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ABSTRACT 

 

INVESTIGATION ON THE RHEOLOGICAL, THERMAL, 

ELECTRICAL PROPERTIES OF ISOTROPIC CONDUCTIVE 

ADHESIVES FILLED WITH SILVER NANOPARTICLES AND 

AMORPHOUS CARBON NANOTUBES  
 

 

 Chew Chee Sean  

 

 

 

Epoxy polymer-based nanocomposites are widely used as isotropic conductive 

adhesives (ICAs) in the electronic industry for electronic packaging due to 

their low processing temperature, environmental friendliness and finer pitch 

capability. However, there are several research challenges facing this 

conductive adhesive technology, especially in terms of rheological, thermal 

and electrical properties. In this study, silver nanoparticles (SNPs) and 

amorphous carbon nanotubes (a-CNTs) were synthesized via chemical 

approaches. The nanomaterials were then characterized using X-ray 

diffraction (XRD), field emission scanning electron microscope (FESEM), 

energy dispersive X-ray (EDX), ultraviolet–visible spectroscopy (UV-VIS), 

Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, and 

high-resolution transmission electron microscopy (HRTEM). The ICAs 

samples were prepared according to the varying compositions of 

nanomaterials, for instance, SNPs and a-CNTs and additional of 

microcrystalline cellulose (MCC) solution. The objective of this work is to 

study the effect of the composition on the rheological properties through 

thermal analysis. An Anton Paar Physica MCR 301 controlled-stress 

rheometer was used to study the rheology behaviours of ICAs, such as 
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constant shear rate, amplitude sweep, frequency sweep, hysteresis, three 

interval thixotropy test (3ITT) and creep recovery. The effects of a-CNTs on 

ICAs was studied using both dynamic mechanical thermal analysis (DMTA) 

and thermogravimetric analysis (TGA) methods, and the results used to 

determine the optimal properties. Forty-five ICAs samples were generated by 

response surface with a three-level factorialDesign of Experimental (DOE) 

used to study the electrical resistivity of the new ICA formulations to 

determine the ideal SNPs and a-CNTs properties for ICAs. Our results show 

that incorporating a-CNTs and MCC solution in ICAs leads to better 

thixotropic performance while helping lower the gelation temperature. Our 

results also show that adding 2 wt% of a-CNTs and 5 wt% of MCC solution to 

ICA system leads to an increase in electrical conductivity of as much as 20 %.  
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CHAPTER 1 

 

1 INTRODUCTION 

 

 

1.1 Background 

 

Lead-tin solders have been widely used in electronics assemblies for several 

decades. These fit the electrical and mechanical requirements for the 

interconnections of electronics components on printed circuit boards (PCBs).  

However, the usage of lead-tin solders has begun to decrease with increasing 

of environmental awareness and policies related to the Restriction of 

Hazardous Substances (RoHS) directive. Isotropic conductive adhesives (ICAs) 

are a promising candidate to replace lead solders. ICAs offer simpler 

processing and belong to green materials. Its advantages over traditional 

soldering process include lower curing temperatures than normal soldering, 

more flexibility and being lead free in nature (Liu et al., 1997, An and Qin, 

2014, Zhang et al., 2015).  

Basically, ICAs consists of a polymer matrix and conductive fillers. 

The polymer matrix is made up of polymer resin or epoxy resin, curing agents 

and additives. The epoxy resin works as a binder that offers mechanical 

interconnection between electronic components and PCBs. Diglycidyl ether of 

bisphenol A (DGEBA), also known as bisphenol A diglycidyl ether, is one of 

the most common epoxy resins. It is widely used as polymer matrix due to its 

outstanding processability, chemical resistance, and thermal resistance 
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properties (Amaral et al., 2012). Ehylenediamine (EDA), C18H21NO is a well-

known curing agent for low-temperature curing of the epoxy resin. 

The conductive fillers in ICAs provide electrical conductivity in all 

direction. One of the most popular conductive fillers is silver powder due to 

its high conductivity and high chemical stability (Zwolinski et al., 1996, 

Sangsuk, 2010, Durairaj and Man, 2011). Unfortunately, compared with lead 

solders (Resistivity: 1.5 – 3.0 x 10
-5

 Ω cm), ICAs have higher electrical 

resistivity (Resistivity: 1.4 x 10
-4

 Ω cm) (Bolotoff, P. V., 2010, Zhang, May 

2011). One of the major problems of ICAs properties is low conductivity 

compared to tin lead solder. In order to achieve good conductivity, the ICAs 

have to load at higher silver ratios of around 80 wt% (Chueh et al., 2015, 

Youngseok et al., 2008). However, the high loadings of silver conductive 

fillers remain very expensive and may cause the mechanical integrity of 

adhesive joints to deteriorate. In fact, ICAs can provide higher conductivity, 

higher strength, lighter weight, and more durability if formulated properly 

(Yim et al., 2014).  

Recently, some advanced nanotechnology materials have been 

introduced as fillers into ICA systems (Yu et al., 2013, Marcq et al., 2011). 

The advancement of nanotechnology such as silver nanoparticles (SNPs) has 

been used as conductive filler (Chen et al., 2013, Chee and Lee, 2012, 

Durairaj et al., 2016, Xianxue et al., 2012). Over the past few decades, 

nanoparticles of noble metals such as silver have exhibited significantly 

distinct physical, chemical, and electrical properties from their bulk 
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counterparts (Tao et al., 2015, Zhang et al., 2016, Vijayaraghavan and Nalini, 

2010, Quang Huy et al., 2013). 

 

In addition to SNPs, nanotubes have been used in ICAs to improve its 

properties. Carbon nanotubes (CNTs) are also widely used in the various 

researches to discover its potentials in ICAs (Allaoui et al., 2002, Durairaj et 

al., 2016, Garg et al., 2011, Montazeri et al., 2010, Yim and Kim, 2016, Yim 

et al., 2014). CNTs have high mechanical strength and toughness, good 

electrical conductivity and excellent thermal conductivity (Zhao et al., 2014). 

CNTs are either crystalline CNTs or amorphous CNTs (a-CNTs).  

 

A-CNTs have different tube wall structures than crystalline CNTs. The 

tube walls are composed of many discontinuous graphene sheets and carbon 

clusters, which exhibit features of short-range order and long-range disorder, 

and have many defects, dangling bonds and huge specific surfaces (Zhao et al., 

2014, Zhao et al., 2011, Singh et al., 2012, Ci et al, 2001). In some of the latest 

findings, a-CNTs possess excellent conductivity even though there are many 

defects on the tube walls. Due to the large aspect ratio, a-CNTs easily form 

conductive networks in composite materials to transfer the electrons (Zhao et 

al., 2014, Zhao et al., 2011, Singh et al., 2012, Cheung et al., 2016). 

 

To minimize the cost of ICAs by reducing the use of silver fillers, 

SNPs and a-CNTs are used as additional fillers. Nanomaterials incorporated 

into the ICAs system could increase the number of contact between the 

polymer matrix and silver fillers, resulting in higher conductivity. For better 
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dispersion of nanoparticles into the polymer matrix, microcrystalline cellulose 

(MCC) is added to the ICAs. Microcrystalline cellulose (MCC) could be acted 

as bridges to toughen the epoxy composites while it belongs to a green 

material. According to Liao et al. (2012), cellulose fibre content ranging from 

5 to 30 wt% indicates good interfacial adherence between the epoxy resin and 

the cellulose fibres through hydrogen-bonding interaction and increasing the 

mechanical strength. 

 

Besides incorporating the nanomaterials to boost its conductivity, the 

rheological behaviour of the ICAs is also investigated in this study. In stencil 

printing process, ICAs must have the conditions to be squeegeed through the 

force to stencil apertures, while recovering its shape when the force is 

removed (Durairaj et al., 2008). The viscosity of the paste must decrease and 

flow steadily during the printing process (Durairaj et al., 2011). The 

rheological behaviour of the paste is crucial for good processability or 

printability. 

In the rapid assembly processing of flip chip device, the ICAs with 

lower gelation temperature are more desired as they could solidify at faster 

rate and adhere well to the substrates, resulting in saving the cost. Thermal 

stability of the ICAs is studied in order to understand the weight loss of the 

new formulation samples.  

 

In this study, the silver nanoparticles (SNPs) and amorphous carbon 

nanotubes (a-CNTs) are prepared using a bottom-up approach. And the 
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nanoparticles are added to various ICAs systems to study the rheological 

behaviour, thermal stability and gelation behaviour. Finally, based on the 

results mentioned above, new formulation of ICAs are generated by response 

surface, three-level factorial, Design of Experimental (DOE) and its electrical 

resistivity is measured by four-point probes.  

 

1.2 Objectives 

 

The aim of this research is to develop new isotropic conductive adhesives 

(ICAs) formulations by adding the in-house prepared silver nanoparticles 

(SNPs) and amorphous carbon nanotubes (a-CNTs) with satisfactory 

characteristics based on their visco-elastic and thixotropy, gelation points and 

thermal stability.  

 

The objectives of this research are: 

 

1. To characterize chemical synthesized silver nanoparticles (SNPs) and 

amorphous carbon nanotubes (a-CNTs) using ultraviolet–visible 

spectroscopy (UV-Vis), Fourier transform infrared spectroscopy 

(FTIR), X-ray diffraction (XRD), Raman Spectroscopy, field emission 

scanning electron microscope (FESEM), energy dispersive X-ray 

(EDX) and high-resolution transmission electron microscopy (HRTEM) 

to determine the size, morphology and structure of SNPs, treated a-

CNTs and untreated a-CNTs. 



 

6 

 

 

2. To investigate the visco-elastic and thixotropic properties of the new 

formulation isotropic conductive adhesives (ICAs). 

3. To study the gelation points and weight loss of the new formulation 

ICAs by dynamic mechanical thermal analysis (DMTA) and 

thermogravimetric analysis (TGA), respectively. 

4. To measure the electrical conductivity of the ICAs by four-point 

probes. 

 

1.3 Overview of the Dissertation 

 

This thesis is organized into the following chapters:  

 

Chapter 2 introduces the overview of isotopic conductive adhesives 

(ICAs) from its polymer matrix to the conductive fillers. The usage of 

nanomaterials in ICAs system is reviewed. Rheological properties such as 

visco-elastic and thixotropic behaviours are discussed. Finally, the electrical 

conductivity of the ICAs is reviewed.  

 

Chapter 3 describes the preparation of the SNPs and a-CNTs by 

chemical routes. The formulation of the ICAs is further optimized based on 

the results of rheological behaviours, gelation points and thermal stability. The 

characterization methods are also briefly discussed to determine the 

nanostructure of the synthesized nanomaterials. The parameters of the tests are 

described for rheological test and thermal analysis.  
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Chapter 4 discusses the characterization of synthesized SNPs and a-

CNTs. The results obtained from Field Emission Scanning Electron 

Microscopy (FESEM) and Energy-Dispersive X-ray spectroscopy (EDX); X-

ray Diffraction; UV-Visible; High-Resolution Transmission Electron 

Microscope (HRTEM); Raman spectroscopy and Fourier Transform Infrared 

Spectrometer (FTIR) are presented. The results obtained from characterization 

methods are discussed to confirm the nanostructure of the synthesized 

nanomaterials.  

 

Chapter 5 studies the results obtained from rheological behaviour of 

ICAs in constant shear rate vs time; amplitude sweep; frequency sweep; 

hysteresis; three-interval thixotropy test (3ITT) and creep recovery. Reasons 

why ICAs with microcrystalline cellulose (MCC) and a-CNTs have better 

thixotropy behaviour are discussed. 

 

Chapter 6 investigates the results obtained from thermal stability and 

gelation temperature and of the ICAs samples. These are to study the influence 

of SNPs, a-CNTs and MCC solution to the gelation points and weight changes 

of ICAs samples when the heat was imposed.  

 

Chapter 7 investigates the effect of the different composition of a-

CNTs and MCC solution in electrical conductivity. The bulk resistivities of 

the ICAs samples were calculated and discussed.  
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Chapter 8 summarizes the important findings of this research and 

proposes of future work. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

 

This chapter gives a brief introduction of isotropic conductive adhesives (ICAs) 

and materials that made up its systems, such as a polymer, fillers, and 

nanofillers. In this study, silver nanoparticles (SNPs) and amorphous carbon 

nanotubes (a-CNTs) are prepared by chemical approach and incorporated into 

new formulation ICAs. To investigate this rheological behaviour, thermal 

stability and gelation points of the new ICAs formulations, the second section 

of this chapter discusses the rheological properties of the ICAs paste for 

stencil printing, for instance, viscosity, viscoelasticity, hysteresis and 

thixotropic behaviour and creep recovery. This chapter also includes the 

review of thermal analysis and gelation points of the ICAs. Finally, to 

overcome the major challenge of the ICAs which is lower conductivity, the 

effects of nanoparticles on electrical conductivity of ICAs are also investigated. 

 

2.2 Isotropic Conductive Adhesives (ICAs) 

 

In semiconductor electronic industry, lead solders have been slowly replaced 

by isotropic conductive adhesives (ICAs) for interconnections in electronic 

packaging. The microelectronic assemblies include flip chip technology, pin 

through hole, surface mount technology and as well as ball grid array package 
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(Nana et al., 2016, Li and Wong, 2006, Li et al., 2010, Chueh et al., 2015, 

Hvims, 1995, Keusseyan et al., 1994). There are advantages of using ICAs as 

compared to solders. Firstly, ICAs are more environmentally friendly than 

lead solders. Secondly, the processing temperature requirements of ICAs are 

relatively low while promoting finer pitch capability and flexibility. Lastly, 

ICAs require no flux removal and can stick on almost any surface (Périchaud 

et al., 2000, Wong and Daoqiang, 2000, Liu et al.,1998, Jagt et al., 1995). 

Those benefits are the driving forces for the development of ICAs. 

 

Even though there are many benefits of using ICAs technology, it is 

still unable to completely replace the solder usage in electronics packaging. 

The drawbacks of using ICAs (Resistivity: 1.4 x 10
-4

 Ω cm) are its relatively 

lower electrical conductivity as compared to lead solders (Resistivity: 1.5 – 

3.0 x 10
-5

 Ω cm) (Zhang et al., 2010, Li and Wong, 2006), lacking of 

rheological records for materials processing, poor impact resistance (Wong 

and Daoqiang, 2000) and lack of long-term electrical and mechanical stability 

(Jagt et al., 1995, Jagt, 1998). 

 

However, to overcome the major challenge which is lower 

conductivity, a numbers of researches have been studied to improve the 

electrical properties without sacrificing its mechanical strength (Pettersen et al., 

2016, Chew et al., 2014, Lim Fui et al., 2011, Lu et al., 1999,Liu et al., 1998, 

Jagt et al., 1995). The mechanical strength of ICAs is mainly contributed by 

the polymer matrix of the ICAs.  
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2.2.1 Polymer Matrix 

 

ICAs consist of a polymer matrix and conductive fillers. The polymer matrix 

provides mechanical strength, whilst, conductive fillers give the electrical 

properties.During the curing process, epoxy resins shrink and enables the 

metals fillers to contact with each other and enhances its conductivity (Chueh 

et al., 2015, Youngseok et al., 2008). During the curing reactions, volumetric 

shrinkage occurs as the bonding changes from van der Waals to covalent and 

shortens the distance between the molecules. The shrinkage causes the 

intimate contact between conductive fillers, contributing to improve its 

electrical conductivity. The polymer matrix can be either thermosets or 

thermoplastics materials (Keusseyan et al., 1994). The most common 

adhesives that used in the industries are the thermoset epoxies. The epoxies 

are typically filled with silver particles to form ICAs.  

 

Thermoset epoxies have been widely used for decades due to superior 

properties, such as  high chemical and corrosion resistance, outstanding 

adhesion to various substrates high tensile and modulus strength, the ability to 

be processed under a variety of conditions, high glass transition temperature, 

low creep, good moisture resistance and high thermal stability (Manson, 2012, 

Samanta and Maity, 2012, Saleh et al., 2009, Liu, 1999).  

 

Diglycidyl ether of bisphenol A (DGEBA) is a commonly usedepoxy 

resin for most applications in many industries. DGEBA is often selected as 

composite matrix due to its simplicity in processing under various conditions. 
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In addition, it has good fluidity before curing process (Amaral et al., 2012). 

DGEBA is crosslinked using hardener (curing agent) to form the networking 

in the polymer matrix. Thus, DEGBA serves as the cross linker that connects 

the fillers in the ICAs.  

 

The most common curing agents for epoxy resins are polyalkylene 

amines,polyamines, aminoamides and phenolic compounds (Fink, 2005, 

Forrest, 2007). Polyalkylene amines can provide a low temperature for curing. 

One of the examples of polyalkylene amines is ethylene diamine (EDA). The 

hardener acts as a multifunctional cross-linking agent and chemically bound 

the final three-dimensional structure of the DGEBA during the cross-linking 

process (Goodman, 1999). In addition to epoxy resin, the biodegradable 

polymers are introduced in this study.  

 

2.2.2 Non-conductive Fillers (Microcrystalline Cellulose, MCC) 

 

A non-conductive filler, microcrystalline cellulose (MCC), is utilized to 

enhance the thermal and mechanical behaviours. Cellulose fibre,  glass fibre 

and organo-montmorillonite nanoclay (OMMT) (Zulfli et al., 2012), nano-

calcium carbonate (He et al., 2011), metal fibres and powders and alumina 

nanoparticle embedded glass and carbon fibre (Mohanty and Srivastava, 2012) 

have been used extensively in adhesives composites. However, the use of 

biodegradable materials into ICAs has seen limited success.  
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Microcrystalline cellulose (MCC) could act as a bridge to toughen the 

epoxy composites and disperse the conductive fillers homogenously in the 

ICAs system while it belongs to a green material. A number of researchers 

have reported the benefits of using of cellulose to enhance the nanocomposites‘ 

properties. According to Liao et al. (2012), with the cellulose fibre content that 

ranging from 5 to 30 wt%, indicated good interfacial adherence between the 

epoxy resin and the cellulose fibres through hydrogen-bonding interaction and 

increasing mechanical strength. 

 

Commonly, MCC takes a powder form which is not diluted in common 

organic solvents or water because of its strong inter-molecular and intra-

molecular hydrogen bonding. Thus, before adding it to the polymer matrix, it 

must be dissolved into a solution to enable complete and homogenous mixing 

whenever possible.There are several methods to dissolve the cellulose, for 

instance, by using LiCl / DMAc (Ishii et al., 2008, Chrapava et al., 2003), 

NaOH / urea (Zhou et al., 2004, Cai et al., 2007, Jia et al., 2010, Ma et al., 

2012), N-methylmorpholine-N-oxide monohydrate (Kulpinski, 2005), 

NaOH/H2O (Roy et al., 2003), LiOH / urea(Cai et al., 2006), NaOH / thiourea 

aqueous solution (Weng et al., 2004) and ionic liquids (Wu et al., 2004, Zhu et 

al., 2006). Based on the methods, the NaOH / urea solvent was selected for the 

dilution of MCC as it is a rapid method which is both eco-friendly and cost 

effective (Wang, 2008).  
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2.2.3 Conductive Fillers 

 

In addition to polymer matrixes, which provide mechanical strength to the 

ICAs, conductive fillers are also very important. The concentrations of the 

conductive filler in ICAs is between 20 vol.% to 35 vol.% (Tao et al., 2009, 

Lam,2011 and Zhang, May 2011). ICAs are conductive in all directions due to 

the higher percentage of fillers contents. There are several types of conductive 

fillers used for ICAs systems, such as silver, gold, copper, nickel, metal coated 

particles or conductive nanoparticles. 

 

2.2.4 Silver Powders 

 

Silver is usually added to ICAs because of high chemical stability and 

electrical conductivity. Meanwhile, its cost is relatively lower as compared to 

gold (Liu, 1999). Furthermore, silver is a promising conductive filler owning 

to its electrical conductivity. Unlike another metal oxide, silver oxide is also 

highly electrically conductive (Chen et al., 2013). Silver can also be prepared 

in varying sizes (Chrissafis and Bikiaris, 2011, Liu, 1999).  

 

Silver has been investigated and developed in various structures and 

sizes in order to enhance the performances of the silver-based conductive 

adhesives. For examples, a highly porous silver powder was prepared by 

Kotthaus et al. (1997) as filler material for ICAs. A mixture of silver flakes 

and low-melting-point alloy fillers (LMPA) was utilized by Lu and Wong 

(2000) as the conductive filler. These studies have proven that these newly 
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developed silver systems have improved the electrical conductivity with those 

filled with silver flakes. 

 

In common ICA systems, mixtures of silver flakes, silver powder, and 

silver nanoparticles are often incorporated in order to achieve closer pack and 

better conductivity. However, the flake-like silvers are generally produced by 

mechanical milling of silver powders. The flakes were produced from milling, 

chemical treatment, and lastly washing and drying (Li et al., 2010).  

 

In this study, silver powder has been selected, as it does not have to go 

through the others processes in order to get the silver flakes. This is suggested 

to reduce the processing cost for the newly formulated ICAs incorporated with 

the in-house prepared silver nanoparticles (SNPs) and amorphous carbon 

nanotubes (a-CNTs). 

 

2.2.5 Nanofillers 

 

Silver nanoparticles (SNPs) have been synthesized and anchored into ICA 

systems in order to boost electrical conductivity (Chen et al., 2013, Chee and 

Lee, 2012, Durairaj et al., 2016, Xianxue et al., 2012). Based on the 

researched results, the cured ICAs containing the silver added with 1 wt. % 

nanoparticles enhanced electrical conductivity due to their filling the gaps 

between non-contacting silver.  
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SNPs show great potential for many applications in medicine, 

cosmetics, optics, catalysis, renewable energies, environmental remediation, 

biomedical and electronic devices due to their unique properties (Quang Huy 

et al., 2013, Anh-Tuan et al., 2012, Vertelov et al., 2008, Shivananda et al., 

2016, Govindappa et al., 2016). In addition, SNPs offer the low sintering 

temperatures important for flexible electronic applications. 

 

There are a few methods to prepare SNPs, such as chemical and photo 

reduction (Hsu and Wu, 2011, Ohde et al., 2001), chemical reduction in 

aqueous solutions (Liz-Marzán and Lado-Touriño, 1996) and ultrasonic 

irradiation (Lei and Fan, 2006). However, these methods and procedures are 

not suitable for large-scale manufacturing because they can only render the 

stable dispersions of Ag at a relatively low concentration (Sondi et al., 2003). 

In this study, SNPs were synthesized by the chemical approach, where AgNO3 

(metal salt) was mixed with sodium borohydride, NaBH4 (a reducing agent) 

(Kheybari et al., 2010, Abou El-Nour et al., 2010, Gudikandula and Charya 

Maringanti, 2016, Guzmán et al., 2008). The chemical reduction of metal salts 

is the simplest and the most commonly used bulk solution synthesis method 

for SNPs. The targeting size of the SNPs is less than 100 nm. The chemical 

reactions are stated in equation  

(1) 

 

362243 2222 NaNOHBHAgNaBHAgNO   

(1) 
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In addition to silver nanoparticles, nanotubes have been used in ICAs 

to improve its properties. Carbon nanotubes (CNTs) are also widely 

incorporated into ICAs to expand its potential (Allaoui et al., 2002, Durairaj et 

al., 2016, Garg et al., 2011, Montazeri et al., 2010, Yim and Kim, 2016, Yim 

et al., 2014). The benefit of nanofillers is that they can be mixed 

homogeneously within the polymer matrix thus enhance the properties of the 

mixtures. Extensive research has been carried out to study the potential 

suitability of this nanocomposite in the ICAs system. Nanocomposite ICAs 

may have the potential to overcome the limitations of conventional micro-

composites such as electrical properties (Chrissafis and Bikiaris, 2011). 

 

Generally, CNTs are the most representative of one-dimensional (1D) 

nanoscale materials. CNTs can be divided into two types of tubes based on 

their crystalline structures: crystalline CNTs and amorphous CNTs (a-CNTs). 

Carbon nanotubes have extremely high mechanical strength and toughness, 

good electrical conductivity, and excellent thermal conductivity (Zhao et al., 

2014). A-CNTs have distinct tube wall structures compared with crystalline 

CNTs. The tube walls are composed of many discontinuous graphene sheets 

and carbon clusters, which exhibit features of short-range order and long-

range disorder, and have many defects, dangling bonds, and huge specific 

surfaces (Zhao et al., 2014, Zhao et al., 2011, Singh et al., 2012, Ci et al, 2001).  

 

The formation of point defects of the a-CNTs is due to the broken 

bonding between the atoms during the reactions and graphitization of its 

crystal structure (Ci et al, 2001). Chu and Li (2006) have suggested that the 
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amorphous and nanocrystalline carbon films can exist in threefold (sp
2
 

bonding) and fourfold (sp
3
) bonding coordination. The sp

3
 dominates to 

establish a diamond-like framework. In sp
2
, a carbon atom forms three sp

2
 

orbitals and forming three σ bonds, meanwhile, the remaining p orbital forms 

a π bond. The π orbital geometrically lies normal to the σ bond plane and is 

the weaker bond which is closer to the Fermi level, Ef. The three σ bonds and 

π bond usually constitute a ring plane in sp
2
 clusters. However, there is some 

evidence of sp as well in Cho et al.‘s (1992) studies. Generally, graphite 

consists of sp
2
 hybridized bonds, whereas diamond has just sp

3
 hybridized 

bonds. Graphite can easily conduct electricity due to the delocalization of 

the π bond electrons above and below the planes of the carbon atoms, while 

diamond-like carbon is totally an insulator. Thus, the characterization of 

amorphous carbon materials is in terms of the bonding ratio of sp
2
 /sp

3
 which 

distinguish properties between graphite and diamond. Research is currently 

ongoing into ways to characterize and expand the range of properties offered 

by amorphous nanocarbons. In some of the latest findings, a-CNTs possess 

excellent conductivity even though there are many defects on the tube walls. 

Due to the large aspect ratio, a-CNTs easily form conductive networks in the 

composite materials to transfer the electrons (Zhao et al., 2014, Zhao et al., 

2011, Singh et al., 2012, Cheung et al., 2016).  

 

 The a-CNTs can be easily produced by chemical approaches 

(Awasthi et al., 2011, Banerjee et al., 2010, Sarkar et al., 2015, Xiong et al., 

2004). The benefits of using a-CNTs prepared by chemical synthesis are that it 

does not require high temperatures, is much more cost effective, and offers 
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much higher yields. The a-CNTs were prepared by chemical reaction of a 

mixture of ammonium chloride1g of ammonium chloride, NH4Cl, and 0.5g of 

ferrocene, Fe(C5H5)2 and then rinsed through with hydrochloric acid and 

followed by deionized water(Banerjee et al., 2010). The chemical reactions are 

described by equation 

          (2). 

 

(C5H5)2Fe(C+ Fe + H2 + CH4 + C5H6 + Other hydrocarbons, Fe)+ 2NH4Cl 

=10C +Fe(NH3)2Cl2 + 6H2 

          (2) 

A chemical reaction occurs where the ferrocene (precursor) was 

reduced into atomic iron and cyclopentadienyl group (C5H5) by the metallic 

sodium as reported in Xiong et al. (2004). Later, the atomic iron agglomerated 

into the iron cluster that acted as the catalyst to convert hydrocarbon into 

carbon nanotubes through pyrolysis and catalyzes the decomposition of 

cyclopentadienyl group into amorphous CNTs. The C5H5 group was converted 

into amorphous CNTs as its structure was non-graphite (Xiong et al., 2004).  

 

In order to obtain purified a-CNTs, the purification steps are relatively 

crucial. There are many impurities present on the surface of nanotubes, such as 

disordered carbon, graphite, and fullerenes. Thus, the process purification is 

essential to remove the metal catalyst, as the electrical and structural 

properties of carbon nanotubes are affected by those impurities present within 

the wall structure of carbon nanotubes (Ko et al., 2004). 
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2.2.6 Electrical Conductivity of ICAs 

 

As discussed earlier, conductive fillers play an important role in determining 

the electrical conductivity in the ICAs. Generally, ICAs have lower electrical 

conductivity as compared to conventional solders. In order to improve 

conductivity, high loading fillers have been incorporated into ICAs systems. 

The silver paste is added to around 80 wt% of silver powders or silver flakes, 

which is more than 1×10
-4

 Ω.cm, in bulk resistivity.  

 

 In particular, in ICAs, high-cost silver flakes have been used 

extensively as a booster to increase conductivity. This increases the price of 

the ICAs. Moreover, a higher loading of the silver as conductive fillers 

restricts the wide applications of ICAs (Zhang, May 2011). In this research, 

new formulations of ICAs are investigated to reduce the usage of silver 

powder in ICAs, yet improve its conductivity by implementing in-house 

prepared SNPs and a-CNTs. 

 

 Several approaches have been studied to improve the electrical 

conductivity which included the adding of SNPs, multi-walled carbon 

nanotubes (MWCNTs), single wall carbon nanotubes (SWCNTs) and silver 

nanowires (Lin and Lin, 2004, Youngseok et al., 2008, Tao et al., 2009, Chen 

et al., 2010, Wu et al., 2006).  
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 By adding the silver nanoparticles (SNPs) into ICAs at the 

temperature of 180 
0
C for one hour, the electrical resistivity was found at 4.8 

×10
-5

 Ω.cm based on Zhang et al. (2010) studies. Meanwhile, Wu et al. (2006) 

studied the electrical resistivity of ICAs by incorporating with silver 

nanowires and SNPs. It was found that when 56 wt % of nanowires was added 

into ICAs, resistivity reached 1.2 x 10
-4

 Ω.cm, which is lower as compared to 

those with 100 nm silver nanoparticles. It was suggested the tunnelling effects 

within the nanoparticles enhanced the contact between the conductive fillers 

and thus increase the conductivity of ICAs. Other reports also indicated that 

with the addition of silver nanowires and SNPs, a significant change in 

resistivity was observed (Tao et al, 2009).  

 

 The addition of CNTs has shown that electrical conductivity 

improves dramatically in the ICAs system due to the one-dimensional fillers 

come in good 3-D contact with epoxy resins. With the addition of 0.24 wt% of 

MWCNTs, the bulk resistivity of ICAs is around 1.43 ×10
-3

 Ω.cm. Youngseok 

et al.  (2008) reported that the resistivity of ICAs filled with single-wall CNTs 

was 5.1 ~ 6.36 ×10
-5

 Ω.cm, which was significantly (83 %) lower than the 

commercial silver filled ICAs. Moreover, the acid treated single-wall CNTs 

should lead to significant results in reducing ICAs resistivity.  

 

 Besides SNPs, silver nanowires and carbon nanotubes, the epoxy 

resin of polymer matrix plays an important role in increasing ICAs 

conductivity. As suggested by Lu and Wong (2000), the epoxy resin shrinks 

during curing reactions, which contributed to lower resistivity. In the 
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formulations with higher cross-linkage, the resistivity of ICAs is around 3 ~ 

0.58 x 10
-5

 Ω.cm. 

 

In this study, before measuring the electrical conductivity of the newly 

formulated ICAs, it is tested by rheometer to investigate the visco-elastic and 

thixotropy. Furthermore, it is vital that the new formulation of the prepared 

pastes is optimized through the addition of nanomaterials and MCC in terms 

of its rheological properties in order to suit the screen printing applications. 

 

 

2.3 RheologyBehavioursof Paste in Stencil Printing 

 

Rheology describes the science of the deformation and flow of a matter under 

fluid or semi-solid conditions. Rheometers are used to determine the 

rheological properties of a material that function either as a controlled stress or 

a controlled rate instrument. The measurements of the rheology tests describe 

the printing behaviour of pastes or solders. During stencil printing, a high 

pressure forces the paste into the stencil aperture and squeegee blade travels at 

between 10- 200 mm/s. Apertures are filled and the paste particles are 

squeezed into the apertures and then stop moving. In the final step, the stencil 

and a substrate are separated away as the board moves away, the stencil 

apertures are then empty (Tsai, 2008, Dusek et al., 2002). During this process, 

the printing media is exposed to different stress levels and time-dependent 

situation. In order to improve the printability and joint reliability of paste, 
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rheology of pastes have been studied extensively (Dusek et al., 2002, Durairaj 

et al., 2009, Durairaj et al., 2013, Durairaj, 2011, Leong, 2016, Shapee, 2012).    

 

Rheological tests play an important role to access the behaviours of 

pastes corresponding to various stress during stencil printing.  There are 

different types of tests which have been carried out to assess the rheological 

properties of the pastes, either depending on static properties (viscosity and 

thixotropy) or dynamic properties (creep and oscillation) (Phair and Kaiser, 

2009, Dušek et al., May 2002).  

 

 

2.3.1 Static Properties: Viscosity and Thixotropic Studies 

 

In static properties, viscosity, flow curve and thixotropic studies were 

investigated in order to study the paste printability. Viscosity is the main 

parameter used to measure the flow properties of the paste during printing 

(Gilleo, 1989). It is a measurement of the resistance of a fluid to an applied 

stress. The pseudoplasticity or shear thinning of the non-Newtonian fluid 

exhibit a decreasing viscosity with an increasing shear rate (Barnes, 1997, 

Hoornstra et al., 1997, Reddy et al., 2015). In addition, the shear thinning 

behaviour of paste materials is typically addressed that the particles adopting a 

more flow-oriented arrangement and well-separated particles moving slowly 

through a viscous fluid (Mewis and Wagner, 2009, Foss and Brady, 2000, 

Puisto et al., 2015). Shear thinning behaviour is classically described as the 
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time-dependent reduction of viscosity under a constant shear rate, such as 

thixotropy. 

 

Moreover, in screen printing, the paste should be thixotropic in nature. 

When the thixotropic fluid is subjected to the higher shear rate (for instance, 

mixture of squeegee pressure, velocity or screen tension), the paste turns 

significantly thinner, resulting in more steady flow (Shapee, 2012). Durairaj et 

al. (2011) reported that this thixotropic property may be important for 

understanding the rolling motion of the paste during the printing process as the 

squeegee pushes the paste back and forth. It is worth noting that excellent 

thixotropy is quite essential for good processability or printability which 

showing low viscosity at a higher shear rate.  

 

Thixotropy can be measured using modern rheometers by the 3-

interval-time-test (3ITT).Figure 2-1shows the pattern of viscosity when the 

paste is in the printing stage. At stage I, the paste is at rest. The first interval 

(stage II) represents the state at which the paste begins to squeegee. The 

second interval (stage III) represents the application stage, and the final 

interval measures the viscosity recovery after the application. For good 

thixotropy, the original viscosity must be rebound quickly and excellently. The 

thixotropic indicates that when a paste material is at rest, yet it shows fluid 

behaviour when subjected to stress. The thixotropy test aims to measure the 

structural breakdown and recovery of the ICAs, which is reported in terms of 

recovery index (%). 
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Figure 2-1: Viscosity experienced four stages (I-IV) as a function of time. 

Stages I-Rest, II-Squeegee, III-Mesh, IV- Recovery (Kaiser, 2009) 

 

In addition, the recovery (%) between the shear interval and recovery 

interval in the steady shear rate is measured using equation (3)(Kaiser, 2009, 

Lam 2011, Patel and Dewettinck, 2015).The structure recovery properties 

have been evaluated by studying 3ITT. Viscosity changes were followed as a 

function of time under alternative intervals of low and high shear rates. Ideally, 

a sample is considered to have a good thixotropic recovery if the peak 

viscosity value in the third interval is at least 70% of the viscosity value 

obtained at the end of the first interval (Patel and Dewettinck, 2015, Hong et 

al., 2013).  

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = 100 −  
𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  𝑟𝑒𝑠𝑡 − 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  𝑟𝑒𝑠𝑡 
 𝑥 100%  

(3) 
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Typically, thixotropic properties are measured via hysteresis loop test. 

The region in between the upward curve and downward curve in hysteresis 

curve is evidence of thixotropic behaviour of the paste (Durairaj, 2011, Lam, 

2011). The smaller hysteresis loop area demonstrates that the structure within 

the inter-particles and composite materials in ICAs would recover at a much 

faster speed as compared to bigger hysteresis loop area (Durairaj, 2011).  

 

 

2.3.2 Dynamic Properties: Oscillation and Creep 

 

In dynamic properties, oscillation and creep tests were investigated in order to 

access the tackiness and slump propensity of the paste. Oscillatory rheology 

performs a sinusoidal shear deformation in the sample to measure the resultant 

stress response which characterized by storage modulus, G’ (elastic) and loss 

modulus, G” (viscous). If G’ >G”, the paste is predominantly to possess 

elastic behaviour throughout the test. Materials that exhibit elastic and viscous 

properties simultaneously are known as visco-elastic materials.  (Durairaj et al., 

2008, Durairaj and Man, 2011, Mallik et al., 2008) 

 

In the oscillation test, the paste behaviour in the viscoelastic range can 

be determined. The tackiness of the paste can be described as the ratio of 

G”/G’. When the ratio of G’’/G’ is high, the paste is less cohesive or tackiness 

and suitable for screen printing process (Durairaj et al., 2009, Durairaj and 

Man, 2011, Phair and Kaiser, 2009). However, the linear visco-elastic region 

(LVER) can also be determined in the oscillation test. The linear visco-elastic 
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region is measured up to a constant (plateau) modulus value before the storage 

modulus declines on the graph. In the larger length of LVER, pastes are more 

stable and well-dispersed in suspension (Bao et al., 1998, Lam, 2011, Koe, 

2012). Beyond the LVER is the point at which the material‘s structure begins 

to break down.  

 

 Frequency sweep test is the other type of oscillatory test which is to 

study the effect of timescale on the elastic and viscous behaviour of the paste. 

In the test results, when the loss modulus G” is higher than storage modulus 

G’, it is considered as a weak structure and there is a strong possibility that 

sedimentation could occur (Hong et al., 2013, Lam, 2011, Mir and Kumar, 

2008). This information proves that the paste can be kept for a longer period 

without settling down.  

 

Creep test is another technique in the dynamic analysis of rheology to 

determine the levelling scenarios and slump propensity in the degree of 

relaxation after an applied stress has been removed.  During the test, the 

sample is subjected to a constant stress and the deformation in strain is 

recorded as shown inFigure 2-2. The creep recovery index can be measured by 

equation  

(4), with ratio J3 to J2 (dimensionless) defining the tendency to paste 

slump. If creep recovery index is = 1, then there is no recovery, whereby the 

paste a higher tendency to slump. However, when the creep recovery index is 

< 1, there is some amount of recovery and thus a lower tendency to slump 

(Nguty et al., 1999, Nguty et al., 1998).  
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Figure 2-2: Creep recovery profile(Nguty et al., 1998) 

 

𝐶𝑟𝑒𝑒𝑝𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝐼𝑛𝑑𝑒𝑥 =  
𝐽3

𝐽2
  

(4) 

 

 

2.4 Thermal Behaviour of the ICAs 

 

In addition to rheological properties, gelation points and thermal stability of 

the ICAs were studied by dynamic mechanical thermal analysis (DMTA) and 

thermogravimetric analysis (TGA).  In DMTA, the visco-elastic behaviour of 

the paste was measured with the changes of time. The gelation points were 

identified as the crossover values of storage modulus (G’) and loss modulus 

(G”). Gelation happens when the cross-linked structure starts to form. The 
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degree of chemical conversion at which the cross-linked structure first forms 

is called the gel point (Núñez et al., 2001). It is an irreversible transformation 

from liquid-like to solid-like behaviour (Pearce et al., 1981). Malkin and 

Kulichikhin (1981) described gelation as a process of fluidity loss due to the 

formation of chemical bonds network (Malkin et al., 1984).  

 

After the gelation point, the material cannot flow like a true liquid. At 

this point, the mechanical loss tangent becomes independent of frequency and 

it indicates the starting point of gelation. In short, the macroscopic 

determination of the gelation point may be based on mechanical and 

rheological changes that occur when the material begins to change from liquid 

to rubber. For the mechanical aspect, gelation happens at the equilibrium of G‘ 

and G‖ modulus while the rheological aspect accounts for the changes in 

viscosity (Pittroff, 2007).  A lower gelation temperature is usually desired, as 

this will allow cross-linking and formation of a long network across the 

specimens to occur faster at a lower temperature. It is suggested that as cross-

linking happens faster, the paste will cure at a faster rate. 
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CHAPTER 3 

 

METHODOLOGY 

 

 

3.1 Introduction 

 

This chapter describes the chemical approaches used to prepare silver 

nanoparticles (SNPs) and amorphous carbon nanotubes (a-CNTs). To further 

confirm the nano structure of the synthesized SNPs and a-CNTs, a series of 

characterization tools were used. The second part presents the methods used to 

investigate the rheological behaviour, weight loss and gelation point of the 

new isotropic conductive adhesives (ICAs) formulations. Finally, the methods 

used to measure the electrical resistivity of the ICAs are described.  

 

Ultraviolet–visible spectroscopy (UV-Vis), Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), Raman Spectroscopy, field 

emission scanning electron microscope (FESEM), energy dispersive X-ray 

(EDX) and high-resolution transmission electron microscopy (HRTEM) were 

used to characterize the synthesized SNPs and a-CNTs. 

 

An Anton Paar Physica MCR 301 controlled-stress rheometer was 

used to study the rheology behaviours of ICAs. The gelation points and weight 

loss of the new ICAs formulations were investigated by dynamic mechanical 
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thermal analysis (DMTA) and thermogravimetric analysis (TGA), respectively. 

Four-point probes were used to measure the electrical conductivities of ICAs. 

 

 

3.2 Materials 

 

The basic materials of the ICAs are polymer matrix or epoxy resin, conductive 

fillers and curing agents. In this study, diglycidyl ether of bisphenol-A 

(DGEBA), C21H24O4 was used as the epoxy resin, silver (Ag) powder was 

used as the conductive filler, ethylenediamine (EDA), C18H21NO was used as 

the curing agent. In this study, silver nanoparticles (SNPs) and amorphous 

carbon nanotubes (a-CNTs) were synthesized by chemical approaches. Silver 

nitrate (AgNO3) and sodium borohydride (NaBH4), ferrocene, Fe(C5H5)2, and 

ammonium chloride, NH4Cl, hydrochloric acid, HCl were used. The 

microcrystalline cellulose (MCC) solution was prepared in the laboratory. 

MCC, sodium hydroxide (NaOH) and urea (CO(NH2)2) were used. Most 

chemicals were purchased from Sigma-Aldrich Company. Meanwhile, EDA 

was purchased from Merck Company.  The chemical reagents were used 

without any further purification.Table 3-1 shows a list of chemicals used in the 

preparation of isotropic conductive adhesives (ICAs).  

  



 

32 

 

 

Table 3-1: All chemicals used in the preparation of ICAs 

Chemical Functions Chemicals Manufacturers 

Polymer 

matrix 

Epoxy 

resin 

Diglycidyl Ether of Bisphenol-A 

(DGEBA) 

Sigma-

Aldrich Co. 

Biodegra

dable 

polymer  

Microcrystalline cellulose (MCC) 

powder 

Urea 

Sodium hydroxide, NaOH 

Sigma-

Aldrich Co. 

 

Conductive fillers 

Silver (Ag) powder (44μm) 

 

Sigma- 

Aldrich Co. 

 

SNPs (In house prepared) 

Silver nitrate (AgNO3) and 

sodium borohydride (NaBH4) 

 

 

Sigma-

Aldrich Co. 

 

a-CNTs (In house prepared) 

Ferrocene, Fe(C5H5)2, and 

ammonium chloride, NH4Cl, 

hydrochloric acid, HCl 

 

Sigma- 

Aldrich Co. 

 

Curing agents Ethylenediamine (EDA) 

Merck and 

Co. 
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3.3 Synthesis Silver Nanoparticles (SNPs) 

 

Silver nanoparticles were synthesized by reducing silver nitrate (AgNO3) with 

sodium borohydride (NaBH4) at a ratio of 1:2 molar concentrations, 

respectively. Excessive sodium borohydride was needed in order to reduce the 

ionic silver and stabilize the SNPs that formed.A 30-mL volume of 1.0 mM 

silver nitrate was added dropwise to 90 mL volume of 2.0 mM sodium 

borohydride at room temperature. A greyish precipitation was formed and 

filtered. It was then dried at room temperature for 24 hours.  

 

X-ray diffraction studies of the SNPs have been carried out using a 

Shimadzu, XRD 6000 with X-rays of wavelength (l) = 1.54056 Å in the 2θ 

range of 20
o
 to 70

o
. The size and morphology of SNPs were obtained by Field 

Emission Scanning electron microscope (FESEM), JEOL JSM-6701F. Energy 

Dispersive X-ray (EDX) was used to analyse the SNPs compositions. Whilst, 

the UV-Visible studies were investigated by CARY 100 Conc UV-VIS 

spectrophotometer in the wavelength range of 200 nm to 800 nm to investigate 

its Plasmon resonance. 

 

3.4 Synthesis and Purificationof amorphous carbon nanotubes (a-

CNTs) 

 

Amorphous carbon nanotubes (a-CNTs) were produced by the mixture of 

ferrocene (Fe(C5H5)2) and ammonium chloride (NH4Cl) at a ratio of 1:2. They 

were then heated inside an oven at 200ºC for 40 minutes and allowed to cool 
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to room temperature. Dark colour mixtures were obtained and labelled as 

untreated a-CNTs.  

 

In order to purify the as prepared a-CNTs, the untreated samples were 

soaked with 5M HCl for 24 hours to remove the impurities. A precipitate was 

filtered and washed three times with distilled water with the aid of centrifuge 

at 3000 rpm for 15 minutes. The precipitate was then dried in an oven for 30 

ºC for a day. The sample was labelled as treated a-CNTs.  

 

 

3.5 Characterization Methods of Synthesized SNPs and a-CNTs 

 

X-ray diffraction studies of the a-CNTs have been carried out using Shimadzu, 

XRD 6000 with X-rays of wavelength (l) = 1.54056 Å in the 2θ range of 20
o
 

to 70
o
. The tube size and morphology of a-CNTs were obtained by Field 

Emission Scanning Electron Microscope (FESEM), JEOL JSM-6701F and 

High-Resolution Transmission Electron Microscope (HRTEM), JEOL 2100 F 

TEM. While, Selected Area Electron Diffraction (SAED) for crystallographic 

analysis. Energy Dispersive X-ray (EDX) was used to analyses the a-CNTs 

compositions. A 514 nm wavelength laser Raman spectroscope from 

Renishaw was used to characterize the a-CNTs. A Fourier Transform Infrared 

Spectrometer (FTIR) from Thermo SCIENTIFIC was used to characterize the 

untreated and treated a-CNTs. 
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3.5.1 X-ray Diffraction (XRD) 

 

X-ray Diffraction studies of the synthesized SNPs and a-CNTs have been 

carried out using Shimadzu, XRD 6000 with X-rays of wavelength (l) = 

1.54056 Å in the 2θ range of 20
o
 to 70

o
.In this study, XRD was used to 

investigate the crystallinity of synthesized SNPs and a-CNTs. It was used to 

determine the crystallite size of SNPs. XRD is a powerful tool to identify the 

‗fingerprint‘ of crystalline materials. 

 

X-rays are produced by bombarding a specific metal such as copper 

with electron beams emitted from a hot filament (tungsten). Bragg law was 

discovered in 1913 by physicists Sir W.H. Bragg and his son Sir W.L Bragg. 

X-ray wave interference is derived from the reflected X-ray beams at different 

angles of incidence at a particular wavelength. 

 

Before performing the tests, the specimen was placed on an aluminium 

flat plate and compacted by a glass slide. The test procedure was set at a step 

size of 4
o
 per minute at 50 kV and 40 mA. 

 

 

3.5.2 Ultraviolet–Visible Spectroscopy (UV-VIS) 

 

UV-VIS has been used to identify the absorption and reflectance spectroscopy 

of a sample within the ultraviolet-visible spectral region. When a material 

absorbs energy from the ultraviolet or visible light, it excites the electrons to a 

higher energy band; the more easily excited electrons, the longer the 
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wavelength of electromagnetic spectrum absorbed. The diffraction grating 

separates the wavelength of the light source thus the intensity of the light can 

be measured as a function of wavelength. The detector detects the beam 

intensity of the light source and the beam intensity after passing through the 

light source. The difference in intensity, or in another word different 

wavelengths, are known and the absorbance of the specimen can thus be 

measured. 

 

The specimen with few milligrams was suspended in 20 ml of distilled 

water and dispersed by immersion into an ultrasonic cleaner at a frequency of 

5 Hz at room temperature for 60 minutes. Eventually, 1 ml of the colloid was 

taken for testing. The data of testing was interpreted. Whilst, the UV-Visible 

studies were investigated by CARY 100 Conc UV-VIS spectrophotometer in 

the wavelength range of 200 nm to 800 nm at 600 nm/min scan rate. 

 

3.5.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier Transform Infrared Spectrometer (FTIR), Thermo SCIENTIFIC was 

used to characterize the untreated and treated a-CNTs (with HCl). The infrared 

spectra of the specimens were obtained corresponds to the frequencies of 

vibrations between the bonds of the atoms making up within the materials. 

Infrared spectroscopy results indicate the qualitative analysis of a-CNTs 

before and after purification of HCl at different wavenumber. This 

corresponds to different kind of compounds, bonding, and elements present in 
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the sample. The absorption peak consists in the spectra refer to the presence of 

that particular compound in a specimen.  

 

Attenuated total reflectance (ATR) was used as the examination 

method due to none sample preparation steps before testing. The measurement 

was set from 400 to 4000 cm
-1

 at 45
o 

angle of incidence. It measures the 

changes that occur in total internal reflected infrared beam when the beam 

contacts with the sample. The spectrums of absorption and transmission of the 

molecule were recorded. 

 

3.5.4 Raman Spectroscopy 

 

A 514-nm wavelength laser Raman spectroscopy from Renishaw was used to 

characterize the a-CNTs. Raman spectroscopy provides the information of the 

molecular through the vibration, rotational, or low-frequency modes in the 

system. Through the unique vibration of each molecular, the unknown samples 

were identified. The spectroscopy uses the inelastic scattering of 

monochromatic light which generated from a laser source. The phrase of 

inelastic scattering is referring to the frequency of photons in monochromatic 

light varies with contact of the sample. When the photons emitted from the 

laser source, the sample will absorb and reemit the photon back to the detector. 

Thus, the frequency of reemitted photons is used to compare with the 

frequency of original monochromatic light. The powder sample was placed on 

the glass slide and the test was started. 
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3.5.5 Field Emission Scanning Electron Microscope (FESEM) and 

Energy Dispersive X-ray (EDX) 

 

FESEM uses higher energy electrons beam generated by field emission to 

capture images at higher magnifications, especially for nanomaterials. By 

using the FESEM, the surface morphologies of SNPs and a-CNTs can be 

observed. The EDX analysis was attached to the FESEM, and the X-ray 

technique was used to verify the elemental composition. The peak of spectra 

and its mappings were generated by this analysis corresponding to the 

presence of the element in the specimens. 

 

The characterization test was conducted by JEOL JSM-6701F, FESEM 

at an accelerating voltage of 15 kV and the surface morphologies were studied. 

The samples were coated with platinum to minimize the charging effect and 

enhance imaging quality.  

 

 

3.5.6 High-Resolution Transmission Electron Microscope (HRTEM) 

 

High-Resolution Transmission Electron Microscope (HRTEM), JEOL 2100 F 

TEM was used in this study. While Selected Area Electron Diffraction (SAED) 

was equipped to verify its crystallographic analysis. HRTEM provides the 

structural information at 0.2nm spatial resolution which is better than FESEM. 

HRTEM image shows the distribution and structure of defects, interfaces and 
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grain boundaries, none crystalline or crystal arrangement (SAED), and 

morphological features of the prepared specimen.  

 

Samples were prepared before carrying out the tests. About 10 ml of 

ethanol was added to few milligrams of sample powder and kept in a closed 

tube. The mixture was then dispersed by an ultrasonic cleaner at a frequency 

of 5 Hz for few hours. Next, a drop of resultant colloidal was deposited on a 

Formvar-covered carbon-coated copper grid of 300 mesh and dried on filter 

paper and then it was placed in a desiccator at room temperature for three days. 

SAED was performed in this test in order to determine the crystallographic 

nature of the specimen. 

 

3.6 Preparation of Microcrystalline Cellulose (MCC) Solution 

 

The MCC solution was prepared by using the similar method by Ma et al. 

(2012). 7.00 g of sodium hydroxide (NaOH) and 12.00 g of urea (CO(NH2)2) 

were added into 81 mL of distilled water under vigorous stirring. It was then 

stirred vigorously on a magnetic stir plate at room temperature for 30 minutes. 

Next, 3.24 g of MCC was added into the NaOH/urea aqueous solution and 

stirred for 10 minutes. It was cooled in a freezer at -12 °C for 12 h. 

 

3.7 Preparation of ICA Samples 

 

In the early stage ofthis study, ten formulated ICAs samples were prepared as 

shown in Table 3-2. The samples were prepared accordingly to a different 
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composition of nanomaterials, for instance, SNPs and a-CNTs and additional 

of MCC solution. The remaining material was the silver powder. This 

approach was used to study the effects of those compositions on rheological 

properties, thermal properties, and electrical properties. Based on the optimize 

results from the mentioned analysis. There were 45 ICAs samples 

compositions as shown in Appendix A were generated by response surface, 

three-level factorial, Design of Experimental (DOE) using Design Expert 6.0. 

This was used to study the effects of varying compositions of a-CNTs, MCC, 

and DGEBA on electrical conductivity. 
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Table 3-2: The formulation of different samples with different 

composition of polymer matrix and fillers 

 

Sample 

Matrix (wt%) Filler (wt%) 

DGEBA MCC SNPs / a-CNTs 

S1 40 0  1 (SNPs) 

S2 40 0  2 (SNPs) 

S3 40 0  4 (SNPs) 

S4 40 0  6 (SNPs) 

S5 40 0  8 (SNPs) 

S6 40 0  10 (SNPs) 

S7 35 5  10 (SNPs) 

S8 30 10  10 (SNPs) 

S9 40 0  1 (a-CNTs) 

S10 40 0  2 (a-CNTs) 

 

 

Firstly, theDiglycidyl Ether of Bisphenol-A(DGEBA) epoxy resin was 

added to the weighing dish and followed by silver powder and SNPs, a-CNTs, 

MCC solution.  The mixture was mechanically mixed for 30 minutes and 

sonicated for five minutes to ensure the materials to be thoroughly and 

homogeneously mixed into paste form. Finally, samples were mixed with the 

ratio of curing agent, ethylenediamine (EDA)to DGEBA is 0.088:1 (Appendix 

B) based on their stoichiometric quantities. The mixtures were placed inside a 
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mould and initial cured under the fume hood for approximately 24 hours. It 

wasthen heated at 100ºC in a vacuum oven for 2 hours.  

 

The rheological properties of ICAs were investigated using Physica 

MCR 301 controlled stress rheometer.The gelation studies were recorded by 

Dynamics Mechanical Thermal Analysis (DMTA) with convection heating 

system CTD 450 device, Physica MCR 301 controlled-stress rheometer from 

Anton Paar. Thermogravimetric analysis (TGA) of ICAs were carried out by 

using Mettler Toledo TGA/SDTA851 machine.The electrical conductivity of 

the ICAs was characterized by the bulk resistivity of cured ICAs using 

Keithley 4200.A flow chart for this study is shown in Figure 3-1. 
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Figure 3-1: Flow chart of the study 
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3.8 Rheometry 

 

In this work, an Anton Paar Physica MCR 301 controlled-stress rheometer was 

used to study the rheology behaviours of ICAs. A parallel plate with 25 mm 

diameter (PP25) was chosen in this test in order to minimize the effect of wall-

slip between the plate and samples. The gap between upper and lower plate 

was set to 0.5 mm. The measurement temperature was set to 25 
0
C. The 

temperature of the rheometer parallel plate was controlled by using the Peltier-

Plate system. There were a series of tests have been carried in order to confirm 

the flow character of ICAs, such as constant shear rate vs time; amplitude 

sweep; frequency sweep; hysteresis; three interval thixotropy test (3ITT); and 

creep recovery.The parameters used for each test are tabulated inTable 3-3 to 

Table 3-8. 

 

Table 3-3:Experimental parameters of constant shear rate test 

Experimental Values 

Constant Shear 

Rate (s
-1

) 

Number of 

measuring points 

Interval between 

measuring points (s) 

Overall 

Duration 

(s) 

25 20 6 120 
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Table 3-4: Experimental parameters of oscillatory stress sweep (OSS) test 

Experimental values 

Strain (%) 
Angular 

frequency (s
-1

) 

Number of 

measuring 

points 

Interval 

between 

measuring 

points (s) 

Overall 

duration (s) 

0.01 – 100 10 30 5 150 

 

 

Table 3-5: Experimental parameters of frequency sweep test 

Experimental values 

Strain (%) 
Angular 

frequency (s
-1

) 

Number of 

measuring 

points 

Interval 

between 

measuring 

points (s) 

Overall 

duration (s) 

0.1 0.1 – 100 30 5 150 

 

 

Table 3-6:Experimental parameters of hysteresis loop test 

Experimental Values 

Low 

Shear 

Rate (s
-1

) 

High Shear 

Rate (s
-1

) 

Number of 

measuring 

points 

Interval between 

measuring points 

(s) 

Overall 

Duration 

(s) 

1 10 20 20 5 200 
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Table 3-7: Experimental parameters ofThixotropytest 

Experimental Values 

Shear Rate 

(s
-1

) 

Number of measuring 

points 

Interval between 

measuring points (s) 

Overall 

Duration 

(s) 

0.25 4 4 5 20 

0.1 20 20 5 100 

10 10 10 0.5 5 

0.1 20 20 5 100 

 

 

Table 3-8: Experimental parameters of creep recovery test 

Experimental Values 

Constant  

Shear 

Stress 

(Pa) 

Number of 

measuring point 

Interval between 

measuring point (s) 

Overall 

Duration (s) 

5 20 20 6 240 

 

Before loading the sample to the Peltier plate, the sample was stirred 

for a few minutes to ensure homogenously of the paste. The sample was 

monitored using ‗Start Rheoplus‘ software. The geometry plate was lowered 

until it reached a gap of 0.5 mm from the bottom plate. The excess sample 

around the edge of the plate was trimmed using a spatula. Meanwhile, the 

sample was allowed to rest for about 60 seconds before starting the test. This 

ensured that the sample had reached its equilibrium state. Once the test was 

completed, the upper geometry plate was lifted up automatically by the 

computer to its original position. Before measuring another test, the parallel 
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plates were cleaned using ethanol to ensure that no leftover paste was brought 

forward to the next sample. New samples were used for each test. 

 

 

3.9 Thermal Behaviour ICAs by DMTA and TGA 

 

To study the gelation behaviour and weight loss of the newly formulated ICAs, 

Dynamic Mechanical Thermal Analysis (DMTA) and Thermogravimetric 

Analysis (TGA) were used. 

 

3.9.1 Dynamic Mechanical Thermal Analysis (DMTA) 

 

DMTA was used to determine the storage modulus, (G’) and loss modulus, 

(G”) as a function of temperature, frequency or time. From the tests, the 

gelation temperatures of each specimen were obtained from the cross-over 

point between storage modulus (G’) and loss modulus (G”) curves. The Anton 

Paar Physica MCR 301 controlled stress rheometer with convection heating 

system CTD 450 was used to perform DMTA test of the formulated ICAs. 

Four grams of test samples were prepared for the test. Parallel plate geometry 

was chosen by using the disposable dish and plate. The gap between the 

disposable dish and plate was set to 0.5 mm. The temperature ramp test was 

chosen and all samples were initially uncured. A constant frequency of 1 Hz 

was used for all samples. The temperature ramp rate was set as 5 ℃/min, and 

the temperature range was set from 50 ℃  to 130 ℃ . The experimental 

parameters are summarised inTable 3-9.  
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Table 3-9: Experimental parameters for the DMTA test 

Experimental values 

Strain (%) 0.01 - 10 

Frequency (Hz) 1 

Temperature ramp rate (℃/min) 5 

Temperature range (℃) 50 – 130 

Number of measuring points 201 

Interval between measuring points (min) 0.2 

Overall duration (min) 40.2 

 

 

3.9.2 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis was used to identify the changes in physical and 

chemical properties of the specimen as the function of temperature. TGA is 

usually used for compositional analysis, kinetic studies, material 

characterization and thermal stability of the specimen. The samples which 

characterized by TGA, recording the weight loss or gain due to decomposition, 

oxidation or volatility of the sample under thermal condition. The TGA curve 

was then analysed to obtain qualitative information on the thermal stability of 

formulated ICAs by performed range of temperature.  
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Thermogravimetric analysis (TGA) test was carried out by using 

Mettler Toledo, TGA/SDTA851 instrument. The scans were performed at a 

rate of 6 °C/min in the temperature range from 25 to 900 °C. Air flow was 

kept at a rate of 50 mL/min in all experiments. The sample mass for each 

experiment was not more than 15 mg. 

 

 

3.10 Measurement of Electrical Conductivity by Four-Points Probes 

 

In this research, the electrical properties of the ICAs were measured by the 

bulk resistivity of cured samples. The bulk resistivity of the 45 samples was 

determined with the aid of four points probe. The specimens were cast on a 

silicone mould and as shown in Figure 3-2. The length of the mould was 49.66 

mm, with a width of 7.46 mm and thickness of 3.24 mm. The probes were 

placed in a distance of 8.27 mm at the specimen, this is to measure the voltage 

that passed through the specimen at constant current, 0.105 A. The bulk 

resistivity was calculated usingequation (5) (Fan et al., 2011):  
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Figure 3-2:Schematic diagram of the test circuit for measuring bar 

specimen resistivity with the four-point probe method 

 
ρ =

𝑉𝑊𝑇

𝐼𝐿
 

 

(5) 

where, 

ρ = bulk resistivity, Ω⋅cm 

V = voltage, V 

I = current, 0.105 A 

W= T = L = length, mm 

WT/L = 0.2919cm 

WT/IL = 2.78 cm/A 

 

The bulk resistivity of the 45 ICAs samples were plotted using 

Polynomial Curve Fitting by MATLAB™. In order to reduce the errors on the 

resulted bulk resistivity data, curve fitting was applied. The numerical 

software of MATLAB™ computed the coefficients in the least squares 

method to best fit the data (Weisstein E., 2017). In the 3 surface fitting, the 
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data was fit by a polynomial function as shown in equation (6). In the 2D 

curve fitting, the data was fit by the second degree of polynomial as shown in 

equation (7).  

 

𝑓 𝑧 = 𝑎0 +  𝑎1𝑥 +   𝑎2𝑦 +  𝑎3  𝑥
2 + 𝑎4𝑥𝑦 +  𝑎5𝑦

2 

(6) 

𝑦 = 𝑏1𝑥
2 + 𝑏2𝑥 + 𝑏3 

(7) 

 

The polynomial coefficients vector, a and b were calculated by 

MATLAB. Then, the surfaces and curves of the bulk resistivity were plotted. 
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CHAPTER 4 

 

STUDY OF THE NANOSTRUCTURE OF SNPS AND A-CNTS 

 

 

4.1 Introduction 

 

In this chapter, characterization of SNPs and a-CNTs are discussed. In order to 

study the nanostructure of SNPs and a-CNTs, a few characterization methods 

were used.The results obtained from Field Emission Scanning Electron 

Microscopy (FESEM) and Energy-Dispersive X-ray spectroscopy (EDX); X-

ray Diffraction; UV-Visible; High-Resolution Transmission Electron 

Microscope (HRTEM); Raman spectroscopy and Fourier Transform Infrared 

Spectrometer (FTIR) were presented. 

 

 

4.2 Results and Discussion 

 

4.2.1 Characterization of synthesized Silver Nanoparticles (SNPs) 

 

Figure 4-1shows the X-ray diffraction pattern of SNPs synthesized by 

chemical reduction using sodium borohydride and silver nitrate. All peaks 

correspond to the pure silver metal with face centred cubic symmetry (JCPDS, 

no 04-0783)(Li et al., 2015). The reflections were indexed as (111), (200) and 

(220) with 2θ values of 38.1691, 44.3483 and 64.5150, respectively. The 

intensity of peaks reflected the high degree of crystallinity of the silver 
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nanoparticles. The high intense peak for FCC materials is generally (1 1 1) 

reflection, which is observed in the sample. The XRD shows that silver 

nanoparticles formed are crystallinein structure. 

 

 

Figure 4-1: X-ray diffraction patterns of synthesized SNPs 

 

The UV-VIS absorption spectra of synthesizedthe SNPs is shown 

inFigure 4-2. A strong absorption peak is observed at 402 nm when the 

frequency of the electromagnetic field is resonant with the coherent movement 

of electrons. Factors such as dielectric medium, particle size, and chemical 

surroundings significantly affect the absorption spectra. As reported by some 

researchers, the appearance of such a band in UV-VIS spectrum is a 

consequence of the excitation of surface plasmon resonance band (SPR) of 

spherical SNPs(Wani et al., 2011, Aswathy et al., 2011, Quang Huy et al., 

2013). However, based on Brown et al. (2000), the full width at half maximum 

(FWHM) from the UV-Vis data, is correlated to the diameter size of the 

colloidal nanoparticles. As stated, the 12 nm diameters of nanoparticles were 
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observed when the FWHM is more than 85 nm (Brown et al., 2000). In this 

study, the FWHM of colloidal SNPs is 120 nm. This indicates that silver has 

been successfully produced in nano range size. 

 

 

Figure 4-2: UV-Vis absorption Spectra of synthesized SNPs 

 

The size and its structure were further confirmed by FESEM. Figure 

4-3 shows the microstructure of synthesized SNPs. The surface morphology of 

SNPs is spherical and the average size of particles is 15.13 nm. However, the 

SNPs tend to agglomerate into larger size, some are more than 100 nm. 

 

The spectrum obtained from EDX studies is shown inFigure 4-4. It is 

found that high content of silver was present in the examined sample. The 

peaks can be identified at 3.0, 3.2, and 3.4 keV. These peaks correspond to the 

binding energies of silver at Ag 𝐿𝛼 , Ag 𝐿𝛽 , and Ag 𝐿𝛽2 , respectively (Quang 

Huy et al., 2013, Majeed Khan et al., 2011). There are no other element peaks 
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weredetected. Thus, the EDX profile of the sample has shown that the 

synthesized SNPs are of pure silver with no oxide. 

 

 

Figure 4-3: FESEM images of synthesized SNPs 

 

 

Figure 4-4: X-ray spectra obtained by EDX analysis on the synthesized 

SNPs sample 



 

56 

 

 

4.2.2 Characterization of synthesized amorphous carbon nanotubes 

(a-CNTs) 

 

Figure 4-5 shows the XRD pattern of untreated a-CNTs and treated a-CNTs. 

In the diffractogram of the untreated a-CNTs, a small bump can be observed at 

26 
o
. This broad peak indicates the amorphous structure of the synthesized 

CNTs, which is similar to related findings (Xiong et al., 2004, Tan et al., 2012, 

Sarkar et al., 2015). However, all other peaks found from the untreated a-

CNTs are corresponded to ammonium chloride (JCPDS, no 07-0007)and 

aluminium (JCPDS, no 04-0787), respectively. The aluminium peaks were 

found to belong to the XRD sample holder. Whilst, the ammonium chloride 

salt was found as the untreated a-CNTs were surrounded by NH4Cl before 

treated with hydrochloric acid. Once treated and washed with 5 M HCl, the 

ammonium chloride peaks were no longer found as it is shown in Figure 4-5. 

A very broad peak can be seen in the treated sample. It is clearly shown that 

the synthesized carbon nanotubes are an amorphous structure.  
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Figure 4-5: X-ray diffraction patterns of untreated and treated a-CNTs 

 

The quality of the a-CNTs is indicated by Raman spectra shown in 

Figure 4-6. There are two characteristic peaks were observed deriving from 

the untreated and treated a-CNTs. It is corresponded to D and G bands of 

nanotubes, at around 1360 cm
-1

, 1580 cm
-1

, respectively. The D band shows 

the presence of defects such as sp
3
 carbon system, foreign atoms, and lattice 

distortions in the carbon structures (K.H. Tan et al. 2013, Yang et al., 2015). 

However, G band indicates the tangential modes of CNTs and relate to all sp
2
 

carbon system (Yang et al., 2015). The intensity ratios between the D band 

and G band (ID/IG ratio) were found to be 0.856 and 0.725 for untreated and 

treated a-CNTs, respectively. It has shown that untreated a-CNTs have higher 

ID/IG ratio due to more defects created after the chemical synthesizing process. 

A decrease in ID/IG ratio was found after washing with HCl, indicating a 

higher quality of nanotubes. 
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Figure 4-6:Raman spectra of the treated and untreated a-CNTs 

 

Figure 4-7 shows the FTIR analysis of treated and untreated a-CNTs. It 

can be observed that more peaks are found in untreated a-CNTs, which are 

1378, 1652, 1726, 2810, 2988 and 3110 cm
-1

. The peak at 1378 cm
-1

 shows 

the O-H group due to the chemical reaction process (Sankal and Kaynak, 

2013). The peaks at 1652 cm
-1

 and 1726 cm
-1

 indicate the presence of C-C and 

C=O, respectively. (Roy et al., 2013, Sankal and Kaynak, 2013, Mombeshora 

et al., 2015). The peaks from 2800 ~ 3500 cm
-1

 are assigned to O-H bonds 

associated with hydroxyl groups (Roy et al., 2013). In the treated a-CNTs 

spectrum, the prominent groups of C=O at 1726 cm
-1

 disappeared. This is due 

to the double bond being attacked by HCl. However, it can be seen that lesser 

peaks are identified in treated a-CNTs and O-H group is present at 3400cm
-1

. 

It is suggested that various hydroxyl moieties at the carbon surface were 

introduced during purification process (Yudianti et al., 2011). It can be 
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observed that IR shifted towards lower wave number side. This shifting is due 

to the presence of hydrogen bonding at 3400 cm
-1

. Thus, it can be suggested 

that treated a-CNTs are fewer contaminants. These results are agreement with 

the XRD and Raman results.

 

Figure 4-7:FT-IR spectra of the treated and untreated a-CNTs 

 

Figure 4-8 shows the FESEM image of untreated and treated a-CNTs. 

A bundle of nanotubes with the tube size that less than 100 nm and the 

average length of 5 µm can be observed. Additionally, the nanotubes are 

surrounded by small spherical contaminants. Figure 4-9shows the FESEM 

images and EDX mappings of untreated and treated a-CNTs. It can be seen 

that the nanotubes are free of chloride (Cl) and iron (Fe) impurities after 

treatment with HCl. From the result of EDX mapping analysis, the weight 

percentages of chloride and iron elements in untreated a-CNTs are 54.8 wt% 

and 12.7 wt%, respectively. After treatment, the weight percentages reduced to 
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(Cl) 1.5 wt% and (Fe) 0.2 wt%. This is in agreement in XRD result, as 

untreated a-CNTs are the presence of chloride compounds. 

 

 

Figure 4-8:FESEM image of (a) untreated and (b) treateda-CNTs 

 

 

Figure 4-9:FESEM images and EDX mappings of untreated and treated 

a-CNTs 

 

Figure 4-10 shows an HRTEM image and SAED of treated a-CNTs. 

The diameter of the nanotubes is around 80 nm, which is in agreement of 

FESEM result. The SAED depicts the ring and blue pattern of the nanotubes. 
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It can be suggested that CNTs are not a crystallize structure and but an 

amorphous CNTs. This result agrees with the XRD result. 

 

 

Figure 4-10:HRTEM image of treated a-CNTs and SAED of the nanotube  
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CHAPTER 5 

 

STUDY OF THE RHEOLOGICAL BEHAVIOUR 

 

 

5.1 Introduction 

 

In this study, an Anton Paar Physica MCR 301 controlled-stress rheometer 

was used to study the rheology behaviours of ICAs samples. A series of tests 

were carried in order to study the flow character of SNPs and a-CNTs filled 

ICAs, for instance, constant shear rate vs time; amplitude sweep; frequency 

sweep; hysteresis; three interval thixotropy test (3ITT) and creep recovery. 

The results obtained from each test are discussed accordingly. 

 

 

5.2 Results and Discussion 

 

5.2.1 Viscosity Test 

 

Figure 5-1 andFigure 5-2 show the transition ofthe viscosity of the ICAs 

sample at the constant shear rate of 25 s
-1

. The viscosity of all samples remains 

stable after two minutes. The highest viscosity can be observed in S7 and S8, 

in average among the rest. It can be suggested that incorporate with MCC, the 

viscosity increase around 30 % as compared to those without MCC solution. 

The fluctuation value of S8 at the first 40 seconds may be due to a rheopexy 

fluid. It is then further confirmed by hysteresis and thixotropy test. While the 

viscosity of the rest of the samples is ranging between 6.5 to 8.5 Pa.s. The 
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viscosity of the ICAs increases when adding with MCC due to the movement 

was blocked in the matrix macromolecular chains. Under the preliminary 

procedural conditions used to further evaluate the rheological behaviour of 

new ICAs formulations samples, it can be seen that, when added with the 

small percentage of nanomaterials to the ICAs, the viscosity is low (Leong, 

2016). This will enhance particle-to-particle interactions and increase the 

resistance to flow.
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Figure 5-1: Constant shear rate measurement of S1, S2, S3, S4 and S5
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Figure 5-2: Constant shear rate measurement of S6, S7, S8, S9 and S10
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5.2.2 Oscillatory Stress Sweep Stress (OSS) Test 

 

Figure 5-3and Figure 5-4 indicate the storage modulus (G’) and loss modulus 

(G”) against the strain of the ten formulated samples.The graphs display a 

linear of the storage modulus, G’ and loss modulus, G” at low strain, followed 

by a sharp decrease when the system passes from linear to a nonlinear 

viscoelastic regime, where S1, S7, S8 and S10 display that G’ >G”. This 

reveals that the elastic property is predominant with increasing of filler content 

such as MCC solution and a-CNTs in this case (Pal, 2005). It can be seen that 

S1 and S8 have higher storage modulus, G’ among the rest. In S1, SNPs levels 

are just 1 wt%. This small amount of nanoparticles does not have significant 

effect on the ICAs system. The graphs are similar to the results found in Lam 

(2011). Moreover, in S8, when higher MCC is incorporated to the ICAs 

system, higher storage modulus, G’ can be observed clearly. This indicates 

that MCC plays an important role in stabilize the mixture of fillers in polymer 

matrix. In S10, where 2 wt% of a-CNTs was added and the elastic property is 

prevailed. As known, the elastic properties should dominate during printing 

process. It is suggested that 1 wt% SNPs content, a-CNTs and MCC in ICAs 

system, indicating a better contact within fillers and polymer matrix (Irfan and 

Kumar, 2008, Lam, 2011). 

 

On the other hand, when higher SNPs content was loaded to ICAs 

system, which is more than 2 wt%, loss modulus, G” >storage modulus, G’ 

can be seen clearly in the graphs. The samples predominantlydemonstrate 
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viscous behaviour throughout the test. As reported byIrfan and Kumar (2008), 

this is considered as weakly structure and sedimentation can be occurred 

easily. Based on Choi and Lee (2005) results, the SNPs is not well adsorbed 

on polymers if the mixture temperature is less than 45 
0
C. In the non-linear 

region, the G’ and G”gradually decrease and the paste structure starts to break 

down, causing a more liquid-like behaviour (Durairaj et al., 2006, Durairaj and 

Man, 2011). 
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Figure 5-3: Storage modulus (G’) and loss modulus (G”)against strain of S1, S2, S3, S4 and S5 
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Figure 5-4: Storage modulus (G’) and loss modulus (G”) against strain of S6, S7, S8, S9 and S1
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Table 5-1: Linear visco-elastic region’s range of ICAs samples 

Sample Linear Visco-elastic Region's Range (Strain %) 

S1  Up to 0.611 

S2 Up to 0.236 

S3 Up to 0.324 

S4 Up to 0.125 

S5 Up to 0.125 

S6 Up to 0.324 

S7 Up to 0.171 

S8 Up to 0.236 

S9 Up to 0.611 

S10 Up to 0.839 

 

From the test results, the linear visco-elastic region (LVER) was 

determined and tabulated in Table 5-1. Since the structural properties are best 

related to elasticity, the length of the LVER of the elastic modulus (G”) is 

used to measure the stability of a sample's structure. A long LVER shows a 

well-dispersed and stable system. S10 denote the longest LVER and indicate a 

well-dispersed and stable system (Bao et al., 1998, Lam, 2011, Koe, 2012). 

Meanwhile, the G’ is slightly larger than G” within the LVER of S10, it can 

be suggested that nanotubes are strongly associated, so sedimentation is 

unlikely to occur. This is in agreement with other research studies (Durairaj et 

al., 2006, Durairaj and Man, 2011). Thus, it indicates that incorporate with a-
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CNTs, the system is more stable. This is because a-CNTs have extreme aspect 

ratios and mix well with others in ICAs. 

 

Table 5-2: The relative magnitude of loss modulus, G” and storage 

modulus, G’within LVER 

Sample 

Storage Modulus, 

G‘, (Pa) 

Loss 

Modulus, 

G‖, (Pa) 

 

G‖/G‘ 

S1 14900 1190 0.07987 

S2 259 380 1.46718 

S3 260 446 1.71538 

S4 476 546 1.14706 

S5 165 378 2.2500 

S6 254 433 1.70472 

S7 1020 890 0.87255 

S8 10200 2060 0.20196 

S9 238 326 1.36975 

  S10 368 353 0.95924 

 

The tackiness of the paste can be determined by the ratio of G’’/G’, as 

shown in Table 5-2. S1 and S8 have the lowest ratio of G’’/G’, followed by S7. 

The lower ratio of G’’/G’displays that the paste is very tackiness and could 

result in poor withdrawal and unsuitable for screen printing (Durairaj et al., 

2009, Durairaj and Man, 2011, Phair and Kaiser, 2009).However, the rest of 

the samples possess a higher ratio of G’’/G’, indicating that those pastes are 
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less stickiness or less tackiness of ICAs. Both a-CNTs and the higher 

percentage of SNPs may be suitable for screen printing process as they are less 

cohesive. In spite of that, based on the results of LVER, a-CNTs samples are 

slightly more dominated due to larger LVER and sedimentation would less 

likely to occur.   

 

5.2.3 Frequency Sweep Test 

 

Figure 5-5 and Figure 5-6show the frequency sweep tests of the ICAs. 

The 0.1 % strain was used as it is within the linear viscoelastic region (LVR) 

for all formulated samples from the oscillatory stress results (Moakes et al., 

2015). The trend of the graphs indicates that G‖ is larger than G‘ for most of 

the samples, except for S8 and S10 at low frequency. However, if an ICA 

system has loss modulus, G‖ that higher than storage modulus, G‘, it is 

considered a weak structure with a high possibility of sedimentation (Hong et 

al., 2013, Lam, 2011, Mir and Kumar, 2008). Meanwhile, S8 and S10 show G‘ 

as slightly bigger or similar to G‘‘ at 0.259 rad/s. Hence, from the results, it 

can be suggested that the aid of MCC solution and a-CNTs may slightly 

improve the dispersion behaviour of the ICAsystem.  
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Figure 5-5: Frequency sweep test results of S1, S2, S3, S4 and S5 
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Figure 5-6: Frequency sweep test results of S6, S7, S8, S9 and S10 
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5.2.4 Hysteresis and Three Interval Thixotropy Test (3ITT) 

 

Figure 5-7 andFigure 5-8 show the hysteresis loop of all samples. In the 

hysteresis loop test, the shear rate was increased from 1 to 10 s
−1

 and then 

decreased from 10 to 1 s
−1

. The decrease in viscosities of all the samples with 

increasing of shear rate can be observed in the graphs.This is in agreement by 

some researchers‘ works (Bell et al., 1987, Morissette et al., 2001, Hoornstra 

et al., 1997). This phenomenon is called pseudoplastic behaviour and indicates 

a decreasing viscosity with an increasing shear rate. This indicates that the 

samples experienced shear thinning in nature and its structure underwent 

changes due to destructive of flocculation in suspensions (Durairaj et al., 

2009). ICAs samples appear to have very densely packed particles and close 

contact with continuous interactions between particles.  However, all of the 

samples show hysteresis loops except for S8 which the hysteresis loop is 

indefinite.  

 

The area within the hysteresis loop represents the energy consumed in 

structure breakdown. It can be seen that S5 has the largest hysteresis loop. The 

largest area enclosed by the hysteresis loop in the S5 indicates that this sample 

underwent a large structural breakdown. Conversely, S9 and S10 show the 

smallest hysteresis loops. The smaller hysteresis loop area demonstrates that 

the structure within the inter-particles (a-CNTs) and composite materials in 

ICAs would recover at a much faster speed as compared to bigger hysteresis 
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loop area (Durairaj, 2011). The region in between the upward curve and 

downward curve in hysteresis curve is evidence of the thixotropic behaviour 

of the paste ((Durairaj, 2011, Lam, 2011). The steady shear rate was then 

further investigated by three interval thixotropy test (3ITT) in order to study 

the structure recovery properties. 

 

Figure 5-9 and Figure 5-10 illustrate the steady shear rate of all the 

samples. All samples experienced the thixotropy behaviour as the viscosity of 

the samples declines over time upon application of a higher constant shear rate 

at 10 s
-1

. The viscosities of all the samples gradually increase after the shear 

rate is removed to 0.1 s
-1

. However, for S8, there is a peak at the first interval 

at 0.1 s
-1 

and exhibits that viscosity increases under an imposed shearing action. 

This phenomenon is called rheopexy (Altman et al., 2015). Rheopexy is the 

rare property of some non-Newtonian fluids to display a time-dependent 

increase in viscosity. The rheopexy fluid can thicken when shaken or agitated. 

It is worth noting that S8 indicates both thixotropy and rheopexy behaviour. 

This is due to the higher percentage of MCC solution (10 wt%) has 

participated in the cross-linking reaction and leading to the polymerisation of 

DGEBA epoxy resin. Meanwhile, Dulina et al. (2015) explained that the 

existence of rheopexy is explainable with strong interaction between 

elementary structural clusters consisting of nanoparticles with polymers 

tailored into its net. In such way, MCC hinders the movement of the matrix‘s 

micro-molecular chain, resulting in higherviscosity. 
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Figure 5-7: Hysteresis test results of S1, S2, S3, S4 and S5 
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Figure 5-8: Hysteresis test results of S6, S7, S8, S9 and S10 
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Figure 5-9: Steady shear rate testof S1, S2, S3, S4 and S5 
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Figure 5-10: Steady shear rate testof S6, S7, S8, S9 and S10 
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 In this 3ITT test, the samples were subjected to low and high shear 

rates over a period of time, and the recovery index of the sample can be 

calculated by (3). The percentage of the recovery after the shear rate was 

removed is tabulated in Table 5-3.  

 

Table 5-3: Viscosity recovery in percentage after shear rate was removed 

Sample 

Shear interval 

(breakdown) 

region (Pa.s) 

Recovery interval 

(build up)region 

(Pa.s) 

Recovery Index 

(%) 

1 96 79 82.3 

2 91 77 84.6 

3 89 74 83.1 

4 99 84 84.8 

5 105 87 82.9 

6 96 77 80.2 

7 253 181 71.5 

8 450 358 79.6 

9 150 137 91.3 

10 134 121 90.3 

 

InTable 5-3, all recovery indexes is more than 70%. It is worth noting 

that a sample is considered to have a good thixotropic behaviour if itsrecovery 

index is at least 70%(Patel and Dewettinck, 2015).Based on the calculated 

results, the ICAs with a-CNTs experienced the highest recovery index among 
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all samples. This is attributed to a-CNTs in the ICAs sample that leads to 

strong interaction between polymer matrix and filler. It is believed that the 

dispersion of 1D a-CNTs in the polymer matrix enhanced adhesion between 

fillers and polymer matrix. The nanotubes tend to fill up the spaces in between 

the resins and filler, which provides the paste highly elastic behaviour.  

 

 

5.2.5 Creep Recovery 

 

Figure 5-11 and Figure 5-12 show graphs of strain as a function of time in all 

the formulated samples at 5 Pa constant shear rate for two minutes. The stress 

was then removed, and the change of strain was monitored until 240 s. It can 

be seen that the trends of creep recovery of all samples are similar, as the 

strain increases with time and drops after the stress was removed. The creep 

recovery index was calculated by using(4) and tabulated inTable 5-4. The 

measured creep recovery index demonstrates that the ratio between J3/J2is less 

than 1. This can be suggested that there is some amount of recovery and thus a 

lower tendency to slump (Nguty et al., 1998).It can be observed that S7, S8, 

S9, and S10 have a lower ratio ofJ3/J2 as compared to those samples with 

SNPs filler. However, S8 has the lowest creep recovery index and a greater 

ability to recover once stress is removed. This is due to the higher weight 

percentage of MCC solution that lowers the tendency to slump on the sample. 

Secondly, it can be due to S8 sample experienced both rheopexy and 

thixotropy behaviourwhich lower the tendency to collapse. Moreover, the 

creep recovery results are in the agreement with the hysteresis and 3ITT where 



 

83 

 

S7 and S9, and S10 (a-CNTs and 5 wt% MCC solution) display the good 

thixotropy behaviour with lesser tendency to slump than SNPs samples. 
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Figure 5-11: Creep recovery testof S1, S2, S3, S4 and S5 
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Figure 5-12: Creep recovery testof S6, S7, S8, S9 and S10 
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Table 5-4: Creep Recovery Index for All ICA Samples 

Sample 

Initial 

strain, J1 

Recovery 

strain, J2 

End point of 

strain, J3 

Creep recovery 

index, J3/J2 

1 0.654 1.9 1.87 0.984211 

2 0.767 1.93 1.91 0.989637 

3 0.685 1.87 1.85 0.989305 

4 0.684 1.73 1.71 0.988439 

5 0.506 1.28 1.26 0.984375 

6 0.501 1.57 1.55 0.987261 

7 0.165 0.464 0.445 0.959052 

8 0.0231 0.0432 0.0339 0.784722 

9 0.523 1.12 1.06 0.946429 

10 0.362 0.784 0.731 0.932398 
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CHAPTER 6 

 

STUDY OF THE THERMAL STABILITY AND GELATION POINTS 

 

 

6.1 Introduction 

 

The thermal stability and gelation temperature of the new formulation ICAs 

samples were investigated using TGA and DMTA, respectively. These are to 

study the influence of SNPs, a-CNTs and MCC solution to the gelation points 

and weight changes of ICAs samples when the heat was imposed. The results 

obtained from TGA and DMTA are discussed.  

 

6.2 Results and Discussion 

 

6.2.1 Thermal Stability by TGA 

 

Figure 6-1 and Figure 6-2show the plots of weight change of the ICAs versus 

the temperature by TGA. The TGA resultsindicate the same trend of the curve 

which represents the thermal decomposition at the different temperature up to 

550 
0
C. It can be observed that there are three main stages of decomposition of 

the formulated ICAs occurred during the heating process up to 550 
0
C. The 

first stage of decomposition occurred at 100 ~ 150 
0
C, followed by the second 

stage at 250 ~ 300 
0
C, and the final stage at 340 ~ 550 

0
C. 
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The first stage of weight loss which occurs at the temperature range 

100 ~ 150 
0
C, which is due to loss of moisture. This step is attributed to the 

elimination of water or solvents which content in the chemical. Besides that, 

the weight loss occurs after 100 
0
C, and this indicated that removal of water 

molecules from the ICAs. From 100
0
C to 150 

0
C, weight loss is due to the 

removal of labile oxygen functional groups: CO, CO2, and possibly remaining 

water molecules. 

 

Weight loss was observed at the second stage from 250 to 300 
0
C for 

all ICAs samples, which is around 20%, this is due to the secondary hydroxyl 

group of the propyl chain in epoxy resin and the formation of unsaturated C-C 

bonds.  

 

After that, the weight loss in the range 360-537 
0
C may be due to the 

breakdown of the methylene linkage group (Saito et al., 1968). While the 

highest weight loss occurs within this range which due to the degradation of 

the chemical bond of DGEBA and loss of bisphenol-A group (Nieu et al., 

1996).  

 

From the TGA analysis, it can be suggested that all the formulated 

ICAs samples are thermally stable when the temperature is more 550 
0
C 

expect for S1, S2 and S8. In the TGA results of S1 and S2, weight gain 

occurred from 600 
0
C and continued up to 900 

0
Cwith a weight gain of 5 %. It 

is due to oxidation can easily occur on the ICAs samples at low weight 

percentage of SNPs content.In S8, the presence of hydroxyl groups in the 



 

89 

 

cellulose should be the reason behind the poor thermal stability after 550 
0
C. 

The ICAs still change its weight as more hydroxyl group (higher weight 

percentage of MCC) that attached to the matrix decompose at the higher 

temperature.  
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Figure 6-1: Thermogravimetric analysis curve ofS1, S2, S3, S4 and S5 
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Figure 6-2: Thermogravimetric analysis curve ofS6, S7, S8, S9 and S10 
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6.2.2 Gelation Study by DMTA 

 

Figure 6-3 and Figure 6-4show the storage modulus (G’) and loss modulus 

(G”) against thetemperature of the ten formulated samples. The gelation point 

was obtained from the crossover values of the G’and G” from the graphs and 

tabulated in Table 6-1. It can be noticed that the gelation temperature 

decreases with increasing of SNPs contents (8 wt% and 10 wt%). This has 

shown that incorporated with SNPs, the transition from liquid-like behaviour 

to solid-like behaviour can occur at the lower temperature, which is below 80 

0
C.Moreover, with the aid of MCC solution and just 2 wt% of a-CNTs, the 

gelation temperature is also low, which is less than 90 
0
C.Thus, those samples 

with lower gelation temperature are suggested to have faster cure rates (Shukla 

and Rao, 1984, Rao and Pourassamy,1976). This is supported by the gelation 

study from previous research by Rao and Pourassamy (1976) and Shukla and 

Rao (1984), both of which indicated that gelation temperatures decrease when 

the filler loading increases. 

 

However, from Table 6-1, it can be clearly observed that there are 

some discrepancies in the results which are not correlated to the research 

studies by Rao and Pourassamy (1976) and Shukla and Rao (1984). One 

possible reason for this could be due to the sedimentation that happens after 

the mixing of the sample. This is in agreement of results shown in rheological 

studies. The inhomogeneous mixture and poor dispersion of the filler might 
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have caused the existence of two different phase within the paste as well (Lam, 

2011). 

 

Based on the classical model by Flory and Stockmayer (Stauffer et al., 

1982), they suggested that concentration of the monomer is one of the 

important variables throughout the gelation process. In the current case, higher 

SNPs, which is more than 6 wt% and a-CNTs did play an important role in 

speeding the crosslinking process, it is due to the nanoparticles and nanotubes 

occupy the monomers as well as solvent molecules. A bond can be easily 

formed between neighbour monomers and the small clusters. SNPs and CNTs 

may permit the coordination of a vast number of ligands due to their extremely 

high surface area which fills the gaps between non-contacting silver powders 

(Dey, 2015, Kohinata et al., 2013, Chee and Lee, 2012, Peng et al., 

2008).Thus, the gelation temperature becomes lower in higher SNPs loading 

and low loading of a-CNTs. Moreover, a low gelation temperature is usually 

desired, as it may produce a lower curing temperature. 

 

 



94 

 

 

Figure 6-3: Storage modulus (G’) and loss modulus (G’’) against temperature of S1, S2, S3, S4 and S5 
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Figure 6-4: Storage modulus (G’) and loss modulus (G’’) against temperature of S6, S7, S8, S9 and S10 
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Table 6-1: Gelation points (𝑻𝒈𝒆𝒍) of crossover value of the storage 

modulus (G’) and loss modulus (G”) 

Sample Gelation point (ºC) 

1 96.825 

2 121.996 

3 101.078 

4 115.098 

5 70.736 

6 77.115 

7 82.061 

8 69.313 

9 97.216 

10 86.958 

 

FromTable 6-1, it can be seen that S2, S3 and S4 have higher gelation 

point, which is more than 100 
0
C, indicating that lower SNPs 

contentsdecreases the cross-link between the polymer matrix and silver 

powder.The contact area between silver powder and polymer matrix is 

reducing at lower SNPs contents(Mahanta et al., 2015, Jiang et al., 2006).It is 

suggested that in order to decrease the gelation points, sufficient SNPs should 

be added to the ICAs system. On the other hand, it is observed that with just 2 

wt% of a-CNTs, the gelation temperature is around 87 
0
C. A lower gelation 

temperature is usually desired as it will allow cross-linking and formation of 

the long network across the specimens to occur faster. It is suggestedthat with 



 

97 

 

the presence of a-CNTs(forming of 3-D networking), as cross-linking happens 

faster, the specimen will cure at a faster rate. For an example in multiwall 

carbon nanotubes (MWCNTs), tend to entangle in the form of curved 

agglomerates (Song and Youn, 2005). In higher loading of a-CNTs to 2 wt%, 

it would have more entanglement and leading to more cross-linkage and thus 

decreases in gelation point.  

 

Meanwhile, the highest percentage of MCC shows the lowest in 

gelation temperature. This is due to MCC hindering the movement of the 

matrix‘s micro-molecular chain and highest concentration of SNPs did play a 

role in decreasing the gelation temperature. Generally, the gelation point 

decreases as the MCC loading increases. The possible reason is that the 

cellulosic fillers in MCC solution. This can result in more intramolecular 

chains and thus cross-linking reaction could happen more easily. Due to the 

increase in cross-linking reaction, the gelation becomes lower. Besides, the 

increase in hydroxyl group in the MCC could contribute to the decrease in 

gelation point too. A research study by Varma et al. (1984) reported that 

hydroxyl groups in the cellulose might act as accelerators for the curing 

process. The gelation temperature of the epoxy curing reaction decreased 

when the concentrations of the cellulosic fillers increase as the hydroxyl 

groups increase (Varma et al., 1984). It is worth noting that higher 

crosslinking will lead to lower resistivity in ICAs (Lu and Wong, 2000).   
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CHAPTER 7 

 

ELECTRICAL CONDUCTIVITY 

 

 

7.1 Introduction 

 

Based on the finding from rheological behaviour, thermal stability and 

gelation points of the formulated ICAs, it can be observed that a-CNTs and 5 

wt% MCC solution show optimum results among the samples and better 

compatibility with epoxy. Thus, the effects of the different composition of a-

CNTs and MCC solution on electrical conductivity weremeasured by four-

point probes. The composition of a-CNTs was added from 0 ~ 3 wt%, the 

MCC was varied from 0 ~ 5 wt% and lastly, the DGEBA was 40 ~ 80 wt%. 

The remaining material is silver powder. The formulation of 45 samples was 

generated by Design Expert 6.0 as shown in Appendix A. The bulk resistivity 

of the ICAs samples were calculated by usingequation (5) and plotted inFigure 

7-1to Figure 7-8 using MATLAB™. The equations of each plot were 

generated by Polynomial Curve Fitting. 

 

7.2 Results and Discussion 

 

Figure 7-1 indicates the three-dimensional relationship of resistivity against 

MCC and DGEBA at 0 wt% of a-CNTs. This graph represents the overall 

potential relationship between the three variables. The concept behind 3D 

plots of the resistivity to MCC and DGEBA is that the three characteristics of 
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the data can be compared. At higher composition of DGEBA, which is 60 wt% 

and 80 wt%, higher resistivity can be observed clearly, indicating that the 

silver powder which added to the ICAs system is sufficiently low to boost its 

conductivity. Although a higher amount of a-CNTs was added, no significant 

change of the ICAs resistivity can be found. Moreover, it can be seen that with 

40 wt% of DGEBA, the resistivity is lower as compared to 60 wt% and 80 wt% 

of DGEBA.In order to have a better understanding of the relationship between 

the DGEBA and MCC composition with different amount of a-CNTs added 

that effecting the ICAs resistivity value, a Polynomial Curve Fittingby 

MATLAB™ was used to fit the data with polynomial equations. The 

polynomial surface functionis found in equation  

(8), where, xisDGEBA wt % andyisMCC wt %. The lowest resistivity can be 

observed clearly at 40 wt% of DGEBA.  

 

f(z) = -20.8304+ 0.6337 x + 0.6483 y -0.0044 x
2
-0.0171 x y + 0.0842 y

2
 

(8) 

 

In order to find the lowest electrical resistivity, curve fitting was done 

at 40 wt% of DGEBA. Figure 7-2 shows the curve fitting of electrical 

resistivity against MCC solution at 0 wt % a-CNTs and 40 wt% DGEBA. The 

curve fit equation was found in equation (9), where xisMCC. Where 
𝜕𝑦

𝜕𝑥
= 0 in 

equation (10), theminimum point can be seen at 1.4 wt% MCC, and the 

electrical resistivity is1.763 x 10
-3

Ω.cm.   

 

𝒚 = 𝟎.𝟏𝟗𝟕𝟔 𝒙𝟐 − 𝟎.𝟓𝟓𝟔𝟗 𝒙 − 𝟐.𝟑𝟔𝟏𝟓  
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(9) 

𝝏𝒚

𝝏𝒙
= 𝟎.𝟑𝟗𝟓𝟐 𝒙 − 𝟎.𝟓𝟓𝟔𝟗 

(10) 
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Figure 7-1: Electrical resistivity of ICAs at 0 wt% a-CNTs as function to MCC solution and DGEBA epoxy resin 
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Figure 7-2: Electrical resistivity of curve fitting vsMCC solution at 0 wt% a-CNTs. 
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Figure 7-3 indicates the three-dimensional relationship of ICAs 

resistivity against MCC and DGEBA at 1 wt% a-CNTs. Thepolynomial 

surface function was found in equation (11), where xisDGEBA wt % 

andyisMCC wt %.The lowest resistivity can be clearly observed at 40 wt% of 

DGEBA. 

 

f(z) = -21.0526 + 0.6725 x -0.5139 y -0.0049 x
2
 -0.0022 x y + 0.0602 y

2
 

(11) 

 

In order to find the lowest electrical resistivity, curve fitting was done 

at 40 wt% of DGEBA. Figure 7-4shows the curve fitting of electrical 

resistivity against MCC solution at1 wt % a-CNTs and 40 wt% DGEBA. The 

curve fit was found in equation (12), where xisMCC wt %.Where 
𝜕𝑦

𝜕𝑥
= 0 in 

equation (13), theminimum point can be observed at 3.1 wt% MCC, where the 

electrical resistivity is calculated as7.562 x10
-4 

Ω.cm.  

 

𝒚 = 𝟎.𝟏𝟒𝟕𝟗𝒙𝟐 − 𝟎.𝟗𝟏𝟎𝟕𝒙 − 𝟏.𝟕𝟏𝟗𝟓 

(12) 

 

𝝏𝒚

𝝏𝒙
= 𝟎.𝟐𝟗𝟓𝟖 𝒙 − 𝟎.𝟗𝟏𝟎𝟕 

(13) 
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Figure 7-3: Electrical resistivity of ICAs as a function of MCC solution and DGEBA epoxy resinat 1 wt% a-CNTs 
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Figure 7-4: Curve fitting of electrical resistivity vs MCC solution at 1 wt% a-CNTs 
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 Figure 7-5shows the three-dimensional relationship of ICAs resistivity 

against MCC and DGEBA at 2wt% a-CNTs. The polynomial surface function 

was found in equation (14), where xisDGEBA wt % andyisMCC wt %.The 

lowest resistivity can be clearly observed at 40 wt% of DGEBA. 

 

f(z) = -23.5758 + 0.7277 x + 0.2510 y -0.0052 x
2
 -0.0033 x y -0.0427 y

2
 

(14) 

 

Figure 7-6displays the curve fitting of electrical resistivity against 

MCC solution at2 wt % a-CNTs. The equation was found in equation (15), 

where xisMCC. The lowest electrical resistivity can be seen at 5 wt% MCC, 

where the electrical resistivity is5.523 x10
-4 

Ω.cm.   

 

y = -0.1066 x
2
 + 0.4899 x -3.0423 

(15)
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Figure 7-5: Electrical resistivity of ICAs as a function of MCC solution and DGEBA epoxy resinat 2 wt% a-CNTs 
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Figure 7-6: Curve fitting of electrical resistivity vs MCC solution at2 wt% a-CNTs. 
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 Figure 7-7indicates the three-dimensional relationship of resistivity 

against MCC and DGEBA at 3 wt% a-CNTs. The polynomial surface function 

was found in equation (16), where xisDGEBA wt % andyisMCC wt %.  

 

f(z) = -17.7161 + 0.5021 x + 1.3525 y -0.0033 x
2
  -0.0078 x y -0.1965 y

2
 

(16) 

 

Figure 7-8shows the curve fitting of electrical resistivity against MCC 

solution at3 wt % a-CNTs. The equation was found in equation (17), where 

xisMCC.The lowest electrical resistivity can be observed at0 wt% MCC, and 

the electrical resistivity is8.588 x10
-4 

Ω.cm.   

 

y = -0.3346 x
2
 + 1.6894 x -3.0661 

(17)
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Figure 7-7: Electrical resistivity of ICAs as a function of MCC solution and DGEBA epoxy resinat 3 wt% a-CNTs. 
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Figure 7-8: Curve fitting of electrical resistivity vs MCC solution at 3 wt% a-CNTs. 
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From the above results, the overall electrical resistivity varies from 0 to 

3 wt % of a-CNTs. The varying levels of a-CNTs, MCC and DGEBA did play 

a crucial role in electrical resistivity. However, there is no significant trend of 

the MCC with ICAs resistivity. It can be observed that by increasing the 

weight percentage of a-CNTs to 3 wt % at 40 wt % DGEBA, which is 57 wt % 

silver powder, resistivity reached 8.588 x10
-4 

Ω.cm. Additional a-CNTsgive 

higher number of contact points and resulting in higher conductivity. This is 

due to the different tube wall structures of the a-CNTs (composed of 

discontinuous graphene sheets and carbon clusters) incorporated well in 

between DGEBA polymer matrix and silver powder and thus enhances its 

conductivity (Zhao et al., 2014). It can be seen that at 5 wt% MCC solution 

with the addition of 2 wt% a-CNTs into the ICAs systems, the electrical 

resistivity is found to be the lowest at 5.523 x 10
-4 

Ω.cm. This suggested that 

the cellulosic fillers in MCC solution linked well with a-CNTs and boosted the 

electrical conductivity of the ICAs. This can result in more intramolecular 

chains and thus cross-linking reaction could happen more easily. 

 

The best formulated ICAs with very low resistivity 5.523 x 10
-4 

Ω.cm 

could enable the electrical interconnection between temperature-sensitive 

surface mounted devices and non-solderable.
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CHAPTER 8 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Introduction 

 

Isotropic conductive adhesives (ICAs) have attracted attention because of their 

unique properties. One of the main disadvantages of ICAs is the lower 

conductivity as compared to lead solder. This will limit its performance in 

many applications. In order to achieve higher conductivity, higher loading of 

silver has been incorporated into the ICAs system. However, the higher 

loading of silver fillers indirectly will deteriorate the mechanical strength. To 

increase the electrical conductivity while lowering the usage of silver powder 

filler, silver nanoparticles (SNPs) and amorphous carbon nanotubes (a-CNTs) 

were incorporated into ICAs systems.  

 

The aim of this research is to develop highly conductive formulated 

ICAs by adding the in-house prepared silver nanoparticles (SNPs) and 

amorphous carbon nanotubes (a-CNTs) while ensuring satisfactory 

characteristics based on their rheological properties, gelation behaviour and 

thermal stability. 

 

In this thesis, SNPs and a-CNTs were synthesized by chemical 

approaches. To purify the a-CNTs, it was treated by hydrochloric acid. SNPS 
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and a-CNTs were then reinforced into ICAs to form new formulations. For 

better dispersion of nanoparticles into the polymer matrix, microcrystalline 

cellulose (MCC) was added to the ICAs. The rheological behaviour, thermal 

stability and gelation points of the formulated ICAs has been carried out. 

Based on the optimum results, new ICAs formulations were generated by 

surface response and electrical conductivity was measured.It is concluded that:  

(1) SNPs and a-CNTs were successfully synthesized by chemical 

approaches.  

(2) The ICAs samples are considered to have a good thixotropic 

behaviour with the recovery more than 70 %. 

(3) All the formulated ICAs samples are thermally stable when the 

temperature is more 550 
0
C except sample with 10 wt% MCC 

solution. 

(4) For 5 wt% MCC solution with the addition of 2 wt% a-CNTs to the 

ICAs systems, electrical resistivity is 5.523x10
-4

 Ω.cm. 

 

The summary of the findings according to four research objectives are 

further discussed insubsequent sections. The first is to prepare the SNPs and a-

CNTs and before reinforcing into the newly formulated ICAs. A few 

characterizations are carried out to analyse the synthesized SNPs and a-CNTs. 

The second objective is to investigate the visco-elastic and thixotropy of the 

new formulation isotropic conductive adhesives (ICAs). The third is to study 

the gelation points and weight loss of the new formulation ICAs by dynamic 

mechanical thermal analysis (DMTA) and thermogravimetric analysis (TGA), 
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respectively. The last objective is to measure the electrical conductivity of the 

ICAs by four-point probes. 

 

 

8.2 Characterizationof Chemical Synthesized Silver Nanoparticles 

(SNPs) and Amorphous Carbon Nanotubes (a-CNTs) 

 

A few characterization methods were used such as ultraviolet–visible 

spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), X-

ray diffraction (XRD), Raman Spectroscopy, field emission scanning electron 

microscope (FESEM), energy dispersive X-ray (EDX) and high-resolution 

transmission electron microscopy (HRTEM) to determine the size, 

morphology and structure of SNPs, treated a-CNTs and untreated a-

CNTs.Based on the XRD results, the peaks of SNPs synthesized correspond to 

the pure silver metal with face centred cubic symmetry (JCPDS, no 04-0783). 

The surface morphology of SNPs is spherical, and the average sizes of 

particles are found to be 15.13 nm. However, the SNPs tend to agglomerate 

into larger size, with some reaching more than 100 nm.  

 

For the synthesized a-CNTs, the XRD results show that the 

synthesized carbon nanotubes are an amorphous structure. Based on the 

Raman spectra, the untreated a-CNTs have higher ID/IG ratio due to more 

defects created after the chemical synthesizing process. A decrease was found 

in the ID/IG ratio after washing with HCl, indicating a higher quality of 
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nanotubes. From the result of EDX mapping analysis, the weight percentages 

of chloride and iron elements in untreated a-CNTs are 54.8 wt% and 12.7 wt%, 

respectively. After treatment, the weight percentages reduced to (Cl) 1.5 wt% 

and (Fe) 0.2 wt%. The SAED shows the ring and blue pattern of the nanotubes. 

It can be suggested that CNTs are not a crystallize structure and but an 

amorphous CNTs. This result agreed with the XRD result.  

 

It is worth noting that based on the experimental results, the SNPs and 

a-CNTs were successfully synthesized by chemical approaches. They were 

then reinforced into new ICAs formulations to study its rheological behaviours.  

 

8.3 Investigation of the visco-elastic and thixotropic properties of the 

new formulation isotropic conductive adhesives (ICAs) 

 

A series of tests were carried in order to study the flow character of SNPs and 

a-CNTs filled ICAs, for instance, constant shear rate vs time; amplitude sweep; 

frequency sweep; hysteresis; three interval thixotropy test (3ITT) and creep 

recovery. In the viscosity test, all the sample were undergone shear thinning 

behaviour. The shear thinning behaviour of paste materials is typically 

suggested that the particles adopting a more flow-oriented arrangement 

through a viscous fluid. The linear visco-elastic region (LVER) was found 

within the 0.1 % strain. The sample incorporated with a-CNTs had the longest 

LVER and indicate a well-dispersed and stable system. In the larger length of 

LVER, the pastes are more stable and well-dispersed in suspensions. 
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The ICAs samples are considered to demonstrate good thixotropic 

behaviour with the recovery more than 70 %. When the thixotropic fluid is 

subjected to the higher shear rate (for instance, mixture of squeegee pressure, 

velocity or screen tension), the paste turns significantly thinner and resulting 

in the more steadily flow. Amorphous-CNTs and 5 wt% MCC solution display 

the good thixotropy behaviour with less tendency to slump as compared to 

SNPs samples. It is worth noting that excellent thixotropy is essential for good 

processability or printability that indicating low viscosity at the higher shear 

rate. 

 

8.4 Study of the gelation points and weight loss of the new 

formulation ICAs 

 

The thermal stability and gelation temperature of the new formulation ICAs 

samples were investigated using TGA and DMTA, respectively. From the 

results of thermal analysis of the new ICAs formulations, it can be suggested 

that all the ICAs samples are thermally stable when the temperature is more 

550 
0
C expect for S1, S2 and S8. It can be noticed that the gelation 

temperature decreases with increasing of SNPs contents (8 wt% and 10 wt%). 

This has shown that incorporated with SNPs, the transition from liquid-like 

behaviour to solid-like behaviour can occur at the lower temperature, which is 

below 80 
0
C. Moreover, with the aid of MCC solution and just 2 wt% of a-

CNTs, the gelation temperature remained low at less than 90 
0
C.Thus, those 
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samples with lower gelation temperature are suggested to have faster cure 

rates. The higher weight percentage of SNPs, a-CNTs and MCC do act in a 

way in forming a barrier and block the movement of DGEBA. As the result, 

the crosslinking increases at a faster rate, lowering the gelation temperature of 

the ICAs.  

 

8.5 Measurementof the electrical conductivity of the ICAs 

 

The effects of the different composition of a-CNTs and MCC solution on 

electrical conductivity were measured by four-point probes. The varying levels 

of a-CNTs, MCC and DGEBA did play a crucial role in electrical resistivity. 

However, there is no significant trend of the MCC with ICAs resistivity. It can 

be observed that by increasing the weight percentage of a-CNTs to 3 wt % at 

40 wt % DGEBA, which is 57 wt % silver powder, resistivity reached 8.588 

x10
-4 

Ω.cm. It can be seen that for 5 wt% MCC solution with the addition of 2 

wt% a-CNTs to the ICAs systems, the electrical resistivity is around 5.523x10
-

4
 Ω.cm. This suggests that in-house prepared a-CNTs reduce the electrical 

resistivity. 

 

8.6 Recommendations 

 

In this thesis, synthesized CNTs were prepared in amorphous form. The 

electrical resistivity which can be achieved is at 5.523x10
-4

 Ω.cm. It is clear 

that the a-CNTs leads to significant increase in electrical conductivity. 
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However, further research need to be conducted. Some potential 

improvements, recommendations and suggestions are as follows: 

 

1. The a-CNTs can be treated by adding a new functional group to the 

outer layer of a-CNTs to change its sidewalls. It can be done through 

an oxidation process for a-CNTs involving ultrasonic treatment in a 

mixture of concentrated nitric and sulfuric acid to decorate with a high 

density of oxygen which is mainly carboxyl groups. This is then 

followed by subsequent esterification or amidization of the carboxyl 

groups. With this new modification of a-CNTs, it can lead to a 

reduction of van der Waals interactions between the a-CNTs. It is 

suggested to separate the nanotubes bundles into individual tubes 

which will have more defined nanotubes. It is desired to incorporate 

the modified a-CNTs into the ICAs and further increase electrical 

conductivity. 

 

2. Based on the findings, there are a few advantages by adding the 

microcrystalline cellulose (MCC) into ICAs. However, some further 

works need to be conducted in order to study its mechanical properties. 

To date, few researchers have investigated the impact performance of 

MCC into ICAs. Drop tests should be carried out to evaluate its impact 

strength. The effect of thermal cycling on mechanical behaviour of 

MCC filled ICAs can be further investigated to generate in-depth 

knowledge on its reliability for long term performance. 
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3. Based on the lowest value of electrical resistivity found from this study, 

the optimum formulations paste can be placed on different PCB 

surface finishes to study the interfacial reaction between the PCBs 

interconnections. The growth behaviour of interfacial intermetallic 

compound (IMC) form would enhance knowledge of ICAs/ PCBs 

interactions to understand the reliability of ICAs interconnections from 

a metallurgical viewpoint. 
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APPENDICES 

 

APPENDIX A: Forty five ICAs samples composition generated by surface 

response. The remaining material is silver powder. 

 

Sample 

Matrix (wt%) Filler (wt%) 

DGEBA MCC a-CNTs 

S11 

 

40 5 

  

3 

S12 

 

60 2.5 

  

2 

S13 

 

60 2.5 

  

2 

S14 80 5 

 

2 

S15 80 2.5 

 

1 

S16 40 0 

 

2 

S17 60 2.5 

 

1 

S18 40 2.5 

 

1 

S19 80 0 

 

3 

S20 60 2.5 

 

3 

S21 80 0 

 

2 

S22 40 0 

 

3 

S23 60 5 

 

2 

S24 80 5 

 

3 

S25 60 5 

 

3 

S26 60 0 

 

3 

S27 40 5 

 

2 



 

137 

 

S28 60 0 

 

2 

S29 80 0 

 

1 

S30 80 2.5 

 

3 

S31 60 2.5 

 

2 

S32 40 0 

 

1 

S33 40 2.5 

 

2 

S34 60 2.5 

 

2 

S35 80 5 

 

1 

S36 60 0 

 

1 

S37 80 2.5 

 

2 

S38 40 2.5 

 

3 

S39 40 5 

 

1 

S40 60 2.5 

 

2 

S41 60 2.5 

 

2 

S42 60 5 

 

1 

S43 80 5 

 

0 

S44 80 0 

 

0 

S45 60 2.5 

 

0 

S46 80 2.5 

 

0 

S47 60 2.5 

 

0 

S48 60 2.5 

 

0 

S49 60 0 

 

0 
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S50 60 2.5 

 

0 

S51 60 5 

 

0 

S52 40 0 

 

0 

S53 40 2.5 

 

0 

S54 40 5 

 

0 

S55 60 2.5 

 

0 
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APPENDIX B: Preparation of the amount of ethylenediamine (EDA).  

 

In this study, it is desired to cross link a bisphenol A diglycidyl ether 

(DGEBA), C21H24O4 epoxy resin using ethylenediamine (EDA), C2H8N2. The 

EDA formula has 2 nitrogen atoms. In the epoxy molecule, there are two 

epoxy groups, the epoxy equivalent weight is therefore: = 340.42/2 = 170.21 

g·mol
−1

. 

 

The molar mass of DGEBA is 340.42g·mol
−1

 

 

The molar mass of EDA is 60.10 g·mol
−1 

 

There are 4 available hydrogens in the EDA molecule. The value of molecular 

weight of amine over the number of available hydrogens per molecule is: 

60.10 g·mol
−1

/4 = 15.025 g·mol
−1 

 

Parts by weight of amine to be used with 100 parts by weight of epoxy resin 

are: % = 15.025/170.21 x 100 = 8.827%. 

 

For 100g of epoxy, the amount of EDA curing agent to be used is: 8.8 g 

 

 


