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ABSTRACT 

In this dissertation, the contents were involved five chapters that discussed the design and 

analysis of graphene based network (HRGO, RGO, and RFG-AlNWs) nanofillers in epoxy 

polymer nanocomposites, as well as their multifunctional applications such as electrical 

conductivity, thermomechanical properties, and electromagnetic interference shielding 

application, etc. 

Firstly, epoxy resins owing to their high versatility from chemical and processing 

perspectives and hence their capability of being tailored for required properties that are used in a 

wide range of applications. However, the usage of electronic, electrical equipment and electronic 

packaging are still less. In this work, the structure of diglycidyl ether of bisphenol A (DGEBA) 

has a few drawbacks that lead to brittle failure, low impact resistance, and poor conductivity, 

which limit extensive application of DGEBA epoxy resin in various engineering applications. 

Modifier-polyetherimide (PEI) and graphene based nanofillers are incorporated to enhance the 

properties and energy dissipation mechanisms of the pristine DGEBA. These modifications result 

in appreciable improvement in the multifunctional DGEBA nanocomposites. 

Secondly, this work discussed the selective localization of nanofillers by different interfacial 

tension in polyblends, the effectiveness of curing reaction-induced phase separation (CRIPS) in 

the polyblend, and the interface and interphase in the polyblends. Meanwhile, the simple self-

assembly processing technology to incorporate graphene based network nanofillers in 

DGEBA/PEI by controlling its localization, the synergistic effect between nanofillers and the 

DGEBA/PEI polyblend and the technique of characterization have also been discussed. 

Thirdly, this work focused on a feasible and effective approach to building an electrically 

conductive and double percolation network-like structure via incorporating highly reduced 

graphene oxide (HRGO) into DGEBA/PEI polyblend. The evolution of the phase structure of 

DGEBA/PEI/HRGO nanocomposites was investigated by varying content of PEI. The 0.5wt.% 

HRGO delivered a high electrical conductivity in DGEBA/PEI polyblends, wherein the value 

increased from 5.03 × 10−16 S/m (neat DGEBA) to 5.88 S/m (DP30H). Due to selective 

localization behavior, an interconnected network of HRGO is formed in the phase-separated 
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structure of the DGEBA/PEI polyblend using the CRIPS technique. 

Then, the research focused on optimizing and analysis of DGEBA/PEI/RGO in various 

content of RGO. The selective interfacial localization of RGO was predicted numerically by the 

harmonic and geometric mean technique and further confirmed by field emission transmission 

electron microscopy (FETEM) analysis. Due to selective interfacial localization, the electrical 

conductivity was increased to 366 S/m with 3 wt.% RGO reinforcement (DP30R3). The 

thermomechanical properties of nanocomposites were determined by dynamic mechanical 

analysis (DMA). The storage modulus of 3 wt.% RGO-reinforced polyblend (DP30R3) exhibited 

an improvement of ~15%, and glass transition temperature (Tg) was 10.1 °C higher over neat 

DGEBA. Furthermore, the total shielding effectiveness (SET) was increased to 25.8 dB in the X-

band region, with only 3 wt.% RGO, which represents ~99.9% shielding efficiency. 

Furthermore, the research concentrated on fabricating an efficiently reduced hexylamine 

functionalized graphene oxide/ Aluminium nanowires (RFG-AlNWs) conductive network 

nanofiller in the DGEBA/PEI polyblend system. The Al nanowires were synthesized on the 

hexylamine functionalized graphene oxide substrate by a simple high temperature treatment 

process without any catalyst. Meanwhile, the morphology, electrical, thermal, and EMI shielding 

properties of RFG-AlNWs and its nanocomposites, as well as the selective localization of hybrid 

RFG-AlNWs nanofiller in the DGEBA/PEI, were discussed. 

Finally, the above results showed the graphene based network nanofillers (HRGO, RGO, and 

RFG-AlNWs) in DGEBA/PEI nanocomposites might have great potential in various applications, 

such as electronic coatings, EMI shielding, aerospace structural materials, and microelectronics  
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CHAPTER 1 Introduction  

In this chapter, the introduction of epoxy based multifunctional nanocomposites, fabrication 

of thermosetting-thermoplastic nanostructured blends, curing reaction-induced phase separation 

(CRIPS), and research technique of characterization, where the thermosetting polymer is the 

matrix, will be discussed. The issues of CRIPS and morphology shall be treated together with the 

properties of the blends and conclusions will be drawn. 

1.1.Development of Epoxy Based Composites 

The epoxy resins as one of the thermosetting polymers own unique properties for structural 

application and are widely used in adhesives, matrices of composites, and electronic 

encapsulating materials. However, these materials are inherent of brittle and low impact resistance 

due to their high crosslinking density structure, a great effort has been made to improve the 

fracture toughness. A widely used method for this purpose is the addition of second-phase 

polymeric modifiers to form a fine phase-separated morphology, these polymeric modifiers can 

be either elastomers or thermoplastics. Generally, the modified thermosets are prepared from a 

homogenous solution composed of the precursors of thermosets and the modifiers and reaction-

induced demixing occurs during the curing reaction. Over the past decades, great success has been 

achieved in this area. This chapter provides a comprehensive overview of the development in 

thermoplastic-toughened epoxy. First, we review the history of thermoplastic-toughened epoxy, 

Then, we summarize the factors affecting the toughening effect and mechanisms accounting for 

thermoplastic-toughened epoxy. Finally, we discuss some new trends in this field. Polymer-based 

nanocomposites have been extensively investigated as multifunctional and high-performance 

materials and their applications have been widely extended due to their tailored properties 

including damping capacity, thermal conductivity, flame retardancy, electrical conductivity and 

so forth [1-4]. 

With the addition of nanofillers, structural characteristics and fundamental physics involved 

can be distinguished from traditional polymer composites [5]. One significant difference is the 

predominant influence of interfaces in nanocomposites on the overall material properties. As 

interfaces become more spatially extensive and complex with reducing filler size[6], 



 

- 2 - 

 

characterizing and designing interfaces in nanocomposites have become a requisite for further 

optimizing materials performance. The preparation of rigid nanofiller foam which can withstand 

the hydrodynamic forces of resin infusion is not an easy task and further practical applicability 

for complex geometries is very difficult. Hence, a simple processing technology to develop epoxy 

resin-based effective EMI shielding materials with low loading of conducting nanofiller is 

extremely important. 

1.2.Polymer Blend Composites System 

1.2.1.Background and perspectives 

Polymer blend (polyblend) is a mixture of at least two polymers or copolymers. Polyblends 

are physical mixtures of two or more polymers with or without any chemical bonding between 

them. Polymer blending is the process of mixing two or more different polymers to form a new 

class of material with different physical properties [7]. Polymer blending technology also provides 

attractive opportunities for reuse and recycling of polymer wastes. The various economic and 

property advantages accomplished by blending are:  

The opportunity to develop or improve on properties to meet specific customer needs. 

⚫ The capability to reduce material cost with or without little sacrifice in properties. 

⚫ Permit the much more rapid development of modified polymeric materials to meet emerging 

needs by by-passing the polymerization step. 

⚫ Extended service temperature range. 

⚫ Light weight. 

⚫ The ability to improve the processability of materials which are otherwise limited in their 

ability to be transformed into finished products. 

⚫ Increased toughening. 

⚫ Enhanced ozone resistance. 

⚫ Improvement modulus and hardness. 

⚫ Improved barrier property and flame retardant property. 

⚫ Improved impact and environmental stress cracking resistance,etc. 

The gradual depletion of economic ways of developing new monomers led to the development 
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of polymer blending, also because newly developed monomers gave increase to polymers with 

intermediate properties as compared with individual polymers [8]. 

Homologous Polyblend 

This type of blend is a mixture of two or more fractions of the same polymer, each of which 

has a different molar mass distribution. Any polydispersed polymer is a homologous polyblend. 

These blends are miscible because of the closeness of molar mass distribution. 

Miscible Polyblend 

Miscible blends are homogeneous to the molecular level. For this type of blend, Gibbs free 

energy of mixing, ΔGm ≈ ΔHm ≤0 where ΔHm is the enthalpy of mixing; and this is due to 

specific interactions. Homogeneity is observed at least on a nanometer scale, if not on the 

molecular level. This type of blends exhibits only one glass transition temperature (Tg), which is 

in between the glass transition temperatures of the blend components in a close relation to the 

blend composition. Due to their high molar mass, the entropy of mixing of polymers is relatively 

low and, consequently, specific interactions are needed to obtain blends, which are miscible or 

homogeneous on a molecular scale. Most thermoset/thermoset blends are miscible over a very 

wide temperature range and in all compositions [9, 10].  

Immiscible Polyblend 

Immiscible polyblends are phase separated with: 

𝛥𝐺𝑚 ≈ 𝛥𝐻𝑚 ≥ 0 
(

(1.1) 

where ΔGm is the Gibb’s free energy and ΔHm is the enthalpy heat of mixing. 

The overall physico-mechanical behavior depends critically on two demanding structural 

parameters. The first one is a proper interfacial tension leading to a phase size small enough to 

allow the material to be considered as macroscopically homogeneous and an interphase adhesion 

strong enough to assimilate stresses. The other is strains without disruption of the established 

morphology. Fully immiscible blends have a coarse morphology, sharp interface, and poor 

adhesion between the blend phases. These kinds of blends show a two-phase morphology, so they 

are of no use without compatibilization. When blends are incompatible, the properties of the blend 

are inferior to those of pure polymers. However, most pairs of high-molecular-weight polymers 
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are immiscible or incompatible. Polymer-polymer miscibility depends on a variety of independent 

variables which include composition, molecular weight, temperature, and pressure. Components, 

which resist gross phase segregation and show desirable blend properties, are considered to have 

a good compatibility, even though they are immiscible in a thermodynamic sense. These blends 

will exhibit different Tgs corresponding to the Tg of the component polymers. Examples of fully 

immiscible blends are PA/ABS, PA/PPO, PA/EPDM, and PA/PP. Now these blends have become 

commercially successful, after being efficiently compatibilized using suitable compatibilizers 

(Figure 1.1). 

 

Figure 1.1. Polyblend phase diagram 

Compatible Polyblend 

In this type, a small part of one of the blend component is dissolved in the other part, so the 

blend exhibits fine phase morphology and satisfactory properties. Both blend phases are 

homogeneous and have their own Tg. Both Tg are shifted from the values for the pure blend 

components toward the Tg of the blend component. An example is the PC/ABS blends. In these 

blends, PC and the SAN phase of ABS partially dissolve in one another. In this case interface is 

wide and the interfacial adhesion is good. 

Polymer Alloy 

These are immiscible polyblends with modified interface. Although they are heterogeneous 

in nature, their properties and morphologies are controlled by compatibilization. Dawson [11] 

described the composition of a polymer alloy he patented in 1991 which was a blend of PP, 

ethylene copolymer ionomer resin, ethylene/glycidyl acrylate, or methacrylate copolymer. The 

polymer alloy was claimed to be useful in applications where a wide range of temperatures and 
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abrasive conditions are encountered. Another example is Neoloy which composed of polyolefin 

and thermoplastic engineering polymer developed specifically for use in high-strength 

geosynthetics. 

1.2.2.The matrix and modifier 

The epoxy oligomer used as the matrix was diglycidyl ether of bisphenol A, Dow 332 (epoxy 

equivalent 171-175 g/eq), and the modifier was chosen by polyetherimide (PEI, Ultem®1000, Tg 

≈ 217 °C) in this research. 

 

Figure 1.2. The illustration of the chemical structure of DGEBA and PEI. 

1.2.3.Curing reaction-induced phase separation (CRIPS) 

Many epoxy formulations include a particular modifier, such as a rubber, a thermoplastic, a 

liquid crystal, a foaming agent, and so on, that is miscible before reaction but becomes phase 

separated during polymerization (CRIPS). The origin of phase separation is the increase in the 

average molar mass of the reacting system during the pre-gel stage and the increase in crosslink 

density during the post-gel stage. An increase in molar mass produces a decrease in the 

contribution of the entropy of mixing while, after gelation, the presence of a cross-linked network 

generates an elastic contribution that limits the amount of modifier in the swollen network. 

The CRIPS is employed to produce different morphologies in the final products that are 

appropriate to increase toughness (e.g., thermoplastic polymer-modified epoxies), to generate an 

optical response induced by an electric field (polymer-dispersed liquid crystals), or to produce a 

porous material (foam) after elimination of the phase-separated modifier. By varying the initial 

concentration of modifier and the reaction temperature (or the thermal cycle) a variety of 

morphologies may be developed in the final material. Conditions are usually selected to produce 

appropriate morphologies for the desired application but balancing a possible deleterious effect 

on other mechanical or thermal properties. A typical example of this balance is the case of 

thermoplastic polymer-modified epoxies. Thermoplastic polymer addition increases toughness 
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but decreases the elastic modulus and the glass transition temperature of the final product (through 

the fraction of rubber remaining dissolved in the epoxy matrix). The amount of rubber is selected 

to obtain a convenient balance of thermal and mechanical properties. 

1.2.4.Curing agent 

Epoxy curing agents, also referred as hardeners, play a crucial role in the final characteristics 

of the cured material. Indeed, all the characteristics that are strictly related to the cross-linking 

density of the polymeric network, such as hardness, chemical resistance, heat resistance, 

flexibility, and brittleness, can be controlled by the hardener. Curing agents can react either with 

the epoxy groups or the hydroxyl side groups. Curing agents cross-link epoxy resins either by a 

catalytic mechanism or by bridging across epoxy molecules. Some curing agents may involve 

both the catalytic and cross-linking mechanisms. Common classes of hardeners for epoxy resins 

include amines, acid anhydrides, phenols, and thiols. For details about different curing agents, the 

reader is referred to other reviews. In terms of reactivity, these can be ranked as phenol < 

anhydride < aromatic amine < cycloaliphatic amine < aliphatic amine < thiol. The most popular 

choices are amines and acid anhydrides[12]. 

Amines 

Amines are an important class of curing agents. Aliphatic, cycloaliphatic, or aromatic amines 

can be used, which are mainly selected according to the application. In general, the order of 

reactivity is aliphatic amines > cycloaliphatic amines > aromatic amines. Lower reactivity allows 

longer working times for processors. Thermal stability of the cured resin also increases in the 

same order; aromatic amines form much more rigid structures than aliphatic amines, hence more 

thermally stable and/or less flammable materials. The primarily aliphatic amines provide fast-

curing hardeners for use at room temperatures. Amines though are skin irritants. 

Acid anhydrides 

These are less skin irritant than amines and less reactive, hence the cure exotherm is lower[12]. 

Some examples include phthalic, hexahydrophthalic, chlorendic, and maleic anhydrides. Other 

cross-linkers of interest are amides (e.g., polyamides), and complexes of boron trifluoride and 

amines, such as monoethylamine. Phenols, such as novolacs, which have already been discussed 
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above under resin systems, also act as curing agents. Thiols, also known as mercaptans, contain a 

sulfur atom, which reacts very readily with the epoxide group owing to its nucleophilicity, even 

at room temperature. Owing to their very high reactivity, thiols are used where fast cure is required, 

for example, for domestic DIY adhesives. The epoxy curing reaction may be accelerated by 

addition of small quantities of accelerators: tertiary amines, carboxylic acids, and phenols (e.g., 

bisphenol A) are effective accelerators. 

We used methyl tetrahydrophthalic anhydride (Me-THPA) as the curing agent and N,N-

dimethylbenzylamine (DMBA) as the accelerator shown in Figure1.3. 

  

Figure 1.3. The illustration of chemical structures of Me-THPA, DMBA, and the cured DGEBA. 

1.2.5.Thermosetting-thermoplastic polyblend  

The thermoset polymers are those that after they have been cured by a chemical reaction, do 

not melt with increasing temperature, it means that once they are produced, they cannot be 

reprocessed or deformed, which makes recycling difficult. A continuous temperature rise in these 

polymers leads to degradation of the material. This can be easily understood when we visualize 

the primary chemical bonds (covalent) present between the chains. These connections require a 

high amount of energy to rupture, usually causing the breaking of the bonds of the polymer, 

leading to degradation of the polymer. Furthermore, these thermosetting polymers are usually 
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insoluble in most common solvents, since they cannot to break the cross-links present between 

chains. What happens when the solvent is chemically compatible with the polymer is a 

phenomenon known as swelling, where the polymer absorbs the solvent molecules. This process 

can occur by penetration of small molecules in the polymeric interfaces, filling the voids space or 

by changing the spatial arrangement of the polymer chains resulting in the compound mass and 

volume increase (Figure 1.6). The degree of swelling is proportional to the matrix and solvent 

affinity and the number of cross-links between the polymer chains. It should be in mind that the 

amount of crosslinking is inversely proportional to the degree of swelling [13]. 

 

Figure 1.4. Penetration of small molecules in polymer interfaces, filling the voids space and 

causing the swelling phenomenon. 

The process of hardening the thermosetting polymer or the curing process, as it is commonly 

known, is often complex and may involve several steps, as we shall see later; however, unlike 

thermoplastics, the curing reaction is involved in obtaining the final piece to be used. Several 

factors can influence the quality of the final piece obtained. They were molds with good stability 

during the temperature changes of the curing process, as well as cure speed and cure time, which 

are key parameters for obtaining good-quality and low-cost composites. The curing process can 

be divided into four parts as follow: 

(1) In the first stage the resin, in solid or liquid state, has a low degree of conversion. In this step, 

when necessary, curing agents, catalysts and/or fillers are added to the process. This process 

begins, usually by thermal activation, light or radiation. From then on, it becomes more fluid 

(Figure 1.5a) 

(2) The subsequent step involves the formation of oligomers with the linear polymer preparation, 
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having a low molecular weight (Figure 1.5b). 

(3) With the rise of the temperature, networks are formed in a stage where there is a three-

dimensional evolution. This change is a reflection of molecular mass increase, the 

appearance of gelled structures and entanglements between polymer chains (Figure 1.5c). 

(4) Subsequently, the formation of cross-links (11-50% of total links) between adjacent chains 

occurs with a consequent increase of molecular mass (Figure 1.5d). 

 

Figure 1.5. The illustration of (a) initial step from a monomer, (b) stage of oligomers formation, 

(c) step of polymerization (reaching the gel point), and (d) vitrification stage (cure). 

When cure is complete, the primary chemical bonds (covalent) present between the chains 

which restrict the rotational and vibrational motions. To be broken, these links require a high 

amount of energy, resulting usually with the polymeric chain bonds breaking with subsequent 

degradation. 

1.2.6.The nanofiller 

Graphene is an allotrope of carbon that has sp2 hybridization forming planar structure. Each 

layer of planar structure of carbon is called graphene and these graphene sheets are connected 

with each other by Van der Waals force of attraction known as graphite. Graphene is also known 

as “wonder material” as it shows several exceptional properties due to high current density, 
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ballistic transport, chemical inertness, high thermal conductivity, optical transmittance, and super 

hydrophobicity at nanometer scale [14]. The monoatomic single layer of graphene which has the 

sp2 hybridized C atom provides great importance in developing several material properties 

critically far higher than similar conventional materials. The 2p orbitals of C atom form the π state 

bands that delocalize all over the single layer sheet of individual graphene. It is the reason why 

graphene exhibits exceptionally high strength like Young’s modulus ~1100 GPa, fracture strength 

~125 GPa, excellent electrical conductivity ~106 S/cm, thermal conductivity ~5000 W/m K, very 

high charge mobility of nearly 200,000 cm2 /V s, nearly zero effective mass, impermeable to 

several gases, optically transparent, and a very large specific area of ~2630 m2 /g as per a 

theoretical calculation [15-17]. 

Owing to graphene’s high electrical, thermal, and mechanical properties, it can be used as 

the nanofiller for the development of high-performance epoxy matrix based nanocomposites and 

hold potential for a variety of possible applications [18, 19]. Due to the high electric conductivity 

and mechanical flexibility, it can find the substitution of metal conductors. The nanofillers can be 

dispersed into polymers using techniques such as solution mixing, melt blending, or in situ 

polymerization. In these methods, in situ polymerization might offer superior dispersion of 

nanofiller. Graphene has these outstanding properties due to its high aspect ratio and single thin 

layer. It is known that graphene agglomerates due to its high surface area when coming in contact 

with the polymer. Therefore, for the reduction of this agglomeration functionalization of graphene 

is required which can be performed by oxidizing or by reducing agents.  
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Figure 1.6. Illustration of the Current Preparation Methods for Graphene and Graphene-Related 

Materials[20]. 

1.2.6.1.Graphene  

There are now four primary ways to produce ‘pristine’ graphene as follow: 

(a) Epitaxial graphene. This method involves chemical vapor deposition (CVD) growth on 

epitaxially matched metal surfaces[21-24]. In this technique graphene is fabricated by 

graphite target or catalytic decomposition of hydrocarbon on the surface of metal catalyst. 

In this, the metal debris is very low that is the major advantage of this technique [25]. 

This fabrication is best for the preparation of single- layer graphene and can also be used 

for heteroatoms doped graphene nanostructure in which graphene can be doped with 

sulphur, nitrogen, phosphorus, fluorine, or bromine, etc. which will improve the catalytic 

activity enzymatic application, energy conversion [26]. 

(b) Micromechanical Exfoliation. Ruoff and coauthors laid the foundation for 

micromechanical exfoliation as well as outlined the potential importance for graphene 

for a wide variety of fundamental studies and applications, in several papers published 

in 1999[27, 28].  In this method, the graphene is to be peeled from the bulk of graphite 
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layer by layer. To overcome the resistance offered by the Van der Waal attraction in 

between the adjacent flakes of graphene. There are two paths for mechanical exfoliation 

one is normal and the other one is lateral force. In normal force the Van der Waal force 

can be overcome by Scotch tape[29, 30]. Graphite has ability of self-lubricating in lateral 

direction so lateral force can also use to for peeling the two layers of graphene 

(c) Exfoliation of graphite in solvents. Obtaining dispersions of GO to yield individual 

layers of graphene oxide (i.e., colloidal dispersions) is to make dispersions of graphite 

in various solvents[31]. 

(d) Other methods. Substrate-free gas-phase synthesis of graphene platelets in a microwave 

plasma reactor [32] and arc discharge synthesis of multi-layered graphene [33] have also 

recently been reported. 

1.2.6.2.Graphene oxide (GO) 

Comprehensive reviews on the preparation of dispersions of graphene oxide platelets and 

reduced graphene oxide platelets, made from GO, have recently appeared [34, 35]. In general, 

GO is synthesized by either the Brodie [36], Staudenmaier [37], or Hummers method [38], or 

some variation of these methods. All three methods involve oxidation of graphite to various levels. 

Brodie and Staudenmaier used a combination of potassium chlorate (KClO3) with nitric acid 

(HNO3) to oxidize graphite, and the Hummers method involves treatment of graphite with 

potassium permanganate (KMnO4) and sulfuric acid (H2SO4). 

The polar oxygen functional groups of GO render it hydrophilic; GO can be exfoliated in 

many solvents and disperses particularly well in water [39]. Dispersions of graphene oxide 

platelets can be obtained by stirring and more typically by sonication of GO in solvents; chemical 

reduction of the colloidal dispersions obtained has been performed with several reducing agents, 

such as them hydrazine[40], hydroquinone[41], sodium borohydride (NaBH4), [42, 43] and 

ascorbic acid [44]. Reduction via thermal treatment [45, 46] has been reported to be an efficient 

and low cost method, producing themally-expanded GO material with a BET surface area of 600–

900 m2/g. Electrochemical reduction has been presented as an effective way to remove oxygen 

functional groups from GO [47]. 
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1.2.6.3.Reduced graphene oxide (RGO) 

RGO is the reduced form of GO in which different oxygen groups are reduced. Different 

approaches have been used for the reduction process like chemical reduction, thermal reduction, 

microwave-assisted reduction, solvothermal reduction, and photo-reduction. GO is reduced to 

enhance the honeycomb hexagonal lattice which has been distorted due to the oxidation of 

graphene and the electric properties enhanced [48, 49]. GO is an insulator but after reduction, the 

conductivity can be increased. Several agents have been reported which can reduce GO 

chemically which are hydrazine, sodium borohydride, alcohol, hydroxides, metals, redox active 

sulfur species, reductive acids, or even enzymatic reduction. 

Another fabricating method of RGO is thermal reduction of GO. In this method, GO can be 

heated in different atmosphere like Argon (Ar), hydrogen (H2), Ammonia (NH3), and high vacuum 

or different heating methods like electric heating, heated AFM tip, laser heating, plasma heating, 

etc. [48]. RGO obtained by heating has high electrical conductivity. Although the reduction level 

of RGO can be controlled by duration, atmosphere of gas and heating temperature. GO can also 

be reduced thermally at the temperature of 1000 °C, while researchers have also opted for the less 

temperature process. 

1.2.6.4.RGO/metallic nanowires 

Metallic nanowires synthesized on RGO automatically form a conductive composite with an 

extremely high conductivity [50, 51]. Compared with the most widely used nanowires, such as 

Ag and Si nanowires, Al nanowires are highly electronically conductive, extremely low in cost, 

and resistant to harsh environments due to the naturally compacted oxide layer on the surface. 

Such an architecture matches the need of designing advanced electronic devices[52], but it is 

challenging for current scalable synthesis methods as carbon is not a typical catalyst material. 

Therefore, a facile and scalable synthesis strategy for Al nanowires and advanced structures is 

highly desired to broaden the applications of Al nanowires.  
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CHAPTER 2 Background of Study 

In this chapter, we focus on discussing the effects of nanofiller on the morphology of 

immiscible polyblends and the interface and interphase in the polyblends. Interfaces remain one 

of the major issues in limiting the understanding and designing of polymer nanocomposites due 

to their complexity and pivotal role in determining the ultimate composites' properties. And the 

interfacial energies of fillers and polymer are a key role to estimate the wetting coefficient which 

is a method to predict the localization of filler in the polyblend. The synergistic effect of ternary 

polymer composites system also be discussed. 

2.1.The Interface and Interphase in the Polyblend 

Three key points make polymer nanocomposites unique: 

1. As the size of a filler decreases, its properties can change including color, catalytic activity, 

index of refraction, dielectric constant, and surface energy[1-4]. Figure 2.1(a) shows an example 

of the dielectric constant of barium titanate as a function of size[2]. 

2. As the surface area to volume ratio changes due to decreasing filler size, the amount of 

interfacial area or volume of the interphase increases as 1/r. Figure 2.2(b) shows this quantitatively 

for a 10 nm-thick interfacial region. This increase in interphase volume, however, is only achieved 

if the dispersion of the nanofiller is maintained. Agglomeration decreases the interphase volume. 

3. The small size of the filler minimizes its impact as a defect compared to micron scale 

fillers. For example, as the filler diameter increases above ~25 nm (as determined by the Rayleigh 

scattering equation), light scattering from the fillers increases. Below ~25 nm the transparency of 

the composite can be maintained while changing other properties[5, 6] in Figure. 1(c). A second 

example is the observed simultaneous increases in modulus, strength, and ductility, not observed 

in traditional composites[7]. 

Thus, the ability to incorporate small-scale fillers into polymers leads to significant changes 

in properties due to the properties of the filler (which can be a unique function of size), the large 

volume of interphase (with typically unknown properties), and the ability to introduce changes in 

properties without introducing detrimental defects.  

This chapter focuses primarily on our current understanding of the structure and properties 
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of the interface region and the impact of the interfacial region on both the dispersion of the fillers 

and the bulk properties. It is also important to note that this chapter is limited to composites for 

which there is a polymer matrix without the addition of small molecules. Such mediation with 

small molecules can lead to dramatically different and organized structures that are fascinating, 

but not the focus of this chapter[8]. 

2.2.The Intrinsic Versus Extrinsic Interface/Interphase 

Two key definitions of a polymer nanocomposite interface/interphase are critical to a clear 

discussion. First, the interface is a two-dimensional (2D) region at the boundary between the filler 

and the matrix. Depending on the length scale of interest, however, there is no clear 2D boundary, 

and instead a three-dimensional (3D) interphase exists with properties that can vary continuously 

from the filler surface to some distance into the bulk matrix. For purposes of discussion, interfacial 

region or interphase will be used and will encompass both the 2D and 3D regions. 

Second, there are both intrinsic and extrinsic interfacial regions. The intrinsic interphase 

develops as a result of the polymer matrix interacting with the nanofiller surface. The extrinsic 

interphase is the result of carefully placed molecules on the nanofiller surface. While the intrinsic 

interphase is strongly impacted by the nanofiller surface or extrinsic interphase, its structure and 

properties are only indirectly designed or tailored, while the extrinsic interphase can be designed 

to control dispersion, matrix/filler interaction, or local properties directly. For example, surface 

treatment of fillers with small molecules is often done to improve thermodynamic compatibility 

with the matrix and stabilize nanofiller dispersion. This addition of the small molecule is an 

extrinsic interphase (Figure. 2(a)). As the matrix/filler enthalpic compatibility changes, the 

structure and mobility of the intrinsic interphase will change due to this small molecule addition 

(Figure. 2(b)). This could include changes in crosslink density, crystallinity, density, and 

conformation. A second example is surface ligand engineering of nanofillers[9] with a range of 

molecules (up to molecular weight of 4100 kg/mol) that can lead excellent thermodynamic 

compatibility with the matrix and/or add functionality to the composite. This kind of extrinsic 

interphase can be extensive. But the matrix structure and properties near this extrinsic interphase 

are also altered forming an intrinsic interphase as well. Thus, the relative volume of the extrinsic 
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and intrinsic interphase can vary, but it is important to distinguish between the two. 

 
Figure 2.1. (a) The dielectric constant of barium titanate as a function of size [2],(b) The 

interfacial volume (for an interphase thickness of 10 nm) as a function of particle size assuming 

individual filler dispersion. (c) Nanocomposite transmittance as a function of particle size and 

particle index of refraction. 

2.3.The Role of the Interface/Interphase in Dispersion of Nanofillers 

In order to take advantage of the large interphase volume, it is critical to have “good” 

dispersion of the nanofillers. Good dispersion includes two things: separation of primary particles 

and homogeneous distribution of those fillers throughout the full volume of the material. As 

particles agglomerate, the volume of the interphase decreases linearly with cluster size. This 

reduction in interphase volume can impact properties, such as the glass transition temperature as 

shown in Figure. 3(a). The dispersion is also important because agglomerates begin to mimic 

micron scale fillers and thus create defects that can be detrimental to the bulk properties. Figure. 

3(b) shows the impact of agglomeration (as measured by the skewness in the spatial distribution 

of fillers) on the dielectric breakdown strength. Even small degrees of agglomeration can 

dramatically change the propert
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Figure 2.2. (a) Examples of the types of extrinsic interphase that can be added to the nanofiller 

surface to control both nanofiller dispersion and add functionality to the composite [10], (b) A 

schematic of the kinds of changes that can be observed in the intrinsic interphase including 

changes in crystalline morphology, crosslink density, and density or chain conformation. 

 

Figure 2.3 (a) The impact of interface volume as a measure of dispersion on glass transition 

temperature [11], (b) The impact of dispersion as measured via a skewness in the distribution of 

nanofillers on dielectric breakdown strength [12]. 

Controlling dispersion to optimize properties is one of the key challenges for 

nanocomposites particularly at low loadings. The dispersion is controlled by four key factors. 

(1) How tightly the initial agglomerates are bound. For example, spherical nanofillers will be 

less tightly bound that one-dimensional (1D) rods or 2D sheets because of the contact surface 

area. Israelachvili11 quantifies this interaction for two fillers of different aspect ratio in a 

vacuum (see Table 1). If larger clusters, particularly crystalline clusters form, the binding is 

even higher. 

(2) The enthalpic and entropic compatibility of the filler, once dispersed, with the matrix. If the 
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fillers, once dispersed, are thermodynamically compatible with the matrix, then they are 

likely to remain dispersed. 

(3) The mechanism used to separate the agglomerates (clusters, bundles, or stacks). For example, 

solvent dispersions have the advantage of the high mobility and small size of the solvent 

molecules to penetrate agglomerates but have the disadvantage of low viscosity limiting the 

shear stress that can be applied to break up agglomerates. Sonication can be used to create 

the forces needed to separate the agglomerates, but can damage some nanofillers[13]. 

Polymer melts, on the other hand, have higher viscosity leading to large shear stresses to 

break up the agglomerates, but diffusion of the chains into the agglomerates is slow. 

(4) The thermomechanical history. Composites that have been frozen into a specific dispersion 

via either quenching from the melt or from a solvent may have a dispersion controlled in part 

by the kinetics of the processing. 

Table 2.1. Interaction laws for different particles 

 

For a given starting state of the particles, tubes, or plates, one key technique for controlling 

dispersion is to alter the extrinsic interface to improve compatibility. Consider first a composite 

in thermodynamic equilibrium, with spherical fillers that are unmodified or modified with small 

molecules. Both the entropic and enthalpic interactions are important in determining dispersion. 

The entropic interactions are complicated. For spherical fillers significantly smaller than the 

polymer matrix radius of gyration Rg, dispersion is encouraged because the entropy of mixing is 

substantial. On the other hand, for spherical fillers with a diameter on the order of Rg, there is an 

entropic depletion driving force for particle agglomeration which is quite strong in the a thermal 

limit (no filler/matrix enthalpic attraction or repulsion). In essence, this is due to the reduction in 

entropy for the matrix chains in between fillers that are close together. If, however, there is even 
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a small enthalpic attraction of the matrix for the filler, the entropic penalty is overcome and the 

driving force is for filler dispersion[14]. This is because when the particles agglomerate, there is 

a significant surface area that is not in contact with another particle (or a matrix) and is thus of 

high energy. This drives dispersion. For larger spherical fillers and for higher aspect ratio fillers, 

entropy alone cannot drive dispersion[15]. For nanotubes and nano-platelets, the entropy loss for 

polymers to diffuse into the agglomerates is regained if the fillers separate, but the enthalpic 

attraction required to drive the diffusion is the overwhelming parameter controlling dispersion. 

The intercalated ions or organic molecules in clay can be modified to reduce this entropic 

barrier[16]. 

The enthalpic driving force for dispersion is a balance between the polymer–filler attraction 

and filler–filler attraction. For spherical fillers and many nanotube fillers, the filler–filler 

attraction is a van der waals attraction[17]. For clays, there are strong Lewis acid/base polar 

interactions in the gallery between the layers[16]. Surface modification of the fillers to create 

enthalpic compatibility with the matrix is the primary method for insuring dispersion. There are 

many wonderful reviews of methods for surface modification[15, 18-23]. As the filler/matrix 

attraction increases, it has been found through both computation and experiment that the 

propensity for dispersion increases nonlinearly.[24-30] Computationally it has been shown that 

for small filler/matrix attraction, the polymer matrix adsorbs on the filler and prevents aggregation, 

but at even higher attraction, the chains can create bridging between particles[31]. Experimentally, 

several papers have shown that the ratio of the work of adhesion between the matrix and filler 

(WPF) and the work of adhesion between nanoparticles (WFF) can be used to predict the dispersion 

of spherical nanofillers. For example, the contact angle, cosθ, can be calculated from the work of 

adhesion, or more fundamentally the polar, γp, and dispersive, γd, components of the surface 

energy. 

2.4.The Synergistic Effect of Ternary Polyblend Composites System 

Graphene reinforced polymer has lately empowered the dramatic enhancement of portable 

electronics and electric vehicles by proffering better means for storing electricity. To fulfill the 

consistently expanding demand for lightweight, compact electronic items, electric vehicles, and 



 

- 24 - 

 

brilliant lattices with sustainable power source combinations, the hybridization of graphene with 

several functions have been manifested. Being versatile and powerful procedure to essentially 

upgrade the performance of different energy frameworks because such hybridization can bring 

about synergistic impacts that consolidate the finest qualities of incorporated segments and profer 

new capacities and properties. 

Now we will report the effect of graphene in more complex epoxy systems, with three phases 

in the final state. Numerous systems have been studied for a better reinforcement (synergy) with 

two kinds of fillers or separated phases. Two main cases will be discussed. 

The first case is the mixture of two additives, at least one organo-modified lamellar silicate 

s (OLS), not miscible in the epoxy precursors, incorporated to an epoxy matrix. The introduction 

of OLS into the matrix or between the plies improved the toughness but did not improve the 

interlaminar shear strength. 

In a second case, an initially miscible additive (rubber, thermoplastic, or precursors for sol-

gel chemistry) was introduced in the initial mixture and phase separation appeared during CRIPS, 

leading to a ternary phase system. In most cases, stiffness was the result of balancing the ratio of 

soft and hard fillers and toughness was improved via multiple cracks and crack bifurcation 

mechanisms. Thermoplastics undergoing CRIPS, such as PEI and PMMA, were also used, 

leading to significant improvements in toughness. 

In general, the effect of graphene on the curing reaction of epoxy can be categorized into 

two scenarios: (i) Graphene themselves are not involved in curing reactions, but changes the 

physical properties of the epoxy, which in turn alters the curing kinetics; (ii) the functional groups 

on the surface of graphene participate in the curing reaction. In some cases, functionalized 

graphene may have multiple effects on epoxy curing. Various degrees of graphene 

functionalization and graphene concentrations may also influence curing reactions to a different 

degree or sometimes with the opposite effect, which might account for some inconsistent findings 

reported in the literature. 

As discussed above, the direct or indirect effects of graphene on the curing reaction can lead 

to significant thermal and mechanical property changes of epoxy/graphene nanocomposites, 
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which would complicate their property evaluation. This issue has attracted more and more 

attention recently, but only limited progress has been made. This is likely due to the difficulty in 

the quantitative assessment of the above effect. 

It may be possible to observe synergistic properties of the composites that depend upon the 

type of graphene chemical structure, morphology, base polymer matrix and its physiochemical 

characteristics, interaction with the added graphene based nanofiller, and also largely on the 

composite processing conditions 

2.5.Techniques of Characterization 

2.5.1.Contact angle measurement 

Contact angle, θ (theta), is a quantitative measure of wetting of a solid by a liquid shown in 

Figure 2.4. The contact angle is geometrically defined as the angle formed by a liquid at the three-

phase boundary where a liquid, gas, and solid intersect. There are three different forces acting on 

this three-phase contact point between solid, liquid and vapor, or in some cases solid, liquid and 

liquid. Contact angles can be divided into static, dynamic and roughness corrected contact angle. 

 

Figure 2.4. The illustration of (a) a drop liquid on a solid substrate with the surface tension and 

contact angle and (b) an instrument of contact angle measurement (Phoenix 300, SEO Co.). 

The contact angle (CA) measurement on a surface is considered the most practical way to 

obtain the Surface Free Energy (SFE). The theory of the contact angle of pure liquids on a solid 

was developed nearly 200 years ago in terms of the Young equation: 

γL(1 + cos θ) = γS − γSL 

where γL is the experimentally determined surface energy (surface tension) of the liquid, θ is 

the contact angle, γS is the surface energy of the solid, and γSL is the solid/liquid interfacial energy. 
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 The results of five methods based in the models are compared: the method of Zisman, the 

geometric mean (GM), the harmonic mean (HM), the Lifshitz-van der Waals / Acid-Base (LW/AB) 

and the equation of state. The SFE calculated with GM, HM and LW/AB methods change with 

the amount and type of liquid used, however, when water, glycerol and dimethyl sulfoxide are 

used together the SFE and its dispersive and polar components are similar in value for the three 

methods. In the case of the equation of state model the values of SFE change with the liquid used; 

finally using the Zisman method the SFE values are 20% lower than the values of SFE obtained 

with the other methods[32]. 

The Zisman Method 

The Zisman method introduces the concept of critical surface energy (γc) which is defined 

as the surface free energy of a liquid that completely wets a surface, that is, the contact angle is 

zero a cos θ =1. The value of γc is obtained by measuring the contact angle of a number of different 

liquids on the same surface, plotting the points in cos θL vs γL axes, extrapolating the fitted curve 

to the value of cos θ =1 and obtaining the value γc from the abscissa. The value of γc is related 

through empirical relations developed by Zisman [33] with the surface free energy of the film. 

Methods of GM and HM 

The HM and GM models are based on the assumption that the intermolecular interactions 

between two substances have two main components: the dispersive or London component and 

the polar component due to the contributions given by the Keesom and the Debyee forces. 

Therefore, the SFE (γ) arises from these interactions contributions as the sum of two components, 

the dispersive (γd) and the polar components (γp) [34-36]: 

γi̇ = γi
d + γi

p (2.1) 

where i stands for the i-substance or material, in our case liquid or solid. According to the 

GM method the interfacial solid/liquid energy can be evaluated using the following equation[37]: 

γSL = γs + γL − 2(√γs
d ⋅ γL

d + √γS
P ⋅ γL

P ) (2.2) 

which combined with the Young’s equation results in: 

γL(1 + cos θ) = 2√γs
d ⋅ γL

d + √γS
P ⋅ γL

P (2.3) 

On the other hand, the solid/liquid interfacial energy by the HM method is given by[36]: 
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γSL = γs + γL − 2(
4γs

dγL
d

γS
d + γL

d
−

4γs
p

γL
p

γS
p

+ γL
p ) (2.4) 

which again, combined with the Young’s equation results in the following equation: 

γL(1 + cos θ) =  
4γs

dγL
d

γS
d + γL

d
−

4γs
p

γL
p

γS
p

+ γL
p

 (2.5) 

The method of LW/AB 

In the LW/AB method [38] the SFE is assumed to be composed of two main contributions, 

a non-polar component γi
LW due to Lifshitz-van der Waals, similar to the dispersive component 

defined above, γi
d ; and an acid-base component due to Lewis, γi

AB, similar to the polar component 

mentioned before, γi
p; therefore, for substrate i, the SFE is written as: 

γi̇ = γi
LW + γi

AB (2.6) 

the acid-base component is in turn composed of two contributions: one from electron donors 

γi
- and another from electron acceptors γi

+. In this particular case this component is calculated as: 

γi
AB = 2√γi

− ⋅ γi
+ (2.7) 

The solid-liquid interface energy is obtained as: 

γSL = γs + γL − 2(√γS
Lw ⋅ γS

Lw + √γS
+ ⋅ γL

− + √γS
− ⋅ γL

+） (2.8) 

combining equations above with the Young’s equation it is obtained that: 

γL(1 + cos θ) = 2(√γS
Lw ⋅ γS

Lw + √γS
+ ⋅ γL

− + √γS
− ⋅ γL

+） (2.9) 

Equation of State method 

Neuman and Kwok [39, 40]propose the following equation for the interfacial solid-liquild 

energy: 

γSL = γs + γL − 2√γSγL  ⅇ
−𝛽(γL−γS)2  (2.10) 

which combined with the Young’s equation gives: 

γL(1 + cos θ) = 2√γSγL ⅇ−𝛽(γL−γS)2  (2.11) 

where β=0.0001057 (m/mN)2. 

2.5.2.Thermogravimetric analysis (TGA) 

TGA provides a tool for measuring mass changes in a sample as a function of time and/or 

temperature. Mass changes are the result of evaporation and decomposition, also of chemical 
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reactions and magnetic or electrical transitions. Measurable mass changes also occur when gases 

are absorbed (oxygen, humidity, etc.) This method is standardized in ISO 11358. Coupling it with 

FTIR or mass spectroscopy (MS) (Figure 2.5) provides a tool to detect materials that contribute 

to a particular loss of mass; this can be helpful in finding solutions for polymer analytical 

problems. 

 

Figure 2.5. TGA instrument (Q50, TA Instruments, USA). 

Depending on the measurement task, various purge gases are used for recording mass change 

as a function of temperature and/or time. Often, the differential measuring signal TG/dt, also 

termed the DTG curve, is introduced for the interpretation and separation of effects. The DTG 

signal provides additional information on degradation kinetics. 

2.5.3.Differential scanning calorimeter (DSC) 

DSC devices are designed according to two basic measuring principles: heat-flux 

calorimetry and power compensation calorimetry. Two bean-size pans (trays, dishes) holding a 

sample and an inert reference are heated simultaneously, according to a selected linear 

temperature program. Air is often used as the reference. In heat-flux calorimetry, sample and 

reference lie in a cylindrical oven. Given thermal symmetry of the arrangement, no temperature 

difference occurs between pans when the oven is heated. However, if the specific heat capacity 

of the sample changes with elevated temperature, a temperature difference arises, which 

theoretically is proportional to the specific heat capacity. This arrangement (Figure 2.6a) can be 
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calibrated and used for measuring specific heat capacity. An improvement in the resolving power 

of heat-flux calorimetry has been achieved by the so-called TzeroTM technology. Compared to 

conventional heat-flux calorimetry by disk measuring systems (Figure 2.6a), in which sample and 

reference temperatures are measured, a sensor is utilized containing, among other things, an 

additional thermocouple (Figure 2.6b). This additional temperature sensor measures the so-called 

base line temperature, enabling enhanced correction of thermal asymmetries in the oven. In power 

compensation calorimetry, sample and reference are completely separated. Sample and reference 

trays have their own heaters and temperature sensors. Sample and references are heated up at the 

same rate with the aid of a control unit in such a way that no temperature difference arises between 

them. When the specific heat capacity of the sample changes, more (in endothermic processes) or 

less (in exothermic processes) heating power is transferred to the sample to avoid a temperature 

difference. 

 

Figure 2.6. The structure of (a) DSC measuring cell (heat-flow principle) disk tester system, 

(b)TzeroTM sensor, and (c) DSC instrument (Q20 V24.10, TA Instruments Co., USA). 

2.5.4.Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) is the technique of applying a stress or strain to a 
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sample and analyzing the response to obtain phase angle and deformation data. The data collected 

allow the calculation of dynamic mechanical properties like the damping or tan delta (δ) as well 

as complex modulus and viscosity data. Modulus data in the form of the storage modulus is 

conceptually equivalent to that collected from traditional mechanical tests and gives a 

measurement of the strength and stiffness of the materials. Viscosity information on how the 

material flows under stress can be obtained from the complex viscosity. The ratio of the storage 

modulus to loss modulus is called damping or tanδ and is calculated directly from the phase angle 

δ. Damping is a measure of the internal friction of the material and indicates the amount of energy 

loss in the material as dissipated heat. This allows DMA to be used to predict how good a material 

is at acoustical or vibrational damping. Normally, DMA data for solids is displayed as storage 

modulus and damping versus temperature, with multicurve used to show frequency effects. Melt 

data is often shown against frequency like classical rheological data. 

Two approaches are used: (1) forced frequency, where the signal is applied at a set frequency 

and (2) free resonance, where the material is perturbed and allowed to exhibit free resonance 

decay. Most DMAs are of the former type while the torsional braid analyzer (TBA) is of the latter. 

In both approaches, the technique is very sensitive to the motions of the polymer chains and it is 

a powerful tool for measuring transitions in polymers. It is estimated to be 100 times more 

sensitive to the glass transition than differential scanning calorimetry (DSC) and it resolves other 

more localized transitions not detected in DSC.[41] 
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Figure 2.7. DMA instrument (DMA (Q800, TA Instruments, USA) 

As the free volume continues to increase with increasing temperature, the glass transition 

occurs where large segments of the chain start moving. This transition is also called the α-

transition. The glass transition is very dependent on the degree of polymerization up to a value 

known as the critical glass transition or the critical molecular weight. Above this value, the glass 

transition typically becomes independent of molecular weight. The glass transition represents a 

major transition for many polymers, as physical properties change drastically as the material goes 

from a hard glassy to a rubbery state. It defines one end of the temperature range over which the 

polymer can be used, often called the operating range of the polymer. For where strength and 

stiffness are needed, it is normally the upper limit for use. In rubbers and some semicrystalline 

materials like polyethylene and polypropylene, it is the lower operating temperature. Changes in 

the temperature of the glass transition temperature are commonly used to monitor changes in the 

polymer such as plasticizing by environmental solvents and increased cross-linking from thermal 

or UV aging. 

The glass transition temperature (Tg) of cured materials or thin coatings is often difficult to 

measure by other methods, and more often than not the initial cost justification for a DMA is 

measuring a hard-to-find Tg. While estimates of the relative sensitivity of DMA to DSC or DTA 

(differential thermal analysis) vary, it appears that DMA is 10-100 times more sensitive to the 

changes occurring at the Tg. The Tg in highly cross-linked materials can easily be seen long after 

the Tg has become too flat and broad to be seen in DSC. This is also a problem with certain 

materials like medical grade urethanes and very highly crystalline polyethylenes. 

The method of determining the Tg in DMA can be a manner for disagreement as at least five 

ways are in current use. Depending on the industry standards or background of the operator, the 

peak or onset of the tanδ curve, the onset of the E’ drop, or the onset or peak of the E’’ curve may 

be used. The values obtained from these methods can differ up to 25 ℃ from each other on the 

same run. In addition, a 10-20 ℃ difference from the DSC is also seen in many materials. In 

practice, it is important to specify exactly how the Tg should be determined. Foe DMA, this means 

defining the heating rate, applied stresses (or strains), the frequency used, and the method of 

determining the Tg. For example, the sample will be run at 10 ℃/min under 0.05% strain at 1Hz 
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in nitrogen purge (20 cc/min) and the Tg determined from the peak of the tanδ curve.  

2.5.5.Fourier Transform Infrared Spectroscopy (FT-IR) 

The main area of application for infrared spectroscopy (IR spectroscopy) is in the 

identification of polymers. IR spectroscopy is an absorption-spectroscopic method operating at 

wavelengths ranging from approx. 780 nm to 1 mm. The most important spectral range for 

analyzing polymers is that of mid-range infrared wavelengths from 2.5 to 25 μm. Spectral range 

is often expressed as reciprocal wavelength in cm-1, termed wave number n, i.e., median IR 

corresponds to wave numbers of approx. 4000 to 400 cm-1. The absorption bands occurring in the 

IR spectra can be associated with the oscillation of particular valences within polymer molecules 

or entire groups of atoms (functional groups). These bands are identified using IR spectrum 

databases. Thus, IR spectroscopy is a suitable method for analyzing polymers and their additives. 

Qualitative and quantitative analysis using IR spectroscopy are based on wavelength-dependent 

interaction between IR rays and molecules or groups of molecules. Due to this interaction, 

absorption spectra are generated with characteristic bands. Variously instrumented methods are 

used for obtaining IR spectra. In practice, IR spectroscopes are classified according to their 

principle of wavelength selection. The most frequently used are dispersive IR spectroscopes and 

Fourier transform infrared spectroscopes (FT-IR). Figure 2.8a illustrates the working principle of 

an FT-IR spectroscope. 

 

Figure 2.8. (a) Configuration diagram of an FT-IR spectroscope and (b) FT-IR instrument 

(Nicolet™ iS™ 5, Thermo Fisher Scientific Inc., USA). 

2.5.6.Four-point probe technique  

The four-probe method works by contacting four equally-spaced, co-linear probes to the 
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material. This is known as a four-point probe, and a schematic is shown in Figure 2.9. 

 

Figure 2.9. Schematic diagram of (a) A.I.T four-point probe system and (b) a four-point probe 

circuit. 

A DC current is applied between the outer two probes (1 and 4) and a voltage drop is 

measured between the inner two probes (2 and 3). The sheet resistance can then be calculated 

using the following equation: 

𝑅𝑠 =
𝜋

ln(2)

𝛥𝑉

𝐼
= 4.53236

𝛥𝑉

𝐼
 (2.12) 

Here, Rs is the sheet resistance, ΔV is the change in voltage measured between the inner 

probes, and I is the current applied between the outer probes. The sheet resistance (Rs) is 

expressed with the units Ω/sq, or “ohms per square”, to differentiate it from bulk resistance. 

In addition to the factor of π/ln(2), a geometric correction factor is often required. The 

correction factor is based upon the size and shape of the sample, as well as the positioning of the 

probes, and accounts for the limitation of current pathways through it. If the thickness of the 

measured material is known, then the sheet resistance can be used to calculate its resistivity: 

𝜌 = 𝑅𝑠 ⋅ 𝑡 =
1

𝜎 ⋅ 𝑡
 (2.13) 

Here, ρ is the resistivity with the units Ω cm, or “ohms centimeter”, σ is the electrical 

conductivity, and t is the thickness of the material. This technique is also known as the Kelvin 

technique, a method of eliminating wire and contact resistances from a resistance measurement. 

Figure 2.10 shows the circuit resistances of a four-point probe measurement. 
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Figure 2.10. Equivalent circuit diagram of a four-point probe, showing the wire resistances (RW), 

contact resistances (RC), and sample resistances (RS). The green arrows represent current flow. 

As no current flows through the inner two probes, the wire resistances of RW2 and RW3 and 

the contact resistances of RC2 and RC3 do not affect the voltage measured at the voltmeter. This 

means that the measured decrease in voltage (ΔV) between the inner two probes arises entirely 

from RS2. Therefore, ΔV can be used along with the applied current in the sheet resistance 

equation to calculate the value of RS2 (i.e., the sheet resistance). 

2.5.7.Electromagnetic interference (EMI) shielding 

Electromagnetic interference (EMI) shielding refers to the reflection and/or adsorption of 

electromagnetic radiation by a material, which thereby acts as shielding against the penetration 

of the radiation through the shield. As electromagnetic radiation, particulaly that at high 

frequencies (e.g., radio waves, such as those emanating from cellular phones) tend to interfere 

with electronics (e.g., computers), EMI shielding relates to the high demand of today’s society on 

the reliability of electronics and the rapid growth of radio frequency radiation sources. 

Experimental determination of the EMI shielding efficiency 

Experimental instruments called network analyzers are introduced for the evaluation of EMI 

SE. Two types of network analyzers, which operate on the principle of the waveguide technique, 

can be applied: a scalar network analyzer (SNA) and vector network analyzer (VNA). The scalar 

network analyzer (SNA) determines the amplitude of signals, while the network analyzer VNA 
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detects the signal magnitude response, as well as phases of various signals. As SNA cannot be 

used for the determination of complex signals (complex permeability or permittivity), VNA is the 

more preferred instrument, despite its higher price. VNA containing two ports emits 

electromagnetic radiation in the examined frequency range from both ports and records the 

reflected radiation, as well as the transmitted radiation obtained from the tested shielding material 

(Figure 2.11a). According to the EMI shielding theory, when the electromagnetic propagating 

wave reaches the surface of the shielding material, the incident power is divided into the reflected, 

absorbed and transmitted power, and the corresponding power coefficients of absorbance (A), 

reflectance (R), and transmittance (T). Their sum is always equal to 1, and this means that R + T 

+ A = 1. VNA detects the complex scattering parameters (S parameters). Based on these 

parameters, information about the permittivity, permeability, as well as EMI SE can be obtained 

using suitable algorithms and models, such as Nicolson–Ross–Weir (NRW), NIST iterative, new 

non-iterative, short circuit line (SCL) techniques. Among them, the Nicolson–Ross–Weir 

technique is the most widely used regressive/iterative analysis, as it provides the direct calculation 

of both permittivity and permeability from the S-parameters. There are experimentally measured 

real and imaginary parameters S11 (or S22) and S21 (or S12), which correlate with the reflection 

coefficient (R) and transmission coefficient (T), R= |S11|2 = |S22|2 and T = |S12|2 = |S21|2, respectively. 

The absorption coefficient can be calculated as A = 1 + R + T. Figure 2.11b illustrates the S-

parameters from the two-port vector network analyzer (VNA), which represent the incident and 

transmitted EM waves. The S parameters are designated as the forward reflection coefficient (S11), 

reverse reflection coefficient (S22), forward transmission coefficient (S12) and backward 

transmission coefficient (S21). The corresponding parameters Z (Ω), RL (dB), SEA (dB), SER (dB), 

and SET (dB) can be calculated as follows: 

Z = Z0 |
1 + S11

1 − S11
| (2.14) 

RL = 20 log|S11| (2.15) 

SET = 10 log (
1

|S12|2
) = 10 log (

1

|S21|2
) = 10 log (

1

T
) (2.16) 

SER = 10 log (
1

1 − |S11|2
) = 10 log (

1

1 − |S22|2
) = 10 log (

1

1 − R
) (2.17) 
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SEA = 10 log (
1 − |S11|2

|S12|2 ) = 10 log (
1 − |S22|2

|S21|2 ) = 10 log (
1 − R

T
) (2.18) 

 

Figure 2.11. (a) SE measurement setup of samples (b) schematic illustration of the scattering 

parameters from a two-port VNA[42], and (c) The vector network analyzer (E5071C Agilent Inc.).  

A better understanding of the absorption by the EMI shield can be achieved by calculating 

its effective absorption (Aeff) percentage using the equation[43]: 

Aeff = (
1 − R − T

1 − R
) × 100% (2.19) 

where Aeff represents the amount of power absorbed by the shield, and we conducted the SE by 

E5071C vector network analysis shown in Figure 2.11c. 

2.5.8.X-ray photoelectron spectroscopy (XPS) 

XPS is a quantitative spectroscopic technique that measures the elemental composition, 

empirical formula, chemical state, and electronic state of the elements that exist within a material. 

XPS spectra are obtained by irradiating a material with a beam of aluminum or magnesium X-

rays while simultaneously measuring the kinetic energy (KE) and the number of electrons that 
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escape from the top 1 to 10 nm of the material being analyzed. Figure 2.12 shows the components 

of XPS system and Figure 2.12 shows the depth of XPS technique. 

 

Figure 2.12. Components of an XPS system. Reproduced with permission from Thermo 

Fisher Scientific. 

 

Figure 2.13. Depth of surface chemical analysis techniques. 

a) The principle of the technique. 

In XPS, the sample is irradiated with soft x-rays (energies lower than ∼6 keV) and the kinetic 

energy of the emitted electrons is analyzed [Figure 2.14(a)]. The emitted photoelectron is the 

result of the complete transfer of the x-ray energy to a core level electron. This is expressed 

mathematically in Eq. (2.20). It simply states that the energy of the x-ray (hv) is equal to the 
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binding energy (BE) of the electron (how tightly it is bound to the atom/orbital to which it is 

attached), plus the kinetic energy (KE) of the electron that is emitted, plus the spectrometer work 

function (Φspec), a constant value, 

ℎ𝜈 = 𝐵𝐸 + 𝐾𝐸 + 𝛷spec
 (2.20) 

To determine the binding energy of an electron, Eq. (2.20) can be rearranged to obtain Eq. 

(2.21), where the terms on the right are either known (hν and Φspec) or measured in the XPS 

experiment (KE),  

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝛷spec
 (2.21) 

This concept is also demonstrated diagrammatically in Figure 2.14. Note that the 

photoelectron binding energy is measured with respect to the sample Fermi level (not the vacuum 

level) which is the reason that Φspec is included. 

Photoelectron peaks are notated by the element and orbital from which they were ejected. 

For example, “O 1s” describes electrons emitted from the 1s orbital of an oxygen atom. Any 

electron with a binding energy less than the x-ray source energy should be emitted from the 

sample and observed with the XPS technique. The binding energy of an electron is a material 

property and is independent of the x-ray source used to eject it. When experiments are performed 

with different x-ray sources, the binding energy of photoelectrons will not change; however, the 

kinetic energy of the photoelectrons emitted will vary as described by Eq. (2). 

 

Figure 2.14. Processes that result from x-ray bombardment of a surface include (a) emission of a 

photoelectron, (b) x-ray fluorescence, and (c) emission of an Auger electron. 
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Figure 2.15. Energy level diagram illustrates schematically the basic XPS equation, including the 

x-ray source energy (hυ), the binding energy of the electron (BE), the measured kinetic energy of 

the electron (KEmeasured), and the work function of the spectrometer (Φspectrometer). 

b) Instrument of XPS 

An XPS instrument contains an x-ray source, sample stage, extraction lenses, analyzer, and 

detector housed in an ultra-high vacuum environment. A schematic diagram of an XPS system is 

shown in Figure 2.15. 

XPS instruments are housed within ultra-high vacuum (UHV) environments for two reasons. 

First, the emitted electrons must not scatter off air molecules while traveling to the analyzer, and 

this requires vacuum levels on the order of 10–5 –10–6 mbar. In practice, XPS systems typically 

have much lower base pressures that are closer to 10–9 –10−10 mbar. Because XPS is a surface 

sensitive technique, it is very sensitive to surface contamination. At a pressure of 1 × 10−6 mbar 

and a sticking coefficient of 1 (every molecule that strikes the surface sticks to that surface), there 

would be one monolayer of contamination in 2 s! As a result, XPS instruments utilize the UHV 

environment to reduce the surface contamination that occurs within the chamber. 
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Figure 2.16. Schematic diagrams show the major components of an (a) XPS instrument and (b) 

monochromator. 

(1) Energy: The energy of the source will determine the transitions that can be measured. (2) 

Linewidth: For non-monochromatic sources, the natural linewidth will limit the resolution of the 

measurement. (Monochromatic sources offer much narrower linewidths.) (3) Analysis depth: 

Higher energy sources will probe deeper in the sample. 

(4) Ionization cross section: This measure of the probability that an atom will lose an electron due 

to x-ray irradiation decreases for higher kinetic energy electrons produced by higher energy 

sources. 

XPS systems require were originally equipped with Al and/or Mg sources, often in the form 

of a dual anode source that contains both Al and Mg anodes which can be individually selected. 

Many instruments incorporate a monochromator, typically for an aluminum source. As shown in 

Figure 2.16(b), aluminum x-ray monochromators utilize a quartz crystal positioned at a specific 

angle to allow only Al Kα x-rays to diffract, filtering out other Al x-ray lines and Bremsstrahlung 

radiation (continuous energy x-ray radiation produced by x-ray sources). Repositioning the quartz 

crystal can also allow monochromatization of Ag Lα x-rays, and dual anode monochromatic 

Al/Ag sources are now available. Other monochromatic sources, such as chromium, can also be 

obtained. 

There are several advantages to monochromatic sources and some manufacturers are moving 

toward instruments exclusively equipped with monochromatic sources. The first advantage is that 
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the monochromator eliminates any excitation by x-ray lines other than the most intense main line. 

For example, a nonmonochromatic Mg x-ray source will irradiate the samples with the most 

intense Mg Kα1,2 line but also with other less intense lines. The most intense of these other lines 

is the Mg Kα3 with an energy that is 8.4 eV lower than the Mg Kα1,2 line and an intensity that is 

9.2% of the main line. As a result, additional peaks due to excitation with multiple x-ray energies 

will appear in the XPS spectrum, and they are called satellite peaks.  
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CHAPTER 3 Optimizing and Analysis of Graphene Based 

Network nanofiller at Different Content of DGEBA/PEI 

Polyblends 

3.1.Introduction 

In the 21st century, considering the global environment, energy efficiency and renewable 

energy technologies, the core elements for many such fields are polymer reinforced composites 

and their derived products. With the rapid growth in development and usage of electronic and 

electrical equipment, electronic packaging of polymers has become critical. Therefore, the need 

for affordable multifunctional polymer materials has increased significantly. 

Epoxies are highly cross-linked thermosetting polymers. One common epoxy is diglycidyl 

ether of bisphenol A (DGEBA), which possesses excellent corrosion resistance, outstanding 

adhesion strength, low curing shrinkage, and excellent mechanical properties. DGEBA is durable 

in harsh environments and dimensionally stable. Hence, it is widely used in coatings [1, 2] 

adhesives [3], supporting structural materials [4], automotive electron devices [5], and 

Electromagnetic interference shielding [6], several other engineering applications [7, 8]. However, 

this kind of structure has a few drawbacks that lead to brittle failure, low impact resistance, and 

poor conductivity, which limit extensive use of DGEBA epoxy resin in various engineering 

applications. To enhance the properties of the pristine epoxy resin, researchers generally blend it 

with thermoplastic polymers [9], rubber [10], or polysiloxane [11] as a modifier that can enhance 

energy dissipation mechanisms in the matrix. These modifications result in appreciable 

improvement in the toughness of the epoxy resin. However, this often causes a significant 

decrease in epoxy resin tensile strength, modulus, and maximum performance temperature by 

lowering the glass transition temperature (Tg) and does not contribute to electrical conductivity 

[12]. Higher energy absorption at a maximum working temperature along with electrical 

conductivity are important for a broad range of engineering applications. 

Therefore, many nanofillers such as carbon nanotubes [13], graphene and derivatives [14], 

carbides [15], nitrides [16], and hybrids [17-19] have been extensively used to introduce electrical 
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properties in polymers due to their inherited electrical conductivity and high aspect ratios [20, 21]. 

Several parameters affect the electrical conductivity of polymer nanocomposites, such as 

interfacial resistance between filler and matrix, size and type of filler, processing conditions, and 

localization of filler in the matrix system. It is quite challenging to maintain a well distributed 

network of nanofillers in a polymer matrix, which is necessary for improving electrical 

conductivity. Generally, these nanofillers experience strong van der Waals forces at loadings of 

1–5 wt.% reinforcement, which reduce their dispersion. Various strategies have been adopted in 

recent years to establish a uniform network of nanofillers in polymer composites, such as 

segregating the structures of polymer nanocomposites by compression molding [22-24] and 

reinforcing macroscopic scaffolds of nanofillers network in a polymer matrix [25-27]. However, 

these polymer composites are not categorized as economical multi-functional as their processing 

involves multiple time-consuming steps. 

Another technique is selective localization of nanofillers in an immiscible polyblend with a 

dispersed network using a curing reaction-induced phase separation technique [28-30]. Double 

percolation was initially observed by Sumita et al. [31] in carbon black (CB)-filled immiscible 

polyblends. Thereafter, the double percolation concept was extensively applied in carbon-based 

materials such as graphene nanoplatelets (GNPs) [32], functional graphene oxide, carbon 

nanotubes (CNTs) [33], and carbon fiber (CFs) [34]. Physical mixing of polyblends can be divided 

into the following methods [35]: (i) mechanical mixing in rubber mills or extruders, (ii) 

polymerization of one monomer in the presence of another, (iii) evaporation or precipitation from 

a mixture of polymer solutions, and (iv) coagulation of a mixture of polymer lattices. However, 

polymerization in the presence of another polymer is an economical and easily controllable 

technique to form a low-percolation conductive network of carbon nanofillers in a multiphase 

polyblend. For example, Zhang et al. [36] formed a co-continuous network of epoxy (EP)/ 

polyether sulfone (PES)/ multiwalled carbon nanotubes (MWCNTs) and selectively localized the 

MWCNTs in an epoxy-rich area using reaction-induced phase separation and filler localization. 

In the experimental study, it was found that after 20 wt.% of PES mechanical properties of 

polyblend increases along with high glass transition temperature (Tg). With the selective 
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localization of MWCNTs network (4.8 wt.%) in polyblend, the electrical conductivity increased 

by 450% compared to that without a PES polyblend. Luna et al. [37] studied the effects of 

nanoparticles on the morphologies of various immiscible polyblends and analyzed their effect of 

electrical properties of polyblend nanocomposites. The analytical study confirmed that 

reinforcement of nanofillers ensure a low thermal expansion coefficient, high thermomechanical 

resistance, and superior electrical conductivity if the blend exhibited a co-continuous 

microstructure in the fillers [38]. Huang et al. [28] used the double percolation technique to 

control selective localization of CNTs. They prepared a co-continuous immiscible polyblend of 

poly (lactic acid)/poly(ε-caprolactone) (PLA/PCL) at a weight ratio of 50/50 and controlled the 

migration of MWCNTs from unfavorable PLA to favorable PCL phase. As a result, percolation 

of PLA/PCL/MWCNT composites (0.97 wt.%) decreased by two orders of magnitude in 

PLA/MWCNT/PCL composites (0.025 wt.%) for similar electrical conductivities. Hence, 

development of a conductive composite is recommended with low conductive filler weight ratios 

and a combination of dissimilar polyblends [39-41]. When the polyblend system contains a 

thermosetting component, it is very difficult to control selective localization of conducting 

nanofillers at the interface. Generally, the fillers become concentrated in a particular phase 

depending on the effect of the curing reaction on miscibility, which ultimately increases the 

percolation threshold via dominance of a particular phase. 

In this chapter, a facile approach was developed in this study to construct a conductive double 

percolation network of highly reduced graphene oxide (HRGO) in a polyblend of diglycidyl ether 

of bisphenol A/polyetherimide (DGEBA/PEI). In this technique, conductive HRGO filler was 

introduced into DGEBA/PEI two-phase immiscible polyblend and was selectively localized at 

the interface or in the co-continuous phase. The DGEBA/PEI/HRGO nanocomposite showed high 

electrical conductivity with a low concentration of nanofiller (i.e., 0.5 wt.%) because of its double 

percolation structure. Furthermore, the structural and morphological analyses of 

DGEBA/PEI/HRGO nanocomposites were conducted using a field emission scanning electron 

microscope (FESEM) and an inverted optical microscope (OM) to characterize the conductive 

network. The electrical conductivity of the nanocomposites was measured by using a four-point 
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probe technique. The effects of HRGO on the CRIPS behavior of the composites were analyzed 

by dynamic mechanical analysis (DMA), and the influence of HRGO on the storage modulus and 

Tg of the DGEBA/PEI/HRGO was analyzed in detail. This ergonomic approach and the ability to 

control the localization of a nanofiller network are helpful in developing an economical 

multifunctional polyblend of DGEBA/PEI/HRGO that can be used in various engineering 

applications such as electronic coatings, packaging, and electromagnetic shielding. 

3.2.Experimental Section 

3.2.1.Synthesis of Highly Reduced Graphene Oxide (HRGO) 

The HRGO was prepared according to the method of Dang et al. [42], with some adjustments. 

For this, 2000 mg graphene oxide (GO, Standard Graphene, Korea) was added into a mixed 

solution of 800 mL N, N-dimethylformamide (DMF) and 200 mL deionized water (DIW). The 

mixture was sonicated in an ultrasonic bath (Jeiotech UC-10, 200 W, Seoul, Korea) for 3 h to 

form a homogenous suspension of GO (2 mg/mL). Hydrazine reduction was achieved by adding 

5 mL of hydrazine monohydrate (98%) per 100 mL of GO suspension and stirring at 60 °C in an 

oil bath for 24 h. The HRGO suspensions were filtered and washed with large amounts of ethanol 

to remove excess hydrazine monohydrate. The HRGO filter cakes were re-dispersed in ethanol 

by sonication for 3 h (the temperature of the sonication bath was maintained below 30 °C). 

To determine the dispersibility of HRGO in ethanol, 50 mL of HRGO suspension was 

centrifuged at 3000 RPM for 15 min. Then, 20 mL of the upper supernatant was collected, 

coagulated by adding a few drops of HCl (1 M), and filtered. The filter cakes were washed with 

ethanol three times, dried in vacuum at 100 °C, and weighed to calculate the dispersibility of the 

HRGO. 

3.2.2.Preparation of DGEBA/PEI/HRGO Composites 

Composites with and without HRGO were prepared by using following process. First, 

DGEBA, PEI, and HRGO were weighed according to the formulations in Table 3.1 and 

DGEBA/PEI/HRGO composites were denoted by DPxH. Where D, P, x, and H were representing 

the DGEBA, the PEI, PEI parts per hundred in the DGEBA (phr), and 0.5 wt.% of HRGO, 

respectively. PEI was dissolved in methylene dichloride (CH2Cl2) with strong magnetic stirring 
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and was introduced into the HRGO solution via magnetic stirring at room temperature. After that, 

the DGEBA was added to the PEI/HRGO blends with high-speed magnetic stirring at 80 °C for 

2 h to remove the solvent from the mixture. Then, the blends of DGEBA/PEI/HRGO were placed 

in a vacuum oven at 120 °C for 12 h to degas the mixtures and to remove the solvents. The mixture 

of curing agent Me-THPA and accelerator DMBA at 400:1 ratio by weight (C-A solution) was 

added into the vacuum-removed blends and stirred at 550 RPM and 120 °C. The homogeneous 

blend was achieved by mixing, and the few air bubbles caused by these processes were removed 

through vacuum treatment at 120 °C for 10 min. Finally, the polyblends were pre-curing at 150 °C 

for 5 h and continued by post-curing at 200 °C for 2 h after pouring into the pre-prepared mold 

(Figure 3.1). The residual samples in the beaker were stored in a refrigerator for OM measurement. 

For comparison, neat DGEBA, DP5, DP10, DP15, DP20, DP25, and DP30 were prepared by the 

same process. 

Table 3.1. Formulation of samples. 

Sample DGEBA (phr)1 PEI (phr)1 HRGO (wt.%) C–A solution 

DGEBA 100 0 0 80 

DP0H 100 0 x/(100 + 0+x)= 0.5% 80 

DP5H 100 5 x/(100 + 5+x)= 0.5% 80 

DP10H 100 10 x/(100 + 10+x)= 0.5% 80 

DP15H 100 15 x/(100 + 15+x)= 0.5% 80 

DP20H 100 20 x/(100 + 20+x)= 0.5% 80 

DP25H 100 25 x/(100 + 25+x)= 0.5% 80 

DP30H 100 30 x/(100 + 30) × 0.5% 80 
1phr: parts per hundred in the DGEBA, x: HRGO (phr), C-A solution: a solution of Me-THPA and DMBA. 

3.2.3.Measurement and Characterization 

Optical microscopy (OM) measurements were performed on an inverted metallurgical 

microscope (DMI3000B, Leica, Seoul, Korea) to observe the phase separation behavior and 

double percolation structure. Scanning electron microscope (SEM) (S-3400N, Hitachi High-

Technologies, Chicago, USA) analyses were conducted to observe the morphology of the HRGO. 

Transmission electron microscopy (TEM) measurements were performed on a field emission 

transmission electron microscope (Tecnai G2 F20 X-Twin, FEI Co., Hillsboro, USA) operated at 

an acceleration voltage of 200 kV. The ultrathin film (thickness:100–200 nm) composite samples 

were prepared at room temperature using an ultramicrotome (RMC CR-X, Boeckeler Instruments, 

Arizona, USA) equipped with a glass knife. The volume resistivity and volume conductivity of 
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nanocomposites were measured at room temperature using a four-point probe technique with 

(CMT-100, AIT Co., Gyeonggi, Korea). Nanocomposites were prepared in a disk shape 

(approximately 40 mm diameter and 2 mm thickness) for conductivity measurements (Figure 3.1). 

The thermomechanical properties of the nanocomposites were performed by dynamic mechanical 

analysis (DMA) (TA Q800, TA instrument, New Castle, USA) in single cantilever mode at a 

frequency of 1 Hz and oscillation strain of 0.2. The temperature ranges were 30–180 °C and 30–

230 °C at a heating rate of 3 °C/min for the neat DGEBA and other nanocomposites, respectively. 

The samples were cast in square aluminum molds, yielding a specimen geometry of 45 mm × 10 

mm × 3 mm (Figure 3.1). The contact angle (CA) measurements of DGEBA, PEI, and HRGO 

films with various liquids were measured using a (Phoenix 300, SEO, Komachine Co., Seoul, 

Korea). The CA measurements were conducted using the sessile drop method at room temperature 

with 15–17 μL volume drops of liquids that were prepared with a microsyringe. The surface 

tension and polarity of deionized water, glycerol, and formamide are shown in Table 3.1. The 

Raman spectra were characterized using a confocal Raman microscope (Thermo Fisher Scientific, 

Seoul, Korea) with a 532 nm wavelength monochromatic excitation laser with 2 mW laser power 

and a 5 s exposure time. Furthermore, Fourier transform infrared (FT-IR) spectra were recorded 

using (FT-IR, Thermo Fisher Electron Co., Waltham, MA, USA). Differential scanning 

calorimeter (DSC) measurements were performed by (TA Q20 V24.10, TA instrument, New 

Castle, USA). 
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Figure 3.1. Schematic illustration of preparation of DGEBA/PEI/HRGO polyblend 

nanocomposites and the phase structure during the process. 

3.3.Results and Discussion 

3.3.1.Physical and Morphological Properties of HRGO 

A low-magnification SEM micrograph of an HRGO flake is shown in Figure 3.2a. GO is a 

2D sheet-like structure and contains multiple lamellar layers that open into a few layers with 

improved graphitic structure after reduction. Figure 3.2a represents the opened flakes of graphene 

layers with irregular and folding which is caused due to acid treatment. They are entangled with 

each other and helpful in creating a dispersed network by selective localization while reinforcing 

the polyblend. Figure 3.2b shows a TEM image of single- or few-layer HRGO nanosheets with 

many wrinkles. These kinds of 2D wrinkled structures are useful in improving the reinforcement 

efficiency of HRGO. However, it is very difficult to predict the actual changes in structure after 

reduction from these SEM and TEM analyses. Therefore, Raman analysis was also conducted on 

these before reinforcement. 
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Figure 3.2. (a) SEM micrograph of HRGO flakes after drying, (b) TEM micrograph of HRGO 

and (c) Raman spectra of GO and HRGO flakes. 

Raman spectroscopy provides information based on inelastic scattering of a molecule irradiated 

by a monochromatic light, where laser is normally used. Figure 32c shows Raman spectra for GO 

and HRGO, with two fundamental vibrations observed in the range of 1100–1700cm−1. The D 

vibration band (D-band) was observed at 1345.9 cm−1 and 1344.008 cm−1 for GO and HRGO, 

respectively. On the other hand, the G vibration band (G-band) appeared at 1590.8 cm−1 and 

1586.5 cm−1 for GO and HRGO, respectively. Furthermore, the G vibration band is affected by 

the presence of the stretching C–C bond, which is common in all sp2 carbon systems. The D band 

and G band in the Raman spectra symbolize disorder bands and tangential bands, respectively. 

Besides, a broadening and shift to higher wavenumbers of the 2D band were observed at 2684.2 

cm−1 and 2673.6 cm−1 for GO and HRGO, respectively. The 2D band can be used to determine 

number of layers of graphene (monolayer, double layer, or multilayer) as it is highly sensitive to 

the stacking of graphene layers. In addition, the shifted location of the 2D band is due to the 

presence of oxygen-containing functional groups and prevents graphene layer stacking of HRGO. 

Thus, fewer oxygen-containing functional groups remained, allowing the RGO to stack. The 

ID/IG ratio for GO was 0.847. After reduction, the ratio for HRGO increased to 1.063 due to 

restoration of sp2 carbon and decrease in the average size of sp2 domains upon reduction [43,44]. 

The higher intensity in the D band also suggested that more isolated graphene domains were 

present in HRGO compared to GO due to removal of oxygen moieties from GO after hydrazine 

reduction [45,46]. Further, to observe the reduction state of HRGO, FT-IR analysis was also 

conducted. Figure 3.3 represents the FT-IR spectra of GO and HRGO, which confirms the 

reduction of GO after hydrazine treatment. After reduction of GO, a new amino group from 

hydrazine was found in HRGO which helped accelerating the curing reaction process. 
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Figure 3.3. The FTIR spectra for HRGO and GO. 

 

3.3.2.Morphology of DGEBA/PEI/HRGO as Observed by Optical Microscopy (OM) 

Measurement 

Curing reaction-induced phase separation (CRIPS) is commonly described as the separation 

of a homogeneous polyblend into two immiscible phases during curing. The morphologies of the 

fabricated DGEBA/PEI/HRGO nanocomposites with different contents of PEI were characterized 

by OM measurement (Figure 3.4). During the CRIPS process, the polyblend followed a spinodal 

decomposition mechanism [42]. The DGEBA/PEI polyblend is a dynamic asymmetric system 

that initially is homogeneous. The molar mass of the DGEBA increases as the isothermal curing 

reaction proceeds, resulting in an increase in cross-linking density of DGEBA. Because large 

differences in mobility occur between DGEBA molecular and PEI, the PEI is no longer miscible 

in the matrix, and PEI begins to separate out, causing phase separation. The viscoelastic effect 

become more prominent after primary phase separation, and this reduces the mobility of polymer 

chains of each polymer as they diffuse into each other. When the diffusion is too slow to achieve 

geometrical coarsening, the local concentration equilibrium is disrupted, and secondary phase 
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separation will occur in both DGEBA-rich and PEI-rich domains [43]. 

Figure 3.4a–g shows the final phase of the DGEBA/PEI/HRGO nanocomposites with 

various PEI contents. The final phase structure changed from a Figure 3.4a-like insulated island 

dispersed phase structure to a Figure 3.4e micro-size co-continuous phase structure, with a PEI 

concentration from 5 to 25 phr of DGEBA, respectively. Furthermore, an inversion phase 

structure (PEI-rich phase as matrix) appeared in the polyblend with increased concentration of 

PEI, as depicted in Figure 3.4f. 
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Figure 3.4. The final phase morphologies of DGEBA/PEI/HRGO nanocomposites are (a) DP5H, 

(b) DP10H, (c) DP15H, (d) DP20H, (e) DP25H, (f) DP30H, and (g) DP30, respectively. 

The PEI-rich phase is represented as darker domains, and the DGEBA-rich phase as brighter 

domains (Figure 3.4f). further, these separated phases were confirmed by FETEM analyses in the 

upcoming section. Occurrence of secondary phase separation, which shows many small droplets 

in both domains at the final stage of phase separation, as in Figure 3.4e–g, concur well with the 
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state of viscoelastic phase separation reported by Tanaka et al. [44]. 

Compared with the non-HRGO-filled polyblend in Figure 3.4g, introduction of the HRGO 

(Figure 3.4f) both suppressed the extent of coarsening (i.e., the sizes of the DGEBA-rich phases 

became smaller) and accelerated the curing process due to interactions between -NH2 functional 

groups on the HRGO and DGEBA oligomer [45]. HRGO served as a crosslinking accelerator as 

a chemical crosslinking point. 

3.3.3.Field Emission Transmission Electron Microscopy (FETEM) Analyses 

The distribution of HRGO in DGEBA/PEI polyblend system and the phase structure of 

polyblend were analyzed by the FETEM technique as well. Figure 3.5 represents the FETEM 

micrographs of the DP25H and DP30H polyblends, in which dark and white domains represents 

PEI and DGEBA phase, respectively. Figure 3.5a shows a co-continuous phase morphology in 

low magnification which is consistent with the optical micrographs and Figure 3.5b shows the 

crumpled surfaces (with some wrinkles) of sheets of HRGO at the interface (between DGEBA 

and PEI phase). It is implied that the HRGO sheets were selectively localized at the interface in 

DP25H. Then, the high-resolution transmission electron microscopy (HRTEM) image of DP25H 

exhibits fringes from which the d-spacing value of the HRGO was calculated to be 0.376 nm as 

depicted in Figure 3.5c. Figure 3.5d–f represents a typical phase inversion structure of DP30H 

polyblend from lower to higher magnifications. The secondary phase separation structure showed 

in Figure 3.5e, involved many dark insulated islands (PEI phase) and numerous crumpled HRGO 

sheets distributed at the interface that between DGEBA and PEI phase. 

Comparing Figure 3.5a with Figure 3.5d, we observe the formation of different phase 

structures by increasing the content of PEI from 25 to 30 phr. Meanwhile, the FETEM analysis is 

cohort with the OM micrographs and represents localization of HRGO at the interface between 

DGEBA and PEI successfully. 
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Figure 3.5. FETEM micrographs of (a–c) DP25H polyblend from lower to higher magnification 

with inset in (c) represents HRTEM micrograph of localized HRGO at the interface of DGEBA 

and PEI, and (d–f) represents DP30H polyblend with phase inversion. 

3.3.4.Electrical Properties of Nanocomposites 

Morphologic analyses of DP25H and DP30H demonstrated the existence of a co-continuous 

phase and an inversion phase, respectively. HRGO was selectively located at the interface 

between DGEBA and the PEI phase and formed a double-percolation conductive network 

structure. This dispersed network in polyblend is useful in introducing conductivity to a composite 

system. Figure 3.6 illustrates the effects of PEI content and PEI/HRGO content on the in-plane 

conductivity of polyblend and HRGO-reinforced polyblend composites, respectively. Figure 3.6b 

shows that the electrical conductivities gradually increased by increasing the PEI content when 

HRGO was introduced into the DGEBA/PEI polyblend system. On the other hand, there was little 

change in the electrical conductivity of polyblend without HRGO, as represented in Figure 3.6a. 
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Figure 3.6. The electrical properties of samples for various PEI contents: (a) DGEBA/PEI, (b) 

DGEBA/PEI/0.5 wt.% HRGO. 

However, the phase morphologies of the nanocomposites, especially phase continuity, play an 

important role in establishing a conductive network of filler in polymer composites. The volume 

resistivity and conductivity of DGEBA with similar concentrations of PEI and 0.5 wt.% HRGO 

are presented in Figure 3.6b and Table 3.2. With HRGO reinforcement in DGEBA, the 

conductivity reached 1.83 S/m, and it increased with respect to PEI concentration increases. In 

the DP25H, the conductivity reached ~5 S/m, an overall improvement of 173% compared to that 

without PEI. After reaching 25 phr of PEI, the conductivity remained nearly constant, but an 

inversion phase structure affected the thermomechanical properties of the overall polyblend 

system. Furthermore, the comparison of electrical properties with other previous reports are 

shown in Table 3.3. 

Table 3.2. The volume resistivity and volume conductivity of DGEBA/PEI polyblend with and 

without HRGO. 

Materials Volume Resistivity (Ω cm) Volume Conductivity (S/m) 

Neat DGEBA 3.67 × 1017 2.67 × 10−16 

DP0H 54.60 1.83 

DP5H 31.06 3.22 

DP10H 28.23 3.54 

DP15H 26.41 3.78 

DP20H 24.11 4.15 

DP25H 20.09 4.98 

DP30H 17.02 5.88 

The simultaneous blending of PEI with the curing reaction causes phase separation due to a 

spinodal shift, allowing formation of a co-continuous network structure. This network improves 

the dispersion state of HRGO and improves the conductivity. This conducting property of 

nanocomposites is determined by selective localization of filler particles in the polyblend. There 
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are various thermodynamic strategies to control the selective localization of nanofiller. The most 

widely used thermodynamic parameters for localization are the wetting parameters, which are 

described in an upcoming section [36]. 

Table 3.3. Comparison of electrical properties with those of previously publications. 

3.3.5.Prediction for Selective Localization of HRGO 

Various studies of different complex parameters have been conducted for locali-zation of a 

filler in an immiscible polyblend. Accurate analysis of localization is diffi-cult because, in 

addition to thermodynamics, the fluid dynamics, surface tension, and polarity of constituent 

blends during reaction are very important [56–61]. However, still wettability parameter is a useful 

technique as it considers the surface tension of each component in the blend. To precisely evaluate 

the surface tension of DGEBA, PEI, and HRGO, we conducted contact angle measurements in 

conjunction with the Lifshitz–van der Waals/acid-base approaches (Equations (1) and (2)) [56,57]. 

The values of these surface tension components and parameters of the test liquids used in this 

work are shown in Table 3.4. Digital images of the contact angles and values of three components 

are shown in Figure 3.7 and Table 3.5. 

Table 3.4. Surface tensions and components (mJ/m2). 

Liquid γL γL
LW(γL

d) γL
AB(γL

P) γL
+ γL

- Polarity[γL
p/γL

d] 

Deionized water (DI) 72.8 21.8 51 25.5 25.5 2.3 

Glycerol (GL) 64.0 34.0 30 3.9 57.4 0.9 

Formamide (FA) 58.0 39.0 19 2.28 39.6 0.5 

 

γL(1 + cos θ) = 2(√γs
LwγL

Lw + √γs
+ ⋅ γL

− + √γs
− ⋅ γL

+) (3.1) 

Samples 
Polymer 

A 

Polymer 

B 

Filler 

Loading 

(wt. %) 

Volume 

Resistivity 

(Ω•cm) 

Volume 

Conductivity 

(S/m) 

[Ref] 

EP/35PEI/GnPs DGEBA PEI 2 ≈107 ≈10−5 [46] 

EP/PES/MWCNT DGEBA PES 4.8 — 10−1 [36] 

EP/PEI/CB DGEBA PEI 1 ≈103 — [47] 

DGEBA/PEI/MWCNTs DGEBA PEI 2 3.86 × 106 — [48] 

DGEBA/PEI/AgNWs DGEBA PEI 3 

9.6 × 105Ω 

(surface 

resistivity) 

— [49] 

EP/AIN/MWCNTs DGEBA AIN 6 — 10−10 [50] 

EP/PA/MWCNT DGEBA PA 1 — 10−3 [51] 

DGEBA/PEI/HRGO DGEBA PEI 0.5 1.7 × 101 5.88 This work 
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γL
AB = 2√γL

− ⋅ γL
+ (3.2) 

The Lifshitz–van der Waals/acid-base approaches proposed by Van Oss et al. [52, 53] 

combine dispersion (γd), polar (γP), and γi components into a single component, called the 

nonpolar or Lifshitz–van der Waals component (γLW). Also, the electron acceptor-electron donor 

(Lewis acid/base) interactions of polar composites are expressed as γAB, and the surface tension 

of compound i (L: liquid, S: solid) is expressed as γi
+ (acidic component) γi

- (basic component) 

according to Equation (2). Eventually, the total surface tension is obtained by addition of the 

nonpolar and polar components (γtot = γLW + γAB). Combining this method with the Young-Dupré 

equation yields Equation (1). 

 

Figure 3.7. The contact angle images of samples are given in Table 3.5. (a) DI on DGEBA, (b) 

DI on PEI, (c) DI on HRGO, (d) GL on DGEBA, (e) GL on PEI, (f) GL on HRGO, (g) FA on 

DGEBA, (h) FA on PEI, (i) FA on HRGO. 

Since Equation (1) contains three unknowns of the solid (γS
LW, γS

+, and γS
-), we used three 

different liquids (in Table 3.5), two of which were polar. In our work, the surface tensions of 

DGEBA, PEI, and HRGO were calculated by Lifshitz–van der Waals approaches as shown in 

Table 3.6. 

Table 3.5. Surface tension components and parameters and static contact angles for the test liquids 

DGEBA, PEI, and HRGO. 

Liquid γL γL
LW(γL

d) γL
AB(γL

P) Contact Angle (θ) 
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(mJ/m2) (mJ/m2) (mJ/m2) DGEBA PEI HRGO 

Deionized water (DI) 72.8 21.8 51 88.4 84.2 80.5 

Glycerol (GL) 64.0 34.0 30 84.3 75.0 55.0 

Formamide (FA) 58.0 39.0 19 54.1 58.8 27.1 

 

The surface tension of each component in the polyblend is considered essential for predicting 

the localization. From a thermodynamics perspective, the wetting coefficient (ωa) proposed by 

Sumita et al. [54] was widely used to forecast the localization of nanofillers [51,63,64]. The 

wetting coefficient ωa can be calculated according to Young’s equation (Equation (3)) as given 

below: 

ωa =
γHRGO−B − γHRGO−A

γA−B

 
(3.3) 

where γHRGO-B is the interfacial tension between HRGO and the polymer B phase, γHRGO-A is the 

interfacial tension between HRGO and the polymer A phase, and γA-B is the interfacial tension 

between the polymer A phase and polymer B phase. The prediction is that HRGO will be 

distributed preferentially in the polymer B phase if ωa < −1, HRGO will be located at the interface 

between polymer A and polymer B if −1 < ωa < 1 and HRGO will be distributed in the polymer A 

phase if ωa > 1. 

Table 3.6. The surface tension parameters were obtained from Table 3.5. 

Materials γ (mJ/m2) γd (mJ/m2) γP (mJ/m2) 

DGEBA 103.79 92.44 11.35 

PEI 131.68 126.62 5.06 

HRGO 93.99 93.67 0.32 

HRGO: highly reduced graphene oxide; PEI: polyetherimide; γ = γd + γP. 

The interfacial tension between the two phases of nanocomposites, γA-B, can be calculated 

using Wu’s harmonic mean average [55] as follow: 

γA−B = γA + γB − 4 (
γA

d γB
d

γA
d + γB

d
+

γA
PγB

p

γA
P + γB

P) (3.4) 

where γA-B is the interfacial tension between phases A and B. γA and γB are the surface tensions of 

phases A and B, respectively. γd
A and γd

B are the surface tensions of dispersion components A and 

B, respectively. γp
A and γp

B are the surface tensions of polar components A and B, respectively, 

for which γ = γd + γp. 

In our DGEBA/PEI/HRGO polyblend system, the surface tensions of components are shown in 
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Table 3.6, and the interfacial tension and calculated wetting coefficient are given in Table 3.7. 

From these calculations −1 < ωa = 0.171 < 1, indicating that the HRGO selectively localizes at 

the interface in DGEBA/PEI/HRGO systems. This prediction is consistent with the OM images. 

Table 3.7. The wetting coefficient (ωa), interfacial tension (γpair), and predicted localization of 

HRGO in DGEBA/PEI/HRGO polyblends. 

Nanocomposites 
Phase 

A 

Phase 

B 

Component 

Pair 

γpair 

(mN/m) 
ωa 

Predicted 

Localization 

of HRGO 

DGEBA/PEI/HRGO DGEBA PEI 

DGEBA/PEI 7.74   

DGEBA/HRGO 10.42 −1 < 0.171 < 1 Interphase 

PEI/HRGO 9.10   

 

3.3.6.Mechanism of HRGO Localization 

Considering the final electrical properties of the ternary nanocomposites, selective 

localization of nanofiller in a polyblend is the key factor for controlling these properties. 

Introducing the electrical conductivity with very low filler content is very important. In creation 

of polyblend, crosslinking of DGEBA begins once the temperature increases to the curing 

temperature, and this is the starting point for phase separation [56, 57]. As curing continues, the 

spinodal downshift led to formation of a co-continuous phase structure. The HRGO nanoparticles 

were uniformly mixed in the polyblend (Figure 3.8). During curing of DGEBA, an island-like 

structure is formed and progressively increases until the dynamic forces between DGEBA and 

PEI are in balance. Here, HRGO nanoparticles due to double percolation formed a conductive 

network at the interphase of DGBEA and PEI, as represented in Figure 3.8a,b. 

Figure 3.8b presents the TEM micrograph of DP25H nanocomposites in which the two 

phases of DGEBA and PEI are represented by yellow and orange color dots, respectively. The 

HRGO particles are clearly visible at the interphase of the two polymers, forming a conductive 

network in the polyblend at a very low concentration. Table 3.3 compares our work with previous 

literature, showing high electrical properties in comparison with others work. Moreover, the 

content ratio of nanofiller HRGO in our work is very low (only 0.5 wt.% of filler) for achieving 

the similar or more electrical conductivity compared to others work. 
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Figure 3.8. Schematic illustration: (a) structural evolution of double percolation conductive 

DGEBA/PEI/HRGO nanocomposites via CRIPS and (b) FETEM image of nanocomposite. 

3.3.7.Dynamic Mechanical Analyses (DMA) 

The viscoelastic behavior of HRGO-reinforced polyblends and selective localization of 

HRGOs in nanocomposites have been studied using dynamic mechanical analysis (DMA). DMA 

provides a sinusoidal load over the clamped sample and compares this with the collected response 

using a linear variable differential transformer (LVDT). Specifically, the LVDT measures the 

amplitude of the resulting sinusoidal wave, which is the storage modulus (E’) of the material, and 

the tangent of the phase lag between applied force and material response (tan δ) [13]. 

Figure 3.9a–d presents the storage modulus versus temperature curve of the DGEBA/PEI 

polyblend with various phr of PEI and that of the DGEBA/PEI/HRGO nanocomposite with 

various phr of PEI and a fixed concentration of HRGO (0.5 wt.%). 
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Figure 3.9a presents the storage modulus of a polyblend without HRGO. The storage modulus of 

neat DGEBA is 1536 MPa in the glassy region (measured at 30 °C) and 14.2 in the rubbery region 

(measured at Tg + 30 °C). The storage modulus increased with PEI and reached maximum values 

of 1660 MPa and 68 MPa in the glassy and rubbery regions, respectively, for 25 phr PEI. The 

storage modulus of DP25 was higher for the entire working temperature range (30–180 °C), which 

suggests that the restriction of polymer chains in the polyblend is primarily due to phase 

separation but also to arrested motion of the thermoplastic monomer chain between DGEBA-rich 

zones. Figure 3.9b shows curves of the storage modulus in the temperature range of 80–130 °C, 

and it clearly indicates the restriction of polymer chain motion at the beginning of the transition 

zone (glassy to rubbery). Ultimately, the immiscible polymer blending resulted in a binary 

polymer system that is capable of withstanding higher temperatures than that of DGEBA alone. 

Figure 3.9c and Table 3.8 show the effect of reinforcement of HRGO on the 

thermomechanical properties of DGEBA/PEI/HRGO nanocomposites with different phr fractions 

of PEI and a fixed weight ratio of HRGO. The storage moduli of ternary polyblend 

nanocomposites increased with increasing PEI concentration. The storage modulus of DP25H 

reached 1915 MPa and 64.8 MPa in the glassy and rubbery regions, respectively, and showed an 

overall improvement of ~14% and ~222% over the baseline DGEBA nanocomposite (i.e., without 

polyblend DP0H). The HRGO reinforcement in polyblend played a crucial role in improving the 

thermomechanical properties, as depicted in Figure 3.9d. Although the storage modulus is high 

for the entire temperature range in DP25H, the effect is more prominent at the beginning of 

transition (i.e., 80–130 °C), where there was a significant difference in the storage. 
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Figure 3.9. The storage modulus versus temperature of DGEBA/PEI polyblend (a) at 30–230 °C 

and (b) a magnified view of the beginning of the transition (80–130 °C). Storage modulus versus 

temperature curves for DGEBA/PEI/HRGO nanocomposites with 0.5 wt.% HRGO at (c) 30–

230 °C and (d) 80–130 °C. 

Tan δ versus temperature curves of DGEBA/PEI polyblend and DGEBA/PEI/HRGO 

nanocomposites are given in Figure 3.10. The curves in Figure 3.10a–c demonstrate that the glass 

transition temperature (Tg) increased with blending concentration of PEI. The Tg of base DGEBA 

was 123.1 °C. After blending with PEI, it increased to 133.8 °C for DP25, an improvement of 

10.7 degrees (Tg1 in Table 3.8). On the other hand, the Tg of neat PEI was 217 °C, which was 

reduced after blending with DGEBA (Tg2 in Table 3.8). The Tg2 of the DP25 was 192 °C. When 

HRGO was added to the polyblend, the Tg2 showed similar results (Figure 3.10d–f). The Tg1 of 

DP25H reached 131.6 °C, which is close to the Tg1 of DP25 but higher than that of 

DGEBA/0.5HRGO (123.3 °C). The Tg2 of DP25H was 198.2 °C, higher than that of DP25 

(192.0 °C). This implies that addition of HRGO in the polyblend restricts polymer chain motion 

of both DGEBA and PEI. However, it is more prominent for PEI, as it exists only at the narrow 

zones between the large islands of DGEBA created during phase separation. The decrease in peak 
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height of tan δ in polyblend (Figure 3.10b) and nanocomposite (Figure 3.10e) indicates the change 

in internal energy due to restriction of molecular mobility caused by the increase in viscosity due 

to PEI and HRGO fillers, respectively [58, 59]. 

 

Figure 3.10. Tan δ versus temperature curve for DGEBA/PEI polyblend: (a) 30–230 °C, (b) 100–

150 °C for Tg1, (c) 150–230 °C for Tg2, and tan δ versus temperature curve for DGEBA/PEI/HRGO 

nanocomposites: (d) 30–230 °C, (e) 100–150 °C for Tg1, (f) 150–230 °C for Tg2. 

Table 3.8. The storage, rubbery modulus, and Tg (from tan δ) of samples. 

Materials 

Storage 

Modulus 

E’(MPa) 

Rubbery 

Modulus 

(MPa) 

Glass Transition Temperature 

(℃) 

Tg1 Tg2 

Neat DGEBA 1536 14.2 123.1 

DP5 1664 16.1 123.4 202.8 

DP20 1687 38.8 128.8 194.1 

DP25 1660 68.0 133.8 192.0 

DP0H 1673 20.1 123.3 

DP5H 1709 22.4 125.6 196.5 

DP20H 1831 23.5 129.7 184.7 

DP25H 1915 64.8 131.6 198.2 

Neat PEI’s Tg: 217 °C. 

Further, to investigate the response of polyblends for heating, the DSC measurements was 

also conducted. Figure 3.11 represents the DSC thermograms of DGEBA/PEI and 

DGEBA/PEI/HRGO polyblends which confirms the HRGO accelerating the curing reaction 

process. 
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Figure 3.11. The differential scanning calorimeter (DSC) curves of (a) DGEBA/PEI polyblends 

and (b) DGEBA/PEI/HRGO polyblends. 

3.4.Conclusions 

In summary, we developed a three-dimensional double-percolation network of a 

DGEBA/PEI/HRGO ternary system using a low content of 0.5 wt.% HRGO with the assistance 

of CRIPS. The results confirmed our prediction that a unique ternary nanocomposite can be 

fabricated by controlling the location of the conductive filler HRGO at the interface. Furthermore, 

the electrical conductivity of polyblends increased by almost 16 orders of magnitude at a low 

content of 0.5 wt.% HRGO. The dynamic mechanical analyses demonstrated that the storage 

modulus was continuously enhanced by increasing PEI content and was enhanced by 15.4% with 

addition of 0.5 wt.% HRGO. The glass transition temperature (Tg) also increased with addition of 

PEI. Therefore, the DGEBA/PEI/HRGO nanocomposites have significant potential for various 

engineering applications such as electronic packaging, EMI shielding, electrostatic discharge, etc. 
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CHAPTER 4 Enhanced EMI shielding and electrical 

conductivity properties in DGEBA/PEI/RGO ternary system 

4.1.Introduction 

Multifunctional polymer nanocomposites are progressively replacing metallic parts because 

of their superior properties, such as low density, excellent mechanical properties, low cost, and 

chemical stability, etc. However, commercial polymers are electrically insulating in nature and 

usually require highly conducting fillers to come in the category of conducting nanocomposites. 

The introduction of electrically conducting nanofiller at high concentration was one of the most 

efficient approaches for developing conducting polymer composites (CPCs). Therefore, many 

efforts have aimed to develop this strategy to achieve desired electrical conductivity. These 

include the introduction of electrically conducting fillers such as carbon nanotubes (CNT) [1], 

carbon dots [2], graphene [3], and their derivatives for CPCs [4]. 

With the rapid development of communications and internet technologies, electromagnetic 

interference (EMI) has emerged as a serious threat to the stable functioning of electronic devices 

[5-8]. The application of CPCs with nanofillers is one of the solutions. The addition of electrically 

conducting nanofillers increases the shielding properties of material via various mechanisms, such 

as conductive losses, destructive interference, hysteresis losses, and heating losses, etc. Zhang et 

al. prepared laminar structures of polyethylene oxide(PEO)/ CNT (as shielding layer) and 

cellulose (as a supporting substrate) with high loading of nanofiller CNT at 40 wt.%, which 

yielded shielding effectiveness of 30-40 dB in the X band [9]. Zeng et al. successfully prepared a 

reinforced waterborne polyurethane (WPU) film with 61.5 wt.% of multi-walled carbon 

nanotubes (MWCNT) and its shielding effectiveness reached 35 dB [10]. Liang et al. fabricated 

epoxy/graphene nanocomposites with ~15 wt.% filler loading and obtained shielding 

effectiveness of 21 dB [11]. Wang et al. reported the 35 dB shielding effectiveness with the 

incorporation of hierarchical MWCNT-Fe3O4/Ag nanofiller (15 wt. %) [12]. It is obvious from 

these studies that CPCs with higher loadings of nanofillers from 15 to 61.5 wt.% have obtained 

greater shielding properties. However, achieving homogeneous nanofillers dispersion in a 

polymer matrix with hydrodynamics and viscoelastic properties to contend with is difficult. In 
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addition, the mechanical properties of a polymer matrix may deteriorate with high filler loading. 

Therefore, it is very challenging to obtain effective EMI shielding properties in polymer 

nanocomposites by loading low content of nanofillers. 

Recently, the combination of multiphase polyblend has been adopted to develop electrically 

conducting nanocomposites with low filler content, overcoming the problems of poor 

processability and deteriorating mechanical properties. In these polyblends, different phase 

structures with different filler localization can be possible, which is used to construct electrically 

conductive networks with low nanofiller loading. To form conductive networks with low 

percolation, it is necessary that the nanofiller be localized at the interface of the separated polymer 

phases in co-continuous or phase inversion polyblend with the balanced mechanical properties of 

two integrated polymers [13]. When the polyblend system contains a thermosetting polymer like 

diglycidyl ether of bisphenol A (DGEBA), the curing reaction can control the localization of the 

nanofiller at the interface of two immiscible polymers [14]. Other than the thermodynamics of 

curing reaction, various kinetic and rheological factors also influence the final phase structure of 

the polyblend and preferential localization of fillers. 

In the past few years, there have been various reports on selective localization of nanofiller 

in the co-continuous polyblend of epoxy and other amphiphilic block co-polymer [15, 16] that is 

simply controlled by curing reaction induced phase separation (CRIPS) [17-20]. However, fewer 

reported regarding using phase-separated structures to synthesize materials with low loadings of 

selectively localized conductive fillers to achieve favorable EMI shielding properties [21, 22]. 

The preparation of rigid nanofiller foam which can withstand the hydrodynamic forces of resin 

infusion is not an easy task and further practical applicability for complex geometries is very 

difficult. Hence, a simple processing technology to develop thermosetting resin-based effective 

EMI shielding materials with low loading of conducting filler is extremely important. 

In this chapter, DGEBA/ polyetherimide (PEI) polyblend system was prepared. The CRIPS 

technique facilitated reduced graphene oxide (RGO) selectively localized at the interface of two 

immiscible phases. The resultant double-percolated conductive networks of RGO in co-

continuous or inversion phase structure of DGEBA/PEI polyblends helped to improve the 
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electrical conductivity of nanocomposites at a very low concentration of RGO. Furthermore, the 

effects of blending and selective localization of RGO on the thermomechanical and EMI shielding 

properties of nanocomposites are investigated. This study provides an interesting technique for 

developing low nanofiller loading polyblend nanocomposites with balanced electrical, 

thermomechanical, and EMI shielding properties. These multifunctional properties contribute 

novel three-dimensional DGEBA/PEI/RGO nanocomposites for effective aerospace structural 

materials and microelectronics applications. 

4.2.Experimental section 

4.2.1.Synthesis of RGO 

The preparation of RGO was according to a previous publication [14]. The RGO suspension 

was then filtered and washed by DMF for three times to remove the unreacted reducing agent (i.e., 

hydrazine). Finally, the RGO flakes were dried in the vacuum oven at 150 °C for 24 h to evaporate 

the residual solvent completely. These free-standing RGO papers were thus obtained for 

morphological and X-ray photoelectron spectroscopy (XPS) analysis. 

4.2.2.Fabrication of DGEBA/RGO/PEI nanocomposites 

The nanocomposites with RGO were prepared using the solvent casting technique. Initially, 

PEI was dissolved in CH2Cl2 with magnetic stirring. A homogeneous suspension of RGO (0.4 

mg/mL) was then added into PEI solution and stirred at room temperature. Subsequently, DGEBA 

oligomer was added into the PEI/RGO mixture. The mixture was stirred at 90 °C for 2 h to remove 

most of the solvent and degassed in the vacuum oven at 120 °C for 12 h to completely remove 

the residual solvent. Finally, a crosslinking solution of DMBA and Me-THPA was added to the 

degassed polyblend (DGEBA: crosslinking solution= 1:0.8) and stirred at 110 °C. After pouring 

into the moulds, the polyblend was then pre-cured at 150 °C for 5 h and post-cured at 200 °C for 

2 h. The compositions of DGEBA, RGO, and PEI were given in Table 4.1. The DGEBA/PEI/RGO 

nanocomposites were designated as DPn1Rn2 where D, P, n1, R, and n2 represent DGEBA, PEI, 

the weight percentage of PEI in DGEBA, the RGO, and the weight percentage of RGO in the 

DGEBA/PEI/RGO nanocomposites, respectively. For comparison, samples including neat 

DGEBA, nanocomposites DR1, DR1.5, DR2, DR2.5, DR3, DP25, and DP30 were prepared using 
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a similar casting technique. A schematic of the fabrication process is shown in Figure 4.1. 

Table 4.1. Formulation of samples. 

Samples DGEBA 

(phr)1 

PEI (phr)1 RGO (wt.%) C–A solution 

DGEBA 100 0 0 80 

DR1 100 0 x/ (100+0+x) =1.0% 80 

DR1.5 100 0 x/ (100+0+x) =1.5% 80 

DR2 100 0 x/ (100+0+x) =2.0% 80 

DR2.5 100 0 x/ (100+0+x) =2.5% 80 

DR3 100 0 x/ (100+0+x) =3.0% 80 

DP25 100 25 0 80 

DP30 100 30 0 80 

DP5R3 100 5 x/ (100+5+x) =3.0% 80 

DP25R1 100 25 x/ (100+25+x) =1.0% 80 

DP25R1.5 100 25 x/ (100+25+x) =1.5% 80 

DP25R2 100 25 x/ (100+25+x) =2.0% 80 

DP25R2.5 100 25 x/ (100+25+x) =2.5% 80 

DP25R3 100 25 x/ (100+25+x) =3.0% 80 

DP30R1 100 30 x/ (100+30+x) =1.0% 80 

DP30R1.5 100 30 x/ (100+30+x) =1.5% 80 

DP30R2 100 30 x/ (100+30+x) =2.0% 80 

DP30R2.5 100 30 x/ (100+30+x) =2.5% 80 

DP30R3 100 30 x/ (100 + 30+x) =3.0% 80 

1phr: parts per hundred in the DGEBA, x: RGO (phr), C-A solution: a solution of Me-THPA and DMBA. 

 

 
Figure 4.1. Schematic of the fabrication of DGEBA/PEI/RGO nanocomposites. 

4.2.3.Measurement and characterization 

Transmission electron microscope (TEM, H-8100, Hitachi High-Tech Co., USA) and 

scanning electron microscope (SEM, S-3400N, Hitachi High-Tech Co., USA) analyses were to 
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observe the morphology of the fillers. FETEM measurements were performed by using a FETEM 

(Tecnai G2 F20 X-Twin, FEI Co., USA) operated at an accelerating voltage of 200 kV. Ultrathin 

films (thickness: 100-200 nm) of the nanocomposite samples were prepared using an ultra-

microtome (RMC CR-X, Boeckeler Instruments Co., USA) equipped with a glass knife for 

FETEM observation. Raman spectra were performed by a Raman spectrometer (DXR™ 3, 

Thermo Fisher Scientific Inc., USA). XPS analysis was performed on an ESCALAB 250XI 

(Thermo Fisher Scientific Inc., USA) system using a monochromatic Al-Kα X-ray source (Kα 

1486.6 keV) and a CLAM-2 hemispherical analyzer for electron detection. Fourier transform 

infrared (FT-IR) spectra were recorded using an FT-IR (Nicolet™ iS™ 5, Thermo Fisher 

Scientific Inc., USA) and attenuated total reflectance (ATR) accessory in the range of 4000-400 

cm−1 at room temperature. The specimens were prepared in disk-shaped silicone moulds with 40 

mm in diameter and 2 mm in thickness of the specimens and measured by using the four-point 

probe equipment (CMT-100MP, AIT Co., Korea) for electrical properties measurement. The 

thermomechanical properties of the specimens were attained by DMA (Q800, TA Instruments Co., 

USA) in the single cantilever mode at a frequency of 1 Hz. The temperature ranges applied were 

from 30 to 180 °C for neat DGEBA and from 30 to 230 °C for other nanocomposites at a heating 

rate of 3 °C/min. The samples were cast in 45 mm × 10 mm × 3 mm rectangular aluminum moulds 

for DMA analysis. The contact angle (CA) measurements were conducted by a Phoenix 300 (SEO 

Co., Korea) using the sessile drop method at room temperature with 15–17 μL of deionized water 

(DI), glycerol (GL), and formamide (FA), respectively. Thermogravimetric analysis (TGA, Q50, 

TA Instruments Co., USA) was carried out under a nitrogen atmosphere at a heating rate of 

10 °C/min. Differential scanning calorimeter (DSC, Q20 V24.10, TA Instruments Co., USA) 

measurements were performed under a constant nitrogen flow of 50 mL/min and at a heating rate 

of 20 °C/min. The EMI shielding effectiveness (SE) parameters of nanocomposites were 

measured by a vector network analyzer (E5071C Agilent Inc., USA) in the frequency range of 

8.2−12.4 GHz (X-band) at room temperature. The samples in 2 mm thickness were cut into 

rectangle plates of 22.9 mm × 10.2 mm to fit the waveguide sample holder. 
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4.3.Results and discussion 

4.3.1.Morphological properties of RGO 

SEM micrographs of GO and RGO flakes are shown in Figure 4.2a-b and 4.2d-e, respectively. 

Figure 4.2a-b shows that the pristine GO is randomly aggregated in wide size distribution. Figure 

4.2d-e illustrates that RGO has many wrinkles and crumples after hydrazine reduction, and they 

are entangled with each other. TEM micrographs of GO and RGO are shown in Figure 4.2c and 

4.2f. TEM micrographs of GO and RGO represent the wrinkled structure with a few layers 

stacking, and Raman, FT-IR, and XPS analyses were also conducted to estimate the actual 

structural changes between GO and RGO before RGO was introduced into polyblends to prepare 

nanocomposites. 

 

Figure 4.2. SEM micrographs of pristine GO at (a) low and (b) high magnification, (c) TEM 

micrograph of GO, SEM micrographs of RGO flakes at (d) low and (e) high magnification, (f) 

TEM micrograph of RGO. 

4.3.2.Physical and chemical properties of RGO 

Raman analysis provides information regarding the inelastic scattering by molecules 

irradiated by the monochromatic excitation source, thereby elucidating the structural properties 

of a material. Figure 4.3a represents the Raman spectra of pristine GO and RGO. Two 

fundamental vibrations can be observed between 1200 and 1600 cm-1 from both GO and RGO. 

The first D vibration band which is associated with -point photon breathing mode of A1g 
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symmetry of GO and RGO appears at 1350.7 and 1345.9 cm-1, respectively. The G vibration band 

which is associated with E2g phonons of sp2 hybridized carbon of GO and RGO are found at 1586.9 

and 1578.3 cm-1, respectively [23, 24]. the intensity ratio of the D band and G band (ID/IG) 

increases from 0.909 to 1.045 after hydrazine reduction of GO, due to the sp2 carbon cluster. The 

higher intensity of RGO suggests the reduction of oxygenated groups and the presence of more 

isolated graphene domains compared to GO [25]. Due to the multilayer structure, the Lorentzian 

peaks of the 2D band for GO and RGO appear at 2692.9 cm-1 and 2675.6 cm-1, respectively. 

Moreover, the increased intensity of the 2D band with a slight shift to lower frequencies in RGO 

suggests inhibited stacking due to the reduction of oxygenated functional groups. 

 

Figure 4.3. (a) Raman and (b) FT-IR spectra of RGO flakes and GO. (c) Wide-scan, and (d) C 1s 

high-resolution core-level of XPS spectra for GO and RGO flakes. 

Figure 4.3b shows the FT-IR spectra of GO and RGO. The presence of intense peaks at 1734 

cm-1 (from C꓿O stretching), 1222 cm-1 (from C−O−C stretching), 1053 cm-1 (from C−O stretching) 

and a broad band at ~3418 cm-1 (from hydroxyl groups) imply the presence of oxygenated 

functional groups in GO [26, 27]. The disappearance of oxygeneous moieties along with the 
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resultant nitrogenous groups from hydrazine treatment clearly indicates the successful reduction 

of pristine GO.  

XPS analysis can provide information based on X-ray induced photoemission. In the case of 

RGO, a new peak appears at ∼400 eV, which corresponds to the N1s component [28] that results 

from the hydrazine reduction of GO (Figure 4.3c). Furthermore, after reduction, the intensity ratio 

of peaks C1s/O1s for GO increases abruptly from 1.2 to 10.4, which is related to the quantitative 

information of the reduction of GO. In Figure 4.3d, GO contains a wide range of oxygenated 

functional groups, such as epoxide, carbonyl, and carboxyl groups [29, 30] which are assigned at 

286.5 eV, 287.8 eV, and 288.8 eV, respectively. In comparison with GO, peaks corresponding to 

oxygen-containing functional groups are significantly decreased in RGO after hydrazine 

reduction indicates that most of the oxygenated functional groups were removed [29, 31]. 

Additionally, a new peak appears at 285.3 eV in RGO, which is the C-N bond ascribed to the 

hydrazine reduction [32, 33]. A high-resolution core-level of the N1s spectrum shows the -C-NH2 

bond at 399.9 eV, as shown in Figure 4.4. Additionally, the absence of the peak at ∼398 eV 

corresponding to the N-N bond shows that the residual hydrazine (NH2-NH2) is below the 

detection limit of XPS. Therefore, the XPS results are consistent with those from FT-IR analysis, 

indicating that the reduction of GO into RGO is successful. 
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Figure 4.4. XPS spectra of RGO flakes of N 1s high-resolution core-level. 

 

4.3.3.Morphologies and chemical properties of DGEBA/PEI/RGO nanocomposites 

The morphologies of the DPn1 polyblends and the localization of RGO in DPn1Rn2 

nanocomposites were observed by FETEM.  

 

Figure 4.5. The FETEM micrographs of the DP25R3 nanocomposite at (a) lower and (b) higher 

magnification, (c) HRTEM micrograph of RGO in DP25R3, (d-e) DP30R3 nanocomposite with 

inversion morphology, and (f) HRTEM micrograph of RGO in DP30R3. 

Figure 4.5a and d represent the inversion phase structure of DP25R3 and DP30R3, 

respectively. The phase structure of DP25R3 is changed from the co-continuous phase 

morphology of DP25 to the inversion phase morphology [14]. This change may be caused by the 

amino groups from RGO which stimulate the CRIPS [19]. Figure 4.5b shows a double-percolated 

structure of DP25R3 formed by RGO selective localization at the interface and close to the 

DGEBA domain. The presence of RGO at the interface is confirmed by the HRTEM of DP25R3 

with the fringe pattern at the interface. The d-spacing value of RGO flakes is 0.376 nm in Figure 

4.5c. Figure 4.5e shows that most of the crumpled surfaces of RGO flakes distribute selectively 

at the interface between DGEBA-rich and PEI-rich domains for nanocomposite DP30R3. Figure 

4.5f exhibits the wavy fringe pattern structure of RGO that is observed at the interface of the 
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magnified micrograph [34, 35]. Figure 4.6 exhibits FETEM micrographs of DP30, in which white 

and dark domains represent the DGEBA-rich and PEI-rich phases, respectively. The PEI-rich 

phase forms an inversion continuous network, while DGEBA appears like a small iso-island in 

the PEI-rich network. The size of PEI-rich ligaments lies in the range of 50 to 400 nm. But size 

distribution indicates average size of ~ 55 nm which is very narrow for developing the conducting 

RGO network in a polyblend system. 

 

Figure 4.6. FETEM images of (a) DP30 in low magnification and the histogram of the relative 

frequency verse the PEI thickness to exhibit the PEI thickness distribution in the figure(inset), (b) 

DP30 in high magnification in which the dark domains are PEI-rich phases and bright domains 

are DGEBA-rich phases, respectively. 

 

FT-IR analysis was conducted on neat DGEBA, polyblend DP30, nanocomposites DR3 and 

DP30R3, respectively, and this spectral information is presented in Figure 4.7. The peaks of neat 

DGEBA at ~2964 cm-1, 2873 cm-1, 1608 cm-1, 1510 cm-1, 912 cm-1, and 830 cm-1 correspond to 

the C-H stretching of CH2, C-H stretching of aromatic and aliphatic, C=C stretching of aromatic 

rings, C-C stretching of aromatic, C-O stretching of oxirane group, and O-C-O stretching of 

oxirane group, respectively [36, 37]. Meanwhile, the peaks at ~1245 cm-1, 1183 cm-1, and 1036 

cm-1 belong to different aliphatic and aromatic C-H vibrations [38]. 
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Figure 4.7. The FT-IR spectra of DR3, DP30, DP30R3, and neat DGEBA. 

The peaks of DP30 at ~1476 cm-1, 1361 cm-1, 1101 cm-1, and 744 cm-1 correspond to aromatic 

ring stretching, C–N stretching (in phthalimide rings), Ar–O–Ar stretching, and C–N bending (in 

phthalimide rings) vibrations, respectively [39, 40], which are not visible in neat DGEBA or DR3. 

In comparison with DP30, however, DP30R3 does not show a significant decrement in the peak 

intensities at ~ 1658 cm-1 and 1573 cm-1, which are associated with C=N and -NH2 stretching, 

respectively, and are formed by hydrazine reduction of RGO [14], due to the low content of RGO 

in the polyblend. The PEI chains might more efficiently interact with RGO through non-bonding 

interactions such as electrostatic, dipole, and π-π stacking interactions between PEI and RGO 

basal plane [41].  

4.3.4.Prediction for selective localization of RGO 

Several studies used different complex parameters to solve the selective localization of a 

kind of nanofiller in an immiscible polyblend. Even if the analysis of localization involves many 

factors, such as the thermodynamics, kinetics, fluid dynamics, viscosity ratio, and phase 

separation [42-44]. Considering the wettability parameter is still an efficient approach to estimate 
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it. 

To assess the surface tension of components, CA measurements with the Geometrical mean 

(GM) method [45] was conducted and then calculated the surface tension using the Owens-Wendt 

equation combined with the Young equation [46] as follows: 

γL(1 + cos θ) = 2√γS
dγL

d + 2√γS
p

γL
P (4.1) 

where γS and γL are the surface tensions of the solid and liquid compound, respectively, and 

d and p are the dispersive and polar portions of surface tension, respectively. 

Figures of the contact angles are shown in Figure 4.8. The interfacial tension (γA-B) can be 

calculated by the Harmonic mean (HM) equation (2) [45] and the GM equation (3) [46] as follows: 

γA−B = γA + γB − 2 (√𝛾𝐴
𝑑𝛾𝐵

𝑑 + √𝛾𝐴
𝑝

𝛾𝐵
𝑝

) (4.2) 

γA−B = γA + γB − 4(𝛾𝐴
𝑑𝛾𝐵

𝑑/(γA
d + γB

d) + γA
PγB

p
/(γA

P + γB
P)) (4.3) 

 

Figure 4.8. The contact angle images of samples: (a) DI on DGEBA, (b) DI on PEI, (c) DI on 

RGO, (d) GL on DGEBA, (e) GL on PEI, (f) GL on RGO, (g) FA on DGEBA, (h) FA on PEI, (i) 

FA on RGO. 

 

The wetting coefficient (ωa) first proposed by Sumita et al. [47] is generally applied for 

predicting fillers localization [48-50]. The ωa can be calculated by Young’s equation: 

ωa = γR−P − γR−D/(γD−P) (4.4) 

where γR-P, γR-D, and γD-P are the interfacial tensions between the RGO and PEI phase, 
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between the RGO and DGEBA phase, and between the DGEBA and PEI phase, respectively. The 

prediction is based on the value of ωa. RGO will localize in the PEI phase preferentially if ωa < 

−1, or at the interface between DGEBA and PEI if −1 < ωa < 1, or even in the DGEBA phase if 

ωa > 1. 

Table 4.2. The γpair and ωa were obtained by different methods. 

The interfacial tension and wetting coefficients for nanocomposites DGEBA/PEI/RGO were 

calculated using the HM and GM methods (Table 4.2). The wetting coefficients are found to be 

−1 < ωa = 0.998 < 1 using the HM method and ωa = 1.060＞1 using the GM method, which 

indicates that the RGO may localize selectively at the interface and have an affinity toward the 

DGEBA phase in DGEBA/PEI/RGO systems. The values of ωa from both the harmonic and 

geometric methods are close to 1, indicating the two possibilities of selective localization for RGO 

according to different RGO content. In our previous work with 0.5 wt.% RGO in nanocomposites 

[14], the prediction using the harmonic method showed that RGO selectively localized at the 

interface. However, increasing the content of RGO to 3 wt.% in this work, a few RGO enter the 

DGEBA phase close to the interface, as predicted by the geometric method, due to the limitation 

of interface and the strong interfacial tension of DGEBA. This prediction is consistent with the 

FETEM micrographs presented in Figure 4.5.  

4.3.5.Electrical properties of nanocomposites 

Figure 4.9a and b show the electrical properties of nanocomposites DRn2 and DPn1Rn2, 

respectively. Compared to DRn2, the DPn1Rn2 have higher electrical conductivity per RGO 

content, as shown in Figure 4.9b. The electrical conductivity of nanocomposite DP30R3 reaches 

366.3 S/m, which is almost 26 times that of nanocomposite DR3 (14.1 S/m). It has been reported 

that the selective localization of nanofiller would play a crucial role in the electrical properties of 

nanocomposites [51, 52]. When a conductive nanofiller is selectively localized at the interface of 

an immiscible two polymers system, it facilitates the formation of a conductive pathway in the 

polyblend at minimal nanofiller content. From the electrical conductivity difference between 

Nanocomposites 
Component 

pair 

γpair(mN/m) 

Harmonic 

γpair(mN/m) 

Geometric 
ωa 

Predicted localization 

of RGO 

 

DGEBA/PEI/RGO 

DGEBA/PEI 3.14 1.63 -1＜0.998＜1 Interface (HM) 

DGEBA/RGO 4.42 2.37 
1.060＞1 

DGEBA phase  

(GM) PEI/RGO 1.28 0.65 
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DP30R3 and DR3, it is evident that the PEI in nanocomposite DP30R3 facilitates the selective 

localization of RGO at the interface and the formation of conductive networks. FETEM 

observations (Figure 4.5) show the morphology of DP30R3 polyblends with an inversion phase 

structure that is different from the morphologies of nanocomposites without PEI. The 

simultaneous curing reaction of DGEBA and phase separation between DPn1 according to the 

spinodal decomposition mechanism allows the formation of a double-percolation RGO network 

structure. It is this double-percolation RGO network localizing at the interface between DGEBA 

and PEI that may cause significantly improved electrical conductivity. 

 

Figure 4.9. The volume resistivity and volume conductivity of (a) DRn2 and (b) DP30Rn2 

nanocomposites with varying RGO content. 

From the electrical conductivity measurement of nanocomposites with different RGO 

contents, it has been seen that a high content of RGO is required to form the conductive networks. 

Moreover, in comparison with DR3, DP30R1 possesses a higher volume conductivity despite its 

lower RGO content (1 wt.%). This difference is likely caused by the incorporation of PEI in 

DGEBA, leading to a double percolation conductive RGO network formed at their interface. In 

other words, only a small amount of RGO is needed to form conductive pathways at the 

continuous interface and enough to achieve the insulator/conductor transition. Further, among the 

DPn1Rn2 nanocomposites, DP30R3 exhibits the highest electrical conductivity (366.3 S/m), 

which is higher than those of other reported polyblends networks, even though it has a lower RGO 

loading (Table 4.3). 

Table 4.3. Comparison of electrical properties of previously published filler ternary polyblend 

systems with those of the systems in the current work. 

Samples Polymer Polymer Filler Volume Volume [Ref] 
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A B Loading 

(wt. %) 

Resistivity 

(Ω cm) 

Conductivity 

(S/m) 

EP/PEI/GnPs DGEBA PEI 2 5.7×105 — [53] 

PUF@GF/Epoxy DGEBA PU foam 8.04 vol% — 10-9 [54] 

MWCNT+GNP/Epoxy DGEBA — 2+3 3.1×10-3 3.1×10-3 [55] 

EP/35PEI/GnPs DGEBA PEI 2 ≈107 ≈10−5 [56] 

EP/PEI/CB DGEBA PEI 1 ≈103 — [49] 

DGEBA/PEI/MWCN

Ts 
DGEBA PEI 2 3.86 × 106 — [37] 

DGEBA/PEI/AgNWs DGEBA PEI 3 

9.6 × 105 

Ω (surface 

R) 

— [57] 

DGEBA/PEI/RGO DGEBA PEI 

1 2.68 37.31 
This 

work 
2 0.82 121.21 

3 0.27 366.3 

GF: graphene fluoride, GnPs: graphene nanoplatelets, CB: carbon black, MWCNTs: multiwall carbon nanotubes. 

4.3.6.Thermal and thermomechanical properties of nanocomposites 

The chemical changes and the thermal degradation/stability of GO and RGO were 

investigated by TGA. Figure 4.10a represents the TGA and derivative thermogravimetric (DTG) 

curves of GO and RGO. RGO exhibits higher thermal stability than pristine GO over the entire 

temperature range of the measurement. The evaporation of water adsorbed to the very hydrophilic 

surface of the GO sheets causes the DTG of GO with mass loss below 100 °C. [58]. GO shows 

two-step degradation, the initial mass loss of GO at around 207 °C is ascribed to the 

decomposition of the labile oxygenous groups, such as epoxy, hydroxyl, and carbonyl [59]. The 

second step of the degradation (285–645 °C) is associated with the pyrolysis of residual 

oxygenous groups. RGO exhibits only ~12% weight loss up to 285 °C which is much lower than 

GO in a similar temperature range. Finally, GO at 800 °C is only 19.9 wt.% left. After chemical 

reduction, the residue of RGO at 800 °C is significantly increased to 69.5 wt.%, which is much 

higher than that of pristine GO. 

Figure 4.10b represents the TGA spectra of neat DGEBA along with nanocomposites. 

DP25R3 and DP30R3 exhibit two-stage degradation, whereas neat DGEBA, nanocomposite DR3 

and DP5R3 with low PEI content (5 wt.%) all exhibit only one-stage degradation. For 

nanocomposites DP25R3 and DP30R3, the first stage of weight loss of ~ 77% happens from 

200 °C to 457 °C and is ascribed to the decomposition of DGEBA and the non-aromatic part of 

PEI [60]. The second stage of weight loss around 12% occurs from 475 °C to 675 °C due to the 

decomposition of the aromatic part of PEI. The TGA data of samples are also summarized in 
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Table 4.4. 

Table 4.4. The TGA spectra of samples under N2 atmosphere. 

Sample 
Temperature 

range (℃) 
Assignment 

Residues 

at 800 ℃ 

(wt.%) 

Specific RGO 

loading in the 

composite 

(wt.%) 

GO 

＜100 
(~16.9 %) The loss of physisorbed water 

molecules 

19.9 ___ 145-285 
(~31.5 %) The decomposition of oxygen-

containing functional groups 

285-645 (~15 %) The pyrolysis of less stable (CO, CO
2
) 

RGO 

＜145 (~2.2 %) The release of water molecules  

___ 
145-285 

(~9.3 %) The decomposition of oxygen-

containing functional groups 
69.5 

285-645 
(~13.4 %) The pyrolysis of less stable (CO, 

CO
2
)  

Neat 

DGEBA 

200-475 (~90.6 %) The decomposition of DGEBA 
2.9 ___ 

475-675 (~6.5%) The decomposition of few DGEBA 

DR3 
200-475 (~90.6 %) The decomposition of DGEBA 

5.5 2.60 
475-675 (~3.9%) The decomposition of few DGEBA 

DP5R3 

200-475 
(~86.3 %) The decomposition of DGEBA and 

non-aromatic part of PEI 
8.3 2.63 

475-675 
(~5.4 %) The decomposition of aromatic part 

of PEI 

DP25R3 

200-475 
(~76.8 %) The decomposition of DGEBA and 

non-aromatic part of PEI 
11.0 2.83 

475-675 
(~12.2 %) The decomposition of aromatic part 

of PEI 

DP30R3 

200-475 
(~77.9 %) The decomposition of DGEBA and 

non-aromatic part of PEI 
10.1 2.80 

475-675 
(~12 %) The decomposition of aromatic part of 

PEI 

The thermal and thermomechanical properties of the nanocomposites were analyzed using 

the DSC and DMA. The effects of selective localization of nanofillers in the nanocomposites on 

physical properties were studied. 
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Figure 4.10. The TGA spectra of (a) GO and RGO, and (b) neat DGEBA, DR3, DP5R3, DP25R3, 

and DP30R3 under N2 atmosphere. 

The DSC analyses provide heat flow as a function of temperature. Figure 4.11a and 4.11b 

show the effect of RGO content on the thermal properties of nanocomposites DRn2 and DP30Rn2 . 

It indicates that the Tg increases with increasing RGO content. The value of Tg increases from 

93.3 °C for neat DGEBA to 97.2 °C for DR3, and to 110.9 °C for DP30R3. The increased Tg of 

DR3 is due to inhibition of the motion of DGEBA segments. For DP30R3, the change in internal 

energy of the nanocomposite due to the thermoplastic polymer PEI and nanofiller RGO is 

primarily responsible for the improved Tg [19]. In addition, the value of Tg for PEI is nearly 217 °C, 

which is much higher than that of DGEBA. Continuous PEI ligaments in the inversion phase 

structure will restrict the movement of DGEBA chains at elevated temperatures, which improves 

the Tg. The values of Tg are summarized in Table 4.5. Further, some PEI dissolves in DGEBA, 

leading to the higher Tg. These improvements in Tg are further confirmed by DMA. 

Table 4.5. The glass transition temperature Tg (taken as the intersection of the extrapolation of 

baseline with the extrapolation of the inflexion) of samples. 

Materials Glass transition temperature Tg (℃) 

DR1 94.0 

DR1.5 95.1 

DR2 95.6 

DR2.5 96.7 

DR3 97.2 

DP30R1 95.7 

DP30R1.5 97.3 

DP30R2 103.6 

DP30R2.5 105.1 

DP30R3 110.9 

DMA provides phase angle and deformation data (for calculation of storage modulus and tan 

δ) by applying stress or strain to specimens and analyzing the response. DMA can also reveal 

information about the viscoelastic behavior and thermomechanical properties of the 

nanocomposites. Compared to DPn1 polyblends and DRn2 nanocomposites, DP n1R n2 

nanocomposites have a higher storage modulus at the same PEI content, as shown in Figure 4.11c, 

indicating that the synergistic effect of PEI and RGO provides a higher reinforcement. The highest 

value of E’ for DP30R3 reaches 2917 MPa in the glassy region and 1366 MPa in the rubbery 

region, which is an overall improvement of ~15% and ~1101% in comparison with that of neat 



 

- 91 - 

 

DGEBA, and an improvement of ~10% and ~1041% over the corresponding values for DR3. The 

rubbery modulus increases with the addition of RGO nanofiller, indicating that the crosslinking 

densities of DPn1Rn2 nanocomposites increase with RGO nanofiller content. The values of 

storage modulus and tan δ are summarized in Table 4.6. 

Table 4.6. The storage modulus and Tg of various samples. 

Samples Glassy modulus E’ 

(MPa) 

Rubbery modulus 

(MPa) 

Glass transition 

temperature (℃) 

Tg1 Tg2 

Neat DGEBA 2532 11 116.1 

DR3 2650 12 117.1 

DP25 2666 79 125.6 193.6 

DP25R3 2686 37 127.5 190.1 

DP30 2687 75 121.1 186.5 

DP30R3 2917 136 126.2 201.2 

 

 

Figure 4.11. The DSC curves of (a) DRn2 and (b) DP30Rn2. The DMA measurements of (c) 

storage modulus and (d) tan δ of the nanocomposites as a function of temperature. 

A plot of tan δ versus temperature for DPn1, DRn2, and DPn1Rn2 nanocomposites is shown 

in Figure 4.11d. Unlike the results of DSC, both DPn1 and DPn1Rn2 show two transition peaks 

associated with the Tg of the DGEBA-rich phase (Tg1) and the PEI-rich phase (Tg2). The increasing 
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trend of Tg1 is consistent with that from DSC measurements. In comparison with the Tg of neat 

DGEBA (116.1 °C), the increase in Tg1 for DR3, DP30, and DP30R3 is 1, 5, and 10.1 °C, 

respectively. 

4.3.7.EMI shielding properties of nanocomposites 

A material that attenuates the intensity of an electromagnetic (EM) wave and inhibits its 

transmission is referred to as an EMI shielding material, and its abilities are quantified as a SE. 

Generally, there are three basic waves involved in the shielding of EM waves, reflection, 

absorption, and multiple reflections [61]. the SET of EMI shielding material can be represented 

as follow [62]: 

𝑆𝐸𝑇 = 𝑆𝐸𝐴 + 𝑆𝐸𝑅 + 𝑆𝐸𝑀 (4.5) 

where SEA, SER, SEM, and SET are the absorption loss, reflection loss, multi-reflection loss, 

and total shielding effectiveness, respectively. The SEM of EMI shielding material can be 

expressed as follow: 

𝑆𝐸𝑀 = 10 log[1 − 2 × 100.1𝑆𝐸𝐴 cos(0.235𝑆𝐸𝐴) + 10−0.25𝑆𝐸𝐴] (4.6) 

Equation (6) illustrates that SEM is closely related to SEA, and it can be neglected when SEA 

is > 15 dB [63, 64]. Thus, two main types of loss, SEA and SER, are considered in attenuating the 

incident electromagnetic radiation for EMI shielding material. SET, SEA, and SER can be obtained 

by the scattering parameters (S21 and S11) measured by a vector network analyzer through the 

equations (7-9) [65]: 

𝑆𝐸𝑇 = −10 log|𝑆21|2 (4.7) 

𝑆𝐸𝑅 = −10 log(1 − |𝑆11|2) (4.8) 

𝑆𝐸𝑅 = −10 log(1 − |𝑆11|2) (4.9) 

Here, S11 and S21 denote the response at port 1 in response to a signal at port 1 and the 

response at port 2 in response to a signal at port 1, respectively. 
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Figure 4.12. The EMI shielding effectiveness of DR3, DP25R3, and DP30R3 in the 8.2–12.4 

GHz frequency range, (a) SET, (b) SEA, (c) SER, and (d) the average SET, SEA, and SER in the X 

band. 

In polymer nanocomposites, EMI shielding properties can be achieved by various means, 

such as introducing the conducting nanofillers, using a conducting polymer matrix, or a 

combination of both. For polyblend shielding materials, phase structure is very important. In 

particular, the continuous phase can play a crucial role in developing electrically conductive 

networks for the attenuation of electromagnetic waves. Figure 4.12a-d shows the EMI shielding 

effectiveness of DR3, DP25R3, and DP30R3. The SET of DR3 reaches ~ 15.9 dB, which is lower 

than those commercially adopted shielding materials (i.e., 20 dB). This indicates the inability of 

the low nanofiller content of 3 wt.% to develop uniform networks in the DGEBA matrix. When 

PEI is blended with DGEBA, a significant increase in shielding properties is observed. The 

average SET of DP25R3 in the inversion phase structure reaches ~22.4 dB with the help of RGO 

nanofiller in the frequency range of 8.2–12.4 GHz. In this inversion phase structure, DGEBA-

rich islands disperse in the thin continuous PEI-rich phase. Further, the selective localization of 

RGO at the interface improves the conducting losses and hence the overall shielding effectiveness. 
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When the PEI reaches to 30 wt.%, the average SET of DP30R3 reaches the highest value of 25.8 

dB in the same frequency range. The improved shielding effectiveness is due to the continuous 

phase of the PEI-rich phase, which provides more intensive nanofiller networks at the interface. 

The formation of the selectively localized RGO network can be further confirmed by comparing 

the absorption and reflection properties of DP25R3 and DP30R3. For nanocomposite DP30R3 

(Figure 4.12b-d), the shielding effectiveness due to absorption (SEA) is about 20.4 dB, which is 

~25% higher than that of nanocomposite DP25R3. In contrast, the shielding effectiveness due to 

reflection (SER) for nanocomposite DP30R3 reaches 5.4 dB, which is 10% lower than that of 

nanocomposite DP25R3. This result may be caused by the decreased skin depth [66] due to the 

increase in the electrically conducting networks in DPn1Rn2 nanocomposites and the high 

conductive losses induced by RGO. 

To highlight the advantage of the CRIPS-based selective localization of conductive 

nanofiller for the preparation of low load nanocomposites for EMI shielding, a summary of 

previously reported EMI shielding composites is presented in Table 4.7. In comparison to the 

materials in other studies, DPn1Rn2 (i.e., DP30R3) ternary nanocomposites present better 

shielding properties with lower filler loading. Additionally, the development of a double-

percolated conductive network improves the absorption properties, which ultimately facilitates in 

improving the shielding effectiveness. 

Table 4.7. Comparison of EMI shielding performance with other composites. 

Samples 
Filler content 

(wt.%) 

Thickness 

(mm) 

Frequency 

(GHz) 

EMI SE 

(dB) 
[Ref] 

PS/EMA/VCB 10 1 8.2-12.4 20.1 [67] 

Epoxy/RGO 15 2 8.2-12.4 21 [11] 

Epoxy/MWCNT 3 2.8 13-18 7.1 [68] 

Epoxy/RGO/Fe3O4 8.97 2 8.2-12.4 13.5 [69] 

PEI/graphene 10 2.3 8.2-12.4 13 [70] 

PMMA/Fe3O4@MWCNTs 7 2.5 8-12 13.1 [71] 

PEI/Graphene@Fe3O4 10 2.5 8-12 17 [72] 

EP/GNPs/rGO 7.9 3 8.2-12.4 ~25 [73] 

epoxy/rGO/carbonyl iron — 3 8.2-12.4 ~20 [74] 

DGEBA/PEI/RGO 3 2 8.2-12.4 25.9 This work 

 

4.4.Mechanism 

Conventional polymers such as DGEBA and PEI are non-conductive and transparent to 

radiation. However, conductive nanofillers with good electromagnetic reflection and absorption 
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properties will effectively enhance the shielding properties of composite materials when they are 

incorporated into a polymer matrix. For DPn1Rn2 nanocomposites, not only does the combination 

of intrinsic electrical conductivity and absorption properties of RGO enhance EMI shielding, but 

also the self-assembly RGO networks via selective localization at the interface of polyblend DPn1 

by CRIPS mechanism contributes to EMI shielding properties (Figure 4.13). Figure 4.13a shows 

the CRIPS mechanism of the DPn1Rn2 nanocomposites. DGEBA oligomers begin with linear 

growth of the chains and then proceed with branching reactions by increasing the temperature. 

When their molecular weight reaches a critical value, phase separation occurs. At the beginning 

of phase separation, the DGEBA did not form the crosslinking network. As the reaction continued, 

and the temperature crossed the Tg of DGEBA and crosslinking density reached to a critical value, 

the cross-linked DGEBA were formed in the DGEBA/PEI polyblend [75]. Meanwhile, the 

crosslinking degree of DGEBA increased[76]. For 25 wt.% and 30 wt.% PEI in the presence of 3 

wt.% RGO, an inversion phase structure forms according to spinodal decomposition behavior. 

PEI surrounds DGEBA oligomers with RGO selectively localized at the interface. The DPn1 

polyblend system also helps RGO to construct a double percolation structure at much lower RGO 

content than has been demonstrated in other ternary polyblend nanocomposites. 

Figure 4.13b shows the incident electromagnetic waves entering the DPn1Rn2 

nanocomposites divided into four wave pathways: the reflected wave, absorbed wave, transmitted 

wave, and waves repeatedly reflected and scattered between inner interfaces. EMI shielding 

includes mainly the reflection and absorption mechanisms [65]. The reflection mechanism is 

caused by mobile charge carriers such as electrons or holes bouncing off the shielding material, 

whereas the absorption mechanism is due to the absorption of radiation by electric and/or 

magnetic dipoles with a high dielectric constant. In these nanocomposites, the incident waves 

were absorbed due to destructive interference of EM waves, the closed cell network of RGO, 

conducting losses, and thermal losses by RGO, as shown in Figure 4.13b. These double-

percolated conductive networks of RGO in DPn1I polyblend form closed cell structures that 

produce superior absorption losses, which is consistent with the EMI shielding measurements of 

DPn1Rn2 nanocomposites. 
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Figure 4.13. Schematic of (a) morphological evolution of double percolation, conductive 

DPn1Rn2 nanocomposites and (b) the EMI shielding mechanism of DPn1Rn2 nanocomposites. 

 

4.5.Conclusions 

In summary, DGEBA/PEI/RGO ternary nanocomposites were successfully fabricated using 

a solution blending followed by the casting technique. The successful reduction of pristine GO 

into RGO was confirmed by Raman, FT-IR, XPS, SEM, and TEM. The decomposition of 

DGEBA/PEI/RGO followed a CRIPS mechanism. Polyblend DP30 and nanocomposite DP30R3 

formed the inversion phase structure with separated DGEBA-rich phase surrounded by the 

continuous PEI-rich phase. The introduction of RGO facilitated the formation of the inversion 

phase structure in nanocomposite DP25R3 from the co-continuous phase structure of polyblend 

DP25. For both nanocomposites DP30R3 and DP25R3, RGO selectively localized at the interface 
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between DGEBA and PEI, which was consistent with predictions from harmonic and geometric 

methods. 

The maximum electrical conductivity of the optimized DP30R3 nanocomposite reached 

~366 S/m, which is superior to that of DR3 (~ 14 S/m). This result clearly implies that only 3 wt.% 

of RGO is sufficient for developing a well-established conducting filler network in a polyblend 

nanocomposite, which would be not possible in a matrix of only DGEBA. This nanofiller network 

not only improved the inherent electrical properties of the polyblend but also improved the 

thermal and thermomechanical properties, which were confirmed by TGA, DSC, and DMA 

analysis. From the DSC and DMA measurements, the Tg of the DGEBA-rich phase for 

nanocomposites DP30R3 was found to be almost 13.7 °C (DSC) or 9 °C (DMA) higher than that 

of polyblend DR3, clearly suggesting the restricted motion of chain segments at the interface of 

the two immiscible polymers. Finally, the applicability of these electrically conducting 

DGEBA/PEI/RGO nanocomposites for EMI shielding was analyzed under the X band frequency 

range. It was found that the effective EMI shielding of DGEBA/PEI/RGO reached 25.8 dB, of 

which ~80% was absorbed as conduction losses, thermal losses, and destructive interference 

losses. Therefore, these multifunctional RGO nanocomposites with very low conductive filler 

loading provided a possibility in acting as effective aerospace structural materials. 
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CHAPTER 5 Construction of One-Step, Aluminium 

Nanowires on Hexylamine Functionalized Graphene 

Template Conductive Network in DGEBA/PEI 

Nanocomposites 

5.1. Introduction 

The upcoming down-scaled electronic devices increasingly call for the development of 

multifunctional materials possessing combined improved properties such as excellent heat 

dissipation, good mechanical performance, high electrical resistivity [1-3] or optimum electrical 

conductivity for effective shielding against electromagnetic radiations [4, 5], and high resistance 

to fire [6-8]. This can be achieved by the addition of nanofillers having novel functional 

characteristics into the polymer matrix. However, there was barely any literature that reported the 

high electrical conductivity of graphene/metallic nanowires as the nanofiller to reinforced epoxy 

matrix based nanocomposites. Therefore, the three-dimensional (3D) binary conductive network 

nanofiller reinforced epoxy that consists of two-dimensional (2D) hexylamine functionalized 

reduced graphene oxide(FRG) and one-dimensional (1D) aluminium nanowires (AlNWs) was 

discussed in this chapter.  

In this chapter, the research focused on introducing a facile technique to synthesize catalysts-

free single-crystal AlNWs on FRG substrate to construct 3D binary conductive networks via a 

high temperature treatment in epoxy matrix nanocomposites.  

5.2.Experimental section 

5.2.1.Synthesis of RFG-AlNWs film 

Micro-sized Al powder dissolved in ethanol with 2mg/mL and graphene oxide (GO) 

powder dissolved in DI water with 2mg/mL by sonication treatment 3h, respectively, 

mixing them to form a uniform GO-Al suspension. Then, GO-Al suspension was diluted 

to 0.75mg/mL, transferred to a filter by vacuum assistance, and flowing a 506 mg 

hexylamine solution in ethanol (50mL) through wet GO-Al film for 6 h, washed by 

flowing ethanol through the film over 1h. The FG-Al wet cake was dried at room 
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temperature for 12h to obtain FG-Al film that detached from the membrane naturally. 

The as-obtained FG-Al film was transferred to a tube furnace under argon 

atmosphere and was annealed at 300 ℃ held 10min then increased to 1000℃ with 

5℃/min for 1h continuously. Finally, obtain the target product RFG-AlNWs film. 

5.2.2.Fabrication of DGEBA/PEI/RFG-AlNWs nanocomposites 

The nanocomposites with RFG-AlNWs were prepared using the solvent casting technique. 

Initially, PEI was dissolved in CH2Cl2 with magnetic stirring. A homogeneous suspension of RFG-

AlNWs (0.4 mg/mL) in ethanol was then added into PEI solution and stirred at room temperature. 

Subsequently, DGEBA oligomer was added into the PEI/RGO mixture. The mixture was stirred 

at 90 °C for 2 h to remove most of the solvent and degassed in the vacuum oven at 120 °C for 12 

h to completely remove the residual solvent. Finally, a crosslinking solution of DMBA and Me-

THPA was added to the degassed polyblend (DGEBA: crosslinking solution= 1:0.8) and stirred 

at 110 °C. After pouring into the moulds, the polyblend was then pre-cured at 150 °C for 5 h and 

post-cured at 200 °C for 2 h. A schematic of the fabrication process is shown in Figure 5.1. 

 
Figure 5.1. Schematic of the fabrication of DGEBA/PEI/RFG-AlNWs nanocomposites. 

5.2.3.Measurement and characterization 

Scanning electron microscope (SEM, S-3400N, Hitachi High-Tech Co., USA) analyses were 

to observe the morphology of the nanofillers. Optical microscopy measurements to observe the 

morphology of the polyblend (OM, WT-1000GM, China) Fourier transform infrared (FT-IR) 

spectra were recorded using an FT-IR (Nicolet™ iS™ 5, Thermo Fisher Scientific Inc., USA) and 

attenuated total reflectance (ATR) accessory in the range of 4000-400 cm−1 at room temperature. 
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The specimens were prepared in disk-shaped silicone moulds of 40 mm in diameter and 2 mm in 

thickness of the specimens and measured by using the four-point probe equipment (ST2263, 

Suzhou, China) for electrical properties measurement. The thermomechanical properties of the 

specimens were attained by DMA (Q800, TA Instruments Co., USA) in the single cantilever mode 

at a frequency of 1 Hz. The temperature ranges applied were from 30 to 180 °C for neat DGEBA 

and from 30 to 230 °C for other nanocomposites at a heating rate of 3 °C/min. The samples were 

cast in 45 mm × 10 mm × 3 mm rectangular aluminium moulds for DMA analysis. The contact 

angle (CA) measurements were conducted by a Phoenix 300 using the sessile drop method at 

room temperature with 15–17 μL of deionized water (DI), glycerol (GL), and formamide (FA), 

respectively. Thermogravimetric analysis (TGA, Q50, TA Instruments Co., USA) was carried out 

under a nitrogen atmosphere at a heating rate of 10 °C/min. Differential scanning calorimeter 

(DSC, Q20 V24.10, TA Instruments Co., USA) measurements were performed under a constant 

nitrogen flow of 50 mL/min and at a heating rate of 20 °C/min. The EMI shielding effectiveness 

(SE) parameters of nanocomposites were measured by a vector network analyzer (E5071C 

Agilent Inc., USA) in the frequency range of 8.2−12.4 GHz (X-band) at room temperature. The 

samples in 2 mm thickness were cut into rectangle plates of 22.9 mm × 10.2 mm to fit the 

waveguide sample holder. 

5.3.Results and discussion 

5.3.1.Morphological properties of RFG-AlNWs 

To characterize the dimensional evolution, scanning electron microscopy (SEM) was 

conducted. Viewed from the top view of the film surface, the pristine commercial micro-Al 

spheres that are held tightly by the hexylamine functionalized graphene oxide (FG) matrix have 

a typical spherical morphology with an average diameter of 1μm, and the micro-Al spheres were 

dispersed well in the FG substrate were shown in the Figure 5.1a and b.  

The micro-Al spheres disappeared after 1 h high temperature annealing at 1000 °C in an 

argon atmosphere, and the RGO film is filled by nanowires with an average length of 500 nm-1 

μm in the Figure 5.1c and d. 
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Figure 5.2 SEM micrographs of FG/Al micro-particles at (a) low and (b) high magnification, 

SEM micrographs of RFG-AlNWs at (c) low and (d) high magnification. 

The evolution of nanofiller is also conducted by optical microscopy (OM) measurements. 

There was a clear difference in the morphological structure between GO, FG-Al, and RFG-

AlNWs based on their OM images. In comparison, the morphology of GO shows rough surface 

with many wrinkles and ripples in the Figure 5.3a, FG-Al exhibits many bright Al-like particles 

dispersed on the GO substrate randomly in the Figure 5.3b, and the bright Al-like particles 

disappeared shows in Figure 5.3c that consisted with the result of SEM. 

The dark area represents the RFG-AlNWs sheets. The bright region represents the DGEBA 

matrix in Figure 5.3d, it shows a clear dispersion of RFG-AlNWs in the DGEBA matrix. 
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Figure 5.3. OM micrographs of (a) GO, (b) FG-Al (c) RFG-AlNWs, and (d) DGEBA/RFG-

AlNWs. 

5.3.2.Physical properties of RFG-AlNWs 

To characterize the functional groups of nanofiller evolution during high temperature 

treatment, Fourier transform infrared spectroscopy (FT-IR). Figure 5.4 shows the FT-IR spectrum 

of pure GO, which exhibits a broad peak for –OH stretching around 3298 cm-1 due to the presence 

of a large number of carboxyl (–COOH) and hydroxyl (–OH) groups. The other peaks of GO 

typically appeared at 1726, 1618, 1375 and 1072 cm-1 , corresponding to the presence of carboxyl, 

C=C, C–O–C, and C–O, respectively [9, 10]. In the case of RFG-AlNWs, the new peaks at 1588 

cm-1 (N–H stretching vibration) indicated the formation of –C–NH–C– bonds due to the reaction 

between the epoxide group of GO and the amine group of hexylamine [10, 11]. The –C=O 

stretching vibration at 1753 cm-1 of GO completely disappeared in RFG-AlNWs by comparing 

with FG-AlNWs. In comparison, the O–H stretching of GO appeared at 3398 cm-1 and the N–H 

stretching of FG-Al for hexylamine appeared at 1588 cm-1, the RFG-AlNWs showed a broad peak 

around 3350 cm-1. This was attributed to the hydrogen bonding between N–H and O–H groups in 

RFG-AlNWs. 
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Figure 5.4. FT-IR spectra of samples 

In comparison, the –OH stretching vibration at 3410 cm-1 of GO-Al completely disappeared 

in RG-AlNWs due to the thermal reduction of GO. The uniform dispersion of nanofiller in the 

DGEBA/PEI polyblend strongly depends on the interfacial interactions. A strong interaction 

between RFG-AlNWs and DGEBA/PEI is expected due to the presence of polar groups in the 

DGEBA and PEI repeat unit and the remnant oxygenated and secondary amine groups of RFG-

AlNWs. 

 

5.4.Future work 

The electrical, thermal, thermomechanical, and EMI shielding properties of RFG-AlNWs 

and its nanocomposites, as well as the selective localization of hybrid RFG-AlNWs nanofiller in 

the DGEBA/PEI will be discussed. Meanwhile, the mechanism of the construction of 3D RFG-

AlNWs nanofiller in DGEBA/PEI polyblend also will be discussed. 
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Summary and Future Work 

In this dissertation, the multifunctional applications of graphene based network (HRGO, 

RGO, RFG-AlNWs) nanofillers in DGEBA/PEI polymer nanocomposites, such as electrical 

conductivity and electromagnetic interference (EMI) shielding, were investigated. 

In chapter 2, the relationship and role of graphene based nanofiller in the DGEBA/PEI 

polyblend and their selective localization properties in the DGEBA/PEI, the influence of 

interfacial tension between nanofiller and DGEBA/PEI polyblend were concluded. 

In chapter 3, optimizing and analysis of graphene based network in different content of 

DGEBA/PEI polyblends that a three-dimensional double-percolation network of a 

DGEBA/PEI/HRGO ternary system using a low content of 0.5 wt.% HRGO with the assistance 

of CRIPS. The results confirmed our prediction that a unique ternary nanocomposite can be 

fabricated by controlling the location of the conductive filler HRGO at the interface. Furthermore, 

the electrical conductivity of polyblends increased by almost 16 orders of magnitude at a low 

content of 0.5 wt.% HRGO. The dynamic mechanical analyses demonstrated that the storage 

modulus was continuously enhanced by increasing PEI content and was enhanced by 15.4% with 

the addition of 0.5 wt.% HRGO. The glass transition temperature (Tg) also increased with the 

addition of PEI. 

In chapter 4, enhanced EMI shielding and electrical conductivity properties in 

DGEBA/PEI/RGO ternary system based on the optimal content of DGEBA/PEI from chapter 3. 

Polyblend DP30 and nanocomposite DP30R3 formed the inversion phase structure with separated 

DGEBA-rich phase surrounded by the continuous PEI-rich phase. The introduction of RGO 

facilitated the formation of the inversion phase structure in nanocomposite DP25R3 from the co-

continuous phase structure of polyblend DP25. For both nanocomposites DP30R3 and DP25R3, 

RGO selectively localized at the interface between DGEBA and PEI, which was consistent with 

predictions from harmonic and geometric methods. The maximum electrical conductivity of the 

optimized DP30R3 nanocomposite reached ~366 S/m, which is superior to that of DR3 (~ 14 

S/m). This result clearly implies that only 3 wt.% of RGO is sufficient for developing a well-

established conducting filler network in a polyblend nanocomposite, which would be not possible 
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in a matrix of only DGEBA. This nanofiller network not only improved the inherent electrical 

properties of the polyblend but also improved the thermal and thermomechanical properties, 

which were confirmed by TGA, DSC, and DMA analysis. From the DSC and DMA measurements, 

the Tg of the DGEBA-rich phase for nanocomposites DP30R3 was found to be almost 13.7 °C 

(DSC) or 9 °C (DMA) higher than that of polyblend DR3, clearly suggesting the restricted motion 

of chain segments at the interface of the two immiscible polymers. Finally, the applicability of 

these electrically conducting DGEBA/PEI/RGO nanocomposites for EMI shielding was analyzed 

under the X band frequency range. It was found that the effective EMI shielding of 

DGEBA/PEI/RGO reached 25.8 dB, of which ~80% was absorbed as conduction losses, thermal 

losses, and destructive interference losses. 

In chapter 5, a facile technique to synthesize catalysts-free single-crystal AlNWs on FRG 

substrate to construct 3D hybrid conductive network nanofiller via a high temperature treatment 

successfully. This RFG-AlNWs nanofiller exhibit processable compatibility in the DGEBA/PEI 

polyblend that plays a excellent role as a structure-optimized conductive nanofiller in 

DGEBA/PEI system and it might further construct a multifunctional DGEBA/PEI/RFG-AlNWs 

with low percolation threshold nanocomposites by utilizing its selective localization in 

DGEBA/PEI.  

Overall, most polymers are electrically insulating in nature, thus typically require highly 

conducting fillers to qualify as conducting polymer composites (CPCs). A simple self-assembly 

processing technology to incorporate graphene based network (HRGO, RGO, and RFG-AlNWs) 

nanofillers in DGEBA/PEI polymer nanocomposites and how selective localization optimized 

their conductive network structures in the DGEBA/PEI polyblend were explored. By tailoring 

interactions of DGEBA/PEI and graphene based nanofillers both thermodynamically and 

kinetically, the selective localization of nanofillers in polyblends and at the interface of co-

continuous polyblends can enhance the electrical conductivity at a low percolation threshold. 

Furthermore, these multifunctional nanocomposites with low nanofiller loading showed balanced 

electrical, thermomechanical, and EMI shielding properties. It provided a possibility in acting as 

effective electronic devices, microelectronics, and aerospace structural materials.   
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