWCNT 0.3 
Tg-Tgr 0 1.77 3.76 4.69 6.19 

1/(Tg-Tgr) - 0.57 0.27 0.21 0.16 

DAB-MWCNT 0.3 
Tg-Tgr 0 1.89 3.57 5.44 6.87 

1/(Tg-Tgr) - 0.53 0.28 0.18 0.15 

 

 

Table B.3 The values of f/fr, Log(f/fr) and 1/Log(f/fr) when fr is the reference 

frequency of 1 Hz 

f (Hz) f/fr Log(f/fr) 1/Log(f/fr) 

1 1.00 0.0000 - 

2 2.00 0.3010 3.32 

5 5.00 0.6990 1.43 

10 10.00 1.0000 1.00 

20 20.00 1.3010 0.77 
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Then, the plot of 1/Log(f/fr) versus 1/(Tg -Tgr) for each sample was performed as 

demonstrated in Figure B.5.  
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Figure B.5 The plot of 1/Log(f/fr) versus 1/(Tg -Tgr) for determination of the WLF 

parameter constants C1 and C2 

 

The WLF parameter constants, C1 and C2, of neat epoxy resin and epoxy composites 

were calculated from the intercept and the slope of the plot which are summarized in 

Table B.4.  

 

Table B.4 WLF constants for epoxy composites 

Sample Equation C2/C1 1/C1 C1 C2 

Neat Epoxy y = 3.1882X + 0.0563 3.1882 0.0563 17.76 56.62 

U-MWCNT 0.3 y = 0.1372X + 0.0492 0.1372 0.0492 20.33 2.79 

BTC-MWCNT 0.3 y = 0.1563X + 0.0470 0.1562 0.0470 21.28 3.33 

DAB-MWCNT 0.3 y = 0.1484X + 0.0431 0.1484 0.0431 23.20 3.44 
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Table B.5 Free volume fraction for epoxy composites 

Sample fg 

Neat Epoxy 0.0244 

U-MWCNT 0.3 0.0214 

BTC-MWCNT 0.3 0.0204 

DAB-MWCNT 0.3 0.0187 
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APPENDIX C 

Calculation of density of epoxy composites 

 

The theoretical density of epoxy composites was calculated by using a 

following equation 

ρ = ρm(1 − ∑ Vin
i=1 ) + ∑ ρiVin

i=1                                                                      

where 

 ρ  = the density of composite  

ρm = the density of polymer matrix  

ρi  = the density of each filler   

Vi = the volume fraction of each filler  

Then, the theoretical density of epoxy composites filled with MWCNTs at 

difference volume contents are listed in Table C.1. 

 

Table C.1 Theoretical density of MWCNT/epoxy composites 

Filler content 

(vol%) 
Vi 

ρm  

(g/ml) 

ρMWCNT  

(g/ml) 

ρ  

(g/ml) 

0 0 1.16 2.10 1.1825 

0.3 0.003 1.16 2.10 1.1852 

0.5 0.005 1.16 2.10 1.1871 

0.7 0.007 1.16 2.10 1.1889 

1.0 0.010 1.16 2.10 1.1917 

1.2 0.012 1.16 2.10 1.1935 
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Also, the theoretical density of epoxy composites incorporated with hybrid 

fillers between MWCNTs and submicron-sized Si3N4 was determined as listed in 

Table C.2. 

 

Table C.2 Theoretical density of epoxy composites filled with hybrid fillers 

Filler content (vol%) Vi ρm  

(g/ml) 

ρMWCNT  

(g/ml) 

ρSi3N4  

(g/ml) 

ρ  

(g/ml) MWCNT Si3N4 MWCNT Si3N4 

1.0 2.5 0.010 0.025 1.16 2.10 3.34 1.2481 

1.0 5.0 0.010 0.050 1.16 2.10 3.34 1.3045 

1.0 7.5 0.010 0.075 1.16 2.10 3.34 1.3610 

 

The density of epoxy composites was measured by water displacement which 

can be given by 

                                                         ρ =  
Wdry

Wdry − Wwet
ρwater(T)                                         (1) 

where 

ρ = the density of epoxy composite;  

Wdry = the weight of sample in air  

Wwet = the weight of sample in water  

ρwater(T) = the density of water at measured temperature. 

 

The measured density of epoxy composites filled with unmodified and 

functionalized MWCNTs are listed in Table C.3 and C.4, respectively. 
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Table C.3 Measured density of U-MWCNT/epoxy composites 

Sample No. Wdry (g) Wwet (g) T (ºC) ρwater (g/ml) ρ (g/ml) 

Neat epoxy 1 2.7561 0.436 26.5 0.99668 1.1840 

 

2 2.5511 0.4012 26.5 0.99668 1.1827 

 

3 2.4097 0.3758 26.5 0.99668 1.1808 

 

AVG 

    

1.1825 

 

SD 

    

0.0016 

U-MWCNT 0.3 1 2.7304 0.4373 26.7 0.99662 1.1867 

 

2 2.6552 0.4254 26.7 0.99662 1.1868 

 

3 2.6931 0.4306 26.7 0.99662 1.1863 

 

AVG 

    

1.1866 

 

SD 

    

0.0002 

U-MWCNT 0.5 1 2.5656 0.4132 26.5 0.99668 1.1880 

 

2 2.6822 0.4301 26.5 0.99668 1.1870 

 

3 2.7657 0.4455 26.5 0.99668 1.1881 

 

AVG 

    

1.1877 

 

SD 

    

0.0006 

U-MWCNT 0.7 1 2.6385 0.4263 27.1 0.99651 1.1885 

 

2 2.9240 0.4753 27.1 0.99651 1.1899 

 

3 2.6790 0.4377 27.1 0.99651 1.1911 

 

AVG 

    

1.1899 

 

SD 

    

0.0013 

U-MWCNT 1.0 1 1.5968 0.2659 26.0 0.99681 1.1960 

 

2 2.7067 0.45 26.1 0.99678 1.1955 

 

AVG 

    

1.1958 

 

SD 

    

0.0003 
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Table C.4 Measured density of functionalized MWCNT/epoxy composites 

Sample No. Wdry (g) Wwet (g) T (ºC) ρwater (g/ml) ρ (g/ml) 
BTC-MWCNT 0.3 1 0.3356 0.0529 26.5 0.99668 1.1832 

 2 0.3833 0.0609 26.5 0.99668 1.1849 

 3 0.3996 0.0648 26.5 0.99668 1.1896 

 4 0.1539 0.0247 26.5 0.99668 1.1872 

 AVG     1.1862 

 SD     0.0028 
DAB-MWCNT 0.3 1 0.3427 0.0536 28.9 0.996 1.1807 

 2 0.3145 0.0498 28.5 0.99612 1.1835 

 3 0.2925 0.0472 28.5 0.99612 1.1878 

 4 0.3089 0.0488 28.4 0.99614 1.1830 

 AVG     1.1838 

 SD     0.0030 
DAB-MWCNT 0.5 1 0.3536 0.057 28 0.99626 1.1877 

 2 0.3336 0.0532 28 0.99626 1.1853 

 3 0.1686 0.0267 27.9 0.99629 1.1838 

 4 0.3682 0.0605 27.9 0.99629 1.1922 

 AVG     1.1872 

 SD     0.0037 
DAB-MWCNT 0.7 1 0.3122 0.0498 26.6 0.99665 1.1858 

 2 0.2920 0.0481 26.6 0.99665 1.1932 

 3 0.2827 0.0457 26.5 0.99668 1.1889 

 4 0.2641 0.0438 26.5 0.99668 1.1948 

 AVG     1.1907 

 SD     0.0041 
DAB-MWCNT 1.0 1 2.2312 0.3631 25.4 0.99697 1.1907 

 2 2.7191 0.4425 25.3 0.99699 1.1908 

 AVG     1.1908 

 SD     0.0010 
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The measured density of epoxy composites filled with hybrid fillers is listed in 

Table C.5. 

 

Table C.5 Measured density of epoxy composites filled with hybrid fillers 

Sample No. 
Wdry 

(g) 

Wwet 

(g) 

T 

(ºC) 

ρwater 

(g/ml) 

ρ 

(g/ml) 

U-MWCNT 

1.0 

Si3N4 

2.5 

1 2.2064 0.4588 26.6 0.99665 1.2583 

2 3.0166 0.6276 26.5 0.99668 1.2585 

AVG 

    

1.2584 

SD 

    

0.0001 

U-MWCNT 

1.0 

Si3N4 

5.0 

1 2.8491 0.6975 26.3 0.99673 1.3198 

2 2.9784 0.7304 26.3 0.99673 1.3206 

AVG 

    

1.3202 

SD 

    

0.0005 

U-MWCNT 

1.0 

Si3N4 

7.5 

1 3.0300 0.8456 26.1 0.99678 1.3826 

2 2.9521 0.8296 26.1 0.99678 1.3864 

AVG 

    

1.3845 

SD 

    

0.0026 

DAB-MWCNT 

1.0 

Si3N4 

7.5 

1 3.3246 0.9244 25.6 0.99691 1.3809 

2 1.5735 0.439 25.6 0.99691 1.3827 

AVG 

    

1.3818 

SD 

    

0.0013 
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APPENDIX D 

Calculation of thermal conductivity of epoxy composites 

 

Table D.1 Thermal conductivity of U-MWCNT/epoxy composites 

Sample 
T 

(ºC) 
α 

(mm2s-1) 
ρ 

(gcm-3) 
Cp 

(Jg-1ºC-1) 
K 

(W/mK) 
Neat epoxy 30 0.109 1.1825 0 0.000 

 
50 0.108 

 
1.229 0.157 

 
75 0.102 

 
1.316 0.159 

 
100 0.097 

 
1.387 0.159 

 
125 0.094 

 
1.431 0.159 

 
150 0.089 

 
1.592 0.168 

U-MWCNT 0.3 30 0.116 1.1866 0.000 0.000 

 
50 0.112 

 
1.369 0.182 

 
75 0.107 

 
1.755 0.223 

 
100 0.103 

 
2.148 0.263 

 
125 0.098 

 
2.646 0.308 

 
150 0.094 

 
3.188 0.356 

U-MWCNT 0.5 30 0.118 1.1877 0.000 0.000 

 
50 0.116 

 
1.388 0.191 

 
75 0.112 

 
1.856 0.247 

 
100 0.106 

 
2.342 0.295 

 
125 0.101 

 
2.961 0.355 

 
150 0.097 

 
3.610 0.416 

U-MWCNT 0.7 30 0.121 1.1899 0.000 0.000 

 
50 0.118 

 
1.394 0.196 

 
75 0.112 

 
2.105 0.281 

 
100 0.107 

 
2.688 0.342 

 
125 0.102 

 
3.350 0.407 

 
150 0.098 

 
3.877 0.452 

U-MWCNT 1.0 30 0.122 1.1958 0.000 0.000 

 
50 0.119 

 
1.428 0.203 

 
75 0.113 

 
2.103 0.284 

 
100 0.109 

 
2.754 0.359 

 
125 0.105 

 
3.456 0.434 

 
150 0.100 

 
3.891 0.465 
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Table D.2 Thermal conductivity of functionalized MWCNT/epoxy composites 

Sample 
T 

(ºC) 
α 

(mm2s-1) 
ρ 

(gcm-3) 
Cp 

(Jg-1ºC-1) 
K 

(W/mK) 
BTC-MWCNT 0.3 30 0.118 1.1862 0.000 0.000 

 50 0.116 
 

1.371 0.189 

 
75 0.112 

 
1.802 0.239 

 
100 0.106 

 
2.258 0.284 

 
125 0.101 

 
2.863 0.343 

 
150 0.097 

 
3.365 0.387 

DAB-MWCNT 0.3 30 0.122 1.1838 0.000 0.000 
 50 0.118 

 
1.381 0.193 

 
75 0.112 

 
1.867 0.248 

 
100 0.108 

 
2.302 0.294 

 
125 0.103 

 
3.169 0.386 

 
150 0.098 

 
3.496 0.406 

DAB-MWCNT 0.5 30 0.125 1.1872 0.000 0.000 
 50 0.120 

 
1.391 0.198 

 
75 0.114 

 
1.874 0.254 

 
100 0.110 

 
2.402 0.314 

 
125 0.105 

 
3.169 0.395 

 
150 0.098 

 
3.961 0.461 

DAB-MWCNT 0.7 30 0.128 1.1907 0.000 0.000 
 50 0.123 

 
1.401 0.205 

 
75 0.118 

 
2.441 0.343 

 
100 0.115 

 
3.198 0.438 

 
125 0.105 

 
4.047 0.506 

 
150 0.098 

 
4.538 0.530 

DAB-MWCNT 1.0 30 0.130 1.1901 0.000 0.000 
 50 0.126 

 
1.554 0.233 

 
75 0.121 

 
2.530 0.364 

 
100 0.116 

 
3.232 0.446 

 
125 0.111 

 
4.117 0.544 

 
150 0.103 

 
4.827 0.592 
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Table D.3 Thermal conductivity of epoxy composites filled with hybrid fillers 

Sample 
T 

(ºC) 

α 

(mm2s-1) 

ρ 

(gcm-3) 

Cp 

(Jg-1ºC-1) 

K 

(W/mK) 

U-MWCNT 1.0 Si3N4 2.5 30 0.151 1.2584 0.000 0.000 

  

50 0.145 

 

1.396 0.255 

  

75 0.141 

 

1.617 0.287 

  

100 0.136 

 

1.763 0.302 

U-MWCNT 1.0 Si3N4 5.0 30 0.176 1.3202 0.000 0.000 

  

50 0.166 

 

1.387 0.290 

  

75 0.160 

 

1.393 0.280 

  

100 0.154 

 

1.767 0.342 

U-MWCNT 1.0 Si3N4 7.5 30 0.178 1.3845 0.000 0.000 

  

50 0.170 

 

1.375 0.294 

  

75 0.161 

 

2.200 0.446 

  

100 0.151 

 

2.930 0.557 

DAB-MWCNT 1.0 Si3N4 7.5 30 0.181 1.3818 0.000 0.000 

  

50 0.175 

 

1.518 0.334 

  

75 0.167 

 

2.520 0.530 

  

100 0.160 

 

3.217 0.648 
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