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Abstract 

The objective of this thesis is to prepare thermoplastic/multi-wall carbon nanotubes (MWCNTs) 

and to apply external alternating current (AC) electric fields to achieve enhanced conductivity and 

dielectric properties.  

The first part of the thesis focuses on preparing polyolefin-based composites containing well-

dispersed MWCNTs. MWCNTs are functionalized with a hyperbranched polyethylene (HBPE) using a 

non-covalent, non-specific functionalization approach and melt compounded with an ethylene-octene 

copolymer (EOC) matrix. The improved filler dispersion in the functionalized EOC/MWCNT composite 

results in higher elongation at break compared to the non-functionalized composite. However, the 

electrical percolation threshold and the ultimate conductivity of the composites are not affected 

considerably, suggesting that this functionalization approach leaves the inherent properties of the 

nanotubes intact.  

EOC/HBPE-functionalized MWCNT composites are further subjected to external AC electric 

fields (35 – 212 kV/m), which induce the formation of aligned columnar structures, as evidenced by 

Scanning Electron Microscopy.  Experimentally acquired resistivity data are used to derive correlations 

between the characteristic insulator-to-conductor transition times of the composites and the electric field 

strength (E), polymer viscosity (!) and MWCNT volume fraction (!).  A criterion for the selection of (!, 

E, !) conditions that enable MWCNT assembly under an electric field controlled regime (minimal 

Brownian motion-driven aggregation effects) is developed. 

The dielectric properties of the solidified aligned EOC/MWCNT composites are further studied 

using dielectric spectroscopy. Annealing of the composites at 160 oC results in the formation of 

interconnected structures, whereas electrification, using AC field of 71 and 212 kV/m induces the 

formation of aligned columnar structures. The electrified and annealed composites have increased real 

and imaginary permittivity compared to the as-compounded composite, resulting in improved 

conductivity and storage capacity. An equivalent circuit model is fitted to the experimentally obtained 
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impedance data in order to correlate the effects of electric field and processing time to the dielectric 

characteristics of the treated composites. 

Finally poly(ethylene succinate) (PESu) composites containing well-dispersed MWCNT were 

prepared by an in-situ polymerization method. Composite electrification results in improvements in the 

electrical conductivity by up to 12 orders of magnitude, and a retention of high conductivity in the 

solidified state. 
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Chapter 1 

Introduction 

1.1 Polymer nanocomposites 

In the last two decades, there has been strong emphasis on the development of polymer 

nanocomposites. These are hybrid organic inorganic materials in which mixing of the filler phase 

is achieved at the nanometer level, so that at least one dimension of the filler phase is less than 

100 nm. Nanomaterials have a unique combination of properties, such as electrical and 

mechanical properties. Only low concentrations are necessary to impart significant improvements 

in the properties of polymer matrices. These attributes, coupled with the advanced 

characterization and simulation techniques now available, have generated much interest in the 

field of nanocomposites. In addition, many polymer nanocomposites can be fabricated and 

processed in ways similar to that of conventional polymer composites, making them particularly 

attractive from a manufacturing point of view [1].  

The transition from microparticles to nanoparticles results in dramatic changes in 

physical properties. The surface area per unit volume of nanoparticles is inversely proportional to 

their diameter, thus, the smaller the diameter, the greater the surface area per unit volume [3]. A 

change in particle diameter from the micrometer to nanometer range, will thus affect the surface 

area-to-volume ratio by three orders of magnitude [1]. Given that many important chemical and 

physical interactions are governed by the interfacial properties  [2], a nanocomposite can have 

substantially different properties from a macrocomposite of the same composition.  

The properties of a polymer nanocomposite are greatly influenced by the size scale of its 

component phases and the extent of mixing between the two phases. In particle-reinforced 
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polymer nanocomposites, dispersion of the nanoparticle and adhesion at the particle–matrix 

interface play crucial roles in determining the electrical and mechanical properties of the 

nanocomposite. Without proper dispersion, the nanomaterial will not offer improved properties 

over that of conventional composites. In fact, a poorly dispersed nanomaterial may result in the 

deterioration of the mechanical properties [3]. In addition interfacial adhesion between the phases 

is crucial. By optimizing the interfacial bond between the particle and the matrix, one can tailor 

the properties of the overall composite. For example, good adhesion at the interface will improve 

properties such as interlaminar shear strength, delamination resistance and fatigue. Therefore the 

major challenge involved in nanocomposite research is to obtain materials containing well-

dispersed nanoparticles within the polymer matrix, with good interfacial adhesion. 

 

1.2  Carbon nanotube-based composites 

A major focus of nanocomposite research is to improve the electrical conductivity of 

polymers. Typical conducting nanomaterials include carbon nanotubes, nanofibers, fullerenes, 

and nanowires. Carbon nanotubes (CNTs), which are the focus of this thesis, are graphitic sheets 

rolled into seamless tubes (i.e., arrangements of carbon hexagons into tube-like fullerenes) and 

have diameters ranging from about a nanometer to tens of nanometers with lengths up to 

centimeters. CNTs can be synthesized in two structural forms, single-wall and multi-wall. Since 

their discovery by Iijima in 1991 [4], CNTs have received much attention due to their high 

modulus and electrical/thermal conductivity. Many potential applications have been proposed for 

carbon nanotubes, including conductive and high-strength composites; energy storage and energy 

conversion devices; sensors; field emission displays and radiation sources; hydrogen storage 

media and nanometer sized semiconductor devices  [5] Moreover, significant efforts has been 
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made to incorporate nanotubes into polymer matrices, to impart improved strength and 

conductivity  [6].  

Polymer/CNT composites have been widely studied, because of their superior 

mechanical, thermal and electrical properties [4,7-12]. The preparation of polymer/CNT 

composites has been an area of active scientific research, since the exceptional properties of 

CNTs may extend the end-use applications of polymeric materials. Owing to their low density, 

improved mechanical properties and electrical conductivity, these composites can find 

applications in structural materials, antistatic films, electromagnetic interference (EMI) shielding, 

coatings for electrostatic painting and automotive parts [5,13]. 

The use of CNTs in polymer composites has been hindered because of their 

incompatibility with polymers and consequently, their poor dispersion in polymer matrices, 

especially polyolefins. CNTs tend to exist as bundles of single-wall carbon nanotubes 

(SWCNTs), or aggregates of multi-wall carbon nanotubes (MWCNTs) held together by van der 

Waals forces and π - π interactions, which make their separation and successful dispersion into 

polymers a very difficult task. A number of covalent and non-covalent functionalization methods 

have been developed in order to either render MWCNTs dispersible in solvents, or improve their 

dispersibility within the polymer matrix  [14,15].  

In addition to the intense efforts toward improving filler dispersion, CNT alignment in a 

preferential direction has been suggested as a means to further tailor the properties of these 

composites. Research over the last few years has shown that polymer composites containing 

aligned MWCNT exhibit an enormous improvement in the direction of alignment in their 

electrical (four orders of magnitude), thermal, and mechanical properties over their isotropic 

counterparts  [16]. Moreover, desired property values can be attained at significantly lower filler 
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content  [17]. Alignment and structuring of MWCNT in the polymer matrix during processing 

can be accomplished through the use of external force fields (electric, magnetic, or mechanical)  

[18]. A few studies demonstrated that use of externally applied electric fields in composites can 

produce high level of uniform CNT alignment and point-to-point contacts between the ends of the 

tubes. Most researchers used uncured epoxy resins, where alignment is more easily attainable due 

to low matrix viscosities  [19-21]. Thermoplastic matrices offer recyclability, rapid fabrication 

cycles and better toughness, compared to thermosets, therefore successful application of this 

technology in thermoplastics would provide a significant advancement in the state-of-the art. 

 

1.3 Objectives and outline 

The goal of this research is the development of a new class of electrically conducting 

thermoplastic polyolefin and polyester-based composites that contain aligned carbon nanotubes. 

MWCNTs were used throughout this thesis instead of SWCNTs, because they are cheaper, more 

visible in SEM images, and the dielectrophoretic response is stronger due to particle 

volume/dipole moment of nanotubes, which results in higher probability to get the desired 

outcome. 

The thesis objective is achieved by performing a thorough investigation of the conditions 

under which external electric fields can induce MWCNT organization into ordered percolating 

networks in the polymer melt. Since good MWCNT dispersion is critical for the success of this 

work, the dispersion characteristics of MWCNTs into the polymer are also investigated, and 

methods are employed to improve filler affinity to the polymeric phase and enhance dispersion. 

These include non-covalent functionalization of the nanotubes, and in-situ polymerization. 
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A literature review is presented in Chapter 2 following this introductory chapter. This 

review outlines the current state of knowledge of MWCNTs and polymer/MWCNT composites 

and outlines common preparation and functionalization methods. Chapter 3 investigates the 

adsorption of a hyperbranched polyethylene (HBPE) compatibilizing agent to the surface of 

MWCNTs and evaluates its effectiveness in weakening filler/filler interactions when melt mixed 

with an ethylene-octene copolymer (EOC) matrix to improve filler dispersion. Dispersion is 

characterized using various microscopy techniques. The effect of this non-covalent 

functionalization on mechanical and electrical performance is reported. Chapter 4 investigates 

network formation of multi-wall carbon nanotubes (MWCNTs) inside EOC melts under an 

alternating current (AC) electric field. For this purpose, a specialized cell was designed and 

fabricated in-house for the electrification process and extensive studies were conducted to 

determine the appropriate experimental conditions. Following a thorough investigation of the 

effects of processing parameters, and the underlying phenomena governing nanotube alignment, a 

scaling law is developed to correlate the percolation time to various processing parameters. In 

Chapter 5, dielectric spectroscopy is used as a non-destructive tool to investigate the solid-state 

properties of the MWCNT/EOC composites prepared in Chapter 4. The filler structure, DC 

conductivity and AC dielectric properties of electrified MWCNT/polyolefin composites prepared 

under different conditions are compared and contrasted with the properties of their non-electrified 

and annealed counterparts. Chapter 6 examines MWCNT alignment in a polyester-based 

thermoplastic matrix to test the concepts already established in the previous chapters. The effect 

of AC electric field on the electrical properties of Poly(ethylene succinate) (PESu)/MWCNT 

composites is examined. Chapter 7 summarizes conclusions and achievements and makes 

recommendations for future work. 
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Chapter 2 

Literature Review 

2.1 Carbon nanotube synthesis and structure 

Carbon nanotubes are classified as nanofillers because they are only a few nanometers in 

diameter and have a range of lengths that are substantially greater than their diameter (high aspect 

ratio). Nanotubes can be synthesized in two structural forms, single-wall and multi-wall. The first 

tubules discovered by Iijima exhibited the structure of graphitic sheets rolled into concentric 

cylinders forming multi-wall nanotubes (with a constant interlayer separation of 0.34 Å) [1].  A 

couple of years later, Iijima observed a single shell structure believed to be the precursor to the 

multi-wall carbon nanotubes (MWCNTs). This single graphitic sheet one carbon atom thick, 

rolled seamlessly into a tube with a cap at both ends and a diameter of around 1 nm, is defined as 

a single-wall nanotube (SWCNT) [2]. 

 

 

Figure 2.1 Simple schematic of carbon nanotubes: Single-Wall Carbon Nanotube (SWCNT) 

and Multi-Wall Carbon Nanotube (MWCNT) [2]. 



 

 

 

9 

In terms of the tube chirality or helicity, the chiral vector,  !! and the chiral angle, θ can 

be used to describe the atomic structure of carbon nanotubes [3]. From the Figure 2.2 below, the 

chiral vector, !! can be calculated from the sum of !!! and !!!, where the integers (n, m) are 

the number of steps along the ziz-zag carbon bonds of the hexagonal lattice and !! and !! are 

unit vectors. In terms of the chiral vector, the ziz-zag nanotube is (n, 0) and the armchair 

nanotube is (n, n). 

 

Figure 2.2 Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ to form 

a carbon nanotube [4]. 

The amount of ‘twist’ in the tube is characterized by the chiral angle. When the angle is 

0o and 30o, the nanotube structure is ziz-zag and armchair respectively, based on the geometry of 

the carbon bonds around the circumference of the nanotube. Tube chirality is known to have a 

strong impact on the electronic properties of carbon nanotubes and it has been shown that 

nanotubes can be either metallic or semiconducting, depending on tube chirality [4]. If the 

nanotube structure is armchair then the electrical properties are metallic, while nanotubes with 

chiral structure can be either semiconducting with a very small band gap; otherwise the nanotube 

is a moderate semiconductor. 
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The unique nature of CNTs arises from their structure, involving symmetrical 

arrangement of the carbon atoms in hexagonal arrays on their surface honeycomb lattices. The 

local symmetry and the diameter (which determines the size of the repeating structural unit) 

introduce significant changes in the electronic density of states, providing a unique electronic 

character for the nanotubes. Topology, specifically the closed nature of individual nanotube shells 

renders the physical properties of CNTs unique, and remarkably different from graphite, which 

has anisotropic properties. The combination of size, structure and topology endows nanotubes 

with important electrical, mechanical and thermal properties with special surface properties 

(selectivity, surface chemistry) [4,5].   

  

 2.2 Polymer / carbon nanotube composites  

There is a great amount of work within the advanced composite research community to 

develop polymer/ CNT composites with physical properties as close as possible to the theoretical 

maximum values of an individual nanotube. The interest in this field has increased exponentially 

since 1994 when Ajayan et al. published the first introduction on polymer/nanotube composites 

[6]. There are a number of processing methods for composites containing nanotubes in a polymer 

matrix. They include solution blending, in-situ polymerization and melt compounding.  

Shaffer et al. have demonstrated that acid treatments enable the preparation of stable 

aqueous solutions of catalytically produced MWCNTs [7]. They prepared nanotube/PVA 

(polyvinyl alcohol) composites by mixing one of these aqueous nanotube dispersions with an 

aqueous solution of the polymer and then casting the mixtures as films and evaporating the water 

[8]. Solution based methods have also been used to produce nanotube/polystyrene composites. 

The low viscosity of the polymer solution allowed free motion of the CNT through the matrix 
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allowing excellent dispersion to be achieved. The solution mixing approach is, however, limited 

to polymers that fully dissolve in common solvents. 

The most common thermosetting polymers used in the formation of polymer nanotube 

composites have been epoxy resins. In most cases the CNT are first dispersed efficiently in the 

liquid oligomer and then curing is carried out to convert the liquid composite to the final solid 

state. In the simplest cases nanotubes have been dispersed by sonication in liquid epoxy such as 

Shell EPON 828 epoxy. This blend is then cured by the addition of hardener such as triethylene 

tetramine and left to cure overnight [9]. In a slightly different technique, Xu et al. dispersed 

nanotubes in chloroform before adding a photoresist epoxy [10]. In this case no hardener was 

needed. Films were formed by spin coating before curing by baking followed by exposure to UV 

light. 

An alternative method for preparing nanotube/polymer composites is to use the monomer 

rather than the polymer as a starting material, and then carry out in situ polymerization. Cochet et 

al. were among the first to use this method, to prepare a MWCNT/polyaniline composite [11]. A 

number of other nanotube/polymer composites have been prepared using in situ polymerisation, 

including MWCNT/polystyrene and SWCNT/ polyimide. 

Melt compounding is the most environmentally friendly process, since it does not involve 

the use of solvents. It is also very versatile, providing a high degree of flexibility in the choice of 

compositions and can be implemented by small to medium size compounders at a reasonable 

cost. Andrews et al. used shear mixing to disperse catalytically produced nanotubes in a range of 

polymers including high impact polystyrene, acrylonitrile butadiene styrene, and polypropylene 

[12]. Sennet et al. have used melt-processing techniques to disperse and align carbon nanotubes 

in polycarbonate [13]. Excellent dispersion was accomplished by optimizing mixing conditions. 
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The main objective in the processing of polymer nanocomposites by melt compounding is to 

ensure optimal dispersion of the fillers in the polymer matrix in order to obtain the best property 

enhancement possible. However, carbon nanotubes are thermodynamically driven to aggregate by 

van der Waals forces and π-π interactions between the tubes. These are very difficult to break 

apart during melt compounding operations resulting in poor dispersion of the nanotubes in 

polymer matrices. 

 

2.3 Mechanical properties of MWCNT/polymer composites  

It has been established that the structure and properties of the filler-matrix interface play 

a major role in determining mechanical performance and structural integrity of composite 

materials [14]. Several groups have investigated the interfaces in CNT-reinforced polymer 

composites. It has been suggested, based on experimental studies and molecular modeling of 

CNT/polystyrene and CNT/epoxy composites, that the interfacial shear stress of the 

CNT/polymer systems is at least an order of magnitude higher than that of conventional 

microfiber-reinforced composites [15]. Images of the fracture surfaces of CNT/epoxy composites, 

however, did not show broken CNTs indicating that the load transfer from polymer to CNT was 

insufficient to fracture the CNTs. Failure of the composite must, therefore, arise from pullout of 

the nanotubes and from mechanical fracture of the polymer matrix [16]. 

Shaffer and Windle were among the first to carry out a systematic study of the 

mechanical properties of nanotube/polymer composites [17]. From the theory developed for 

short-fibre composites, they obtained a nanotube elastic modulus of 150 MPa using room 

temperature experimental data. This value is well below the values reported for isolated 

nanotubes: even defective catalytically grown tubes have measured stiffness of the order of 30 
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GPa. The mechanical properties of polymer/CNT composites depend on the polymer matrix used, 

the type of CNT, its diameter, its surface treatment, and the processing technique [18,19]. 

Effective reinforcement of a polymer matrix by CNTs is influenced mainly by two factors: (1) 

good dispersion in matrix, and (2) strong interfacial strength between CNTs and polymer. 

Nanotubes must be well dispersed in the polymer matrix to give a uniform stress distribution and 

minimize the presence of stress-concentrated centers in the composite. In addition, strong 

interfacial interactions between CNTs and polymer leads to efficient stress transfer from the 

matrix to the nanotubes allowing resulting composites to sustain higher stress load. 

  The surface properties of CNTs influence their dispersibility and interaction with a 

polymer matrix. Strong van der Waals interactions between nanotubes cause them to form 

bundles 10 - 100 nm in diameter  [20]. These bundles, mainly noncrystalline collections of tubes, 

may break by shearing along the axis, resulting in failure between nanotubes at stresses much 

below the intrinsic capabilities of a single nanotube. Polymer matrix-nanotube interfacial 

interactions also affect the load transfer in composite systems. CNTs surface structure can be 

modified by a number of methods to tune the behavior of the nanotubes in the matrix in order to 

improve the properties of the composites [21,22], as explained below. 

 

2.4 Carbon nanotube modification techniques 

To counteract the problem of poor dispersion due to pronounced filler/filler interactions, 

as well as the weak interfacial adhesion with polymeric matrices, carbon nanotubes have been 

covalently and non-covalently functionalized in a number of ways to improve their dispersion in 

aqueous or organic solutions and in polymers, thus enhancing the properties of the resulting 

composites. Covalent functionalization involves acid treatment of the CNTs [23] and 



 

 

 

14 

functionalization of the sidewalls of the nanotubes [24,25]. One major disadvantage of covalent 

functionalization is the disruption of the extended π conjugation in nanotubes. This adversely 

affects the electrical properties of the nanotubes, although the mechanical and thermal properties 

are not remarkably affected. Non-covalent functionalization of CNT involves the physical 

adsorption of hyperbranched polymers to the surface of the CNTs, as well as other physical 

interactions like physical entanglement or van der Waals interactions. 

CNTs functionalized through non-covalent interactions can form stable dispersion in 

solvents and, at the same time, retain the typical electronic characteristics of the nanotube [26]. 

Dendrimers and hyperbranched polymers have drawn more interest for functionalization of 

CNTs, because of their architecture and special chemical and physical properties [27,28]. 

Hyperbranched polymers are more easily prepared compared to the elaborate synthetic 

procedures of dendrimers [29] and are thus more attractive to use in the functionalization process. 

Hyperbranched polymers have a highly branched, non-entangled architecture and can 

accommodate a large number of terminal groups. They have lower melt and solution viscosities 

and higher solubility in comparison with their linear analogues, thus hyperbranched polymer- 

functionalized CNTs with a low degree of functionalization are easily dispersed in solution. The 

lower viscosity of these functionalized CNTs in solution or in the molten state favors the 

manipulation and processing of the composites.  

Ye et al.  [30] reported non-covalent nonspecific functionalization and solubilization of 

MWCNTs with hyperbranched polyethylene (HBPE) in organic solvents. HBPE molecules have 

a dendritic structure, causing them to assume a coiled, spherical conformation. In spite of the lack 

of functionality, the abundant branch ends of HBPE contributed to strong physical interactions 

between the hyperbranched polymer and MWCNTs. HBPE could thus effectively solubilize 
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MWCNTs at high concentrations in chloroform or THF. The functionalization resulted from non-

covalent adsorption of HBPE on sidewall surfaces of MWCNTs due to their attractive 

interactions [31]. 

 

2.5 Electrical properties of MWCNT/polymer composites 

Polymer composites containing conducting fillers are classified as conductive, static 

dissipative and insulating according to their volume/surface resistivity. According to the 

electronic industry association (EIA) and the electrostatic discharge association (ESDA) 

standards, static dissipative material volume resistivity is in the range of 102–109 Ω.m [32,33]. 

Materials with resistivities higher or lower than this range are considered insulating or 

conductive, respectively. The effect of CNT addition on the electrical properties of polymers has 

been studied extensively. CNTs are considered as ideal conductive fillers for the production of 

polymer composites with low filler loadings due to their large aspect ratio and unique graphitic 

structure. They have been used to increase the conductivity of relatively low cost polymers, as an 

alternative to currently used fillers such as carbon black. Other studies have involved the 

incorporation of nanotubes into conducting polymers such as polyaniline. Enhanced conductivity 

is required to provide electrostatic discharge and electromagnetic radio frequency interference 

protection in aerospace applications, for example. Static electrical dissipation is also needed in 

other applications, including computer housings and exterior automotive parts. MWCNTs can 

impart conductive properties to an otherwise insulating polymer provided that a sufficient amount 

of filler is used. When the filler concentration reaches a critical value, called the percolation 

threshold, the conductivity of the polymer experiences a dramatic change from insulating to 

conductive or semi-conductive. However, carbon nanotubes form bundles due to strong van der 
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Waals attractions and physical entanglement between tubes, which results in relatively higher 

percolation thresholds (2-10 wt%) than expected. Hu et al.  [34] observed that at MWCNT 

loading in poly(ethylene terephthalate) exceeding 2.0 wt%, the electrical conductivity reached a 

value of 102 Ω.m while McNally et al.  [35] attained the same level of conductivity for 

PE/MWCNT at a loading of 10 wt%. The percolation threshold of a polymer composite depends 

on the CNT, its aspect ratio, alignment and type of polymer matrix. It has been shown that the 

type of polymer and the method of dispersion play a major role in defining the minimum 

percolation threshold. Bauhofer and Kovacs [36] reported that the homogeneous distribution of 

the CNTs in the matrix strongly affects the measured conductivity values although it has also 

been reported that composites containing entangled CNTs give good results.  

Socher et al.  [37] showed recently that the viscosity of the polymer matrix influences 

MWCNT dispersion substantially. They suggested that, for a given temperature and shear rate, 

higher melt viscosity results in more efficient stress transfer to the MWCNT aggregates, thus 

breaking them up more efficiently, resulting in smaller and better dispersed particles. On the other 

hand, low viscosity grades had mostly loosely packed agglomerates, resulting in much lower 

electrical percolation thresholds in melt compounded CNT composites [37-39]. This result 

suggests that a degree of aggregation is actually favorable in achieving composites with higher 

electrical conductivity at lower MWCNT contents, even though it would obviously compromise 

the ductility of the composites. It appears that the factors contributing to the electrical 

conductivities of polymer nanotube composites are still not well established and thus more 

research is required in order to produce polymers with controlled electrical conductivities [36]. 
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2.6 Rheological properties and shear induced aggregation 

In addition to the effects on electrical conductivity, the formation of a percolated filler 

network affects the rheological properties of the composites significantly. Rheology therefore 

provides a sensitive means of detecting the presence of a percolated network. Furthermore the 

linear viscoelastic behavior of polymer/CNT composites is extremely sensitive to the 

CNT/polymer composites microstructure [40,41]. Carbon nanotubes, due to their extremely high 

aspect ratio, have the ability to affect the rheological properties at very low loadings, with a 

dramatic increase in the storage modulus and complex viscosity and the detection of an apparent 

yield stress at low frequencies. The increase in the carbon nanotube content produces a change 

from a viscous fluid to a solid-like behavior in the polymer nanocomposites, due to the presence 

of a three dimensional percolated network structure that creates additional contributions to the 

viscoelasticity of the nanocomposites. Furthermore the storage and the loss moduli are strongly 

influenced by the nanotube content, interactions between nanotubes and polymer chains in the 

melt state, dispersion, alignment, and percolation state of CNTs within the composite. 

Shear-induced destruction and formation of conductive and mechanical filler networks 

formed by multi-wall carbon nanotubes in polymer melts have been investigated by simultaneous 

time-resolved measurements of electrical conductivity and rheological properties under steady 

shear and in the quiescent melt. To study the shear-induced destruction and build-up of the 

conductive filler network, Alig et al. and Skipa et al. [38,42] performed time-dependent 

conductivity measurements for a PC/MWCNT composite containing initially agglomerated and 

dispersed MWCNTs. For the samples with agglomerated nanotubes a further network perfection 

by shear-induced agglomeration is not expected and therefore the destructive effect of shear is 

dominant whereas, for melts with well-dispersed nanotubes, a shear-induced insulator–conductor 
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transition was observed, which is explained by the agglomeration of nanotubes under steady shear 

and the formation of an electrical conductive network of interconnected agglomerates. Depending 

on the initial state of the nanotube dispersion (or agglomeration), under steady shear, the 

following observations were made: (i) a shear- induced insulator–conductor transition for melts 

with well-dispersed MWCNTs, (ii) an initial decrease followed by an increase in electrical 

conductivity for melts with partially agglomerated nanotubes, which was attributed to the 

competition of the destruction and build-up effects of shear on the agglomerate network, and (iii) 

a shear-induced conductor–insulator transition for composite melts with initially agglomerated 

nanotubes [42]. In addition, the conductivities of all samples tend to approach steady-state values 

after a given amount of shear. These steady-state values are a further indication for the above 

proposed competition between build-up and destruction effects under steady shear [38,42,43].  

Further, Skipa et al. observed a decrease of conductivity and viscosity with an increase of 

the shear rate corresponding to the destruction of the conducting and viscoelastic networks, 

respectively and this implies that the shear-induced destruction of the conductive agglomerates is 

more pronounced than the build-up effect and therefore, conductivity values drop with shear rate. 

They also compared the simultaneously measured electrical conductivities and the shear modulus 

and found that a network of MWCNT agglomerates formed under shear leads to an increase of 

the electrical conductivity, whereas the agglomeration reduces the mechanical reinforcement. In 

all cases, a large increase of conductivity of the PC/MWCNT melts during isothermal quiescent 

annealing in the absence of shear was observed and has been attributed to the agglomeration of 

nanotubes and formation of a conductive network of interconnected agglomerates [42]. It is 

evident that MWCNT network formation and the resulting properties of the melts in the systems 

mentioned above cannot be tuned or controlled under the influence of heat and shear only.   
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2.7 Electric field-induced alignment of CNTs   

In addition to shear-induced aggregation, which is a poorly controlled process, alignment 

and structuring of MWCNTs in the polymer matrix during processing can be accomplished 

through the use of external force fields (electric, magnetic, or mechanical) [44]. This prospect 

presents the enticing possibility of producing engineering polymer composites with superior 

properties (higher commercial value) and lower production cost (due to filler conservation). 

Recently, a few studies demonstrated that use of externally applied electric fields in composites 

could produce uniform MWCNT alignment, with point-to-point contacts between the ends of the 

tubes. Most researchers used uncured epoxy resins, where alignment is more easily attainable due 

to low matrix viscosities [45-47]. Some preliminary, but promising, studies also exist on 

thermoplastics such as PMMA [48]; however, the full potential of electrical forces in structuring 

MWCNT-filled thermoplastics is still largely unexplored. The application of an AC electric field 

to a suspension of particles can move both the particles and fluid in different ways. The 

phenomena describing the behavior of the particles and fluid under the influence of non-uniform 

electric field are given below: 

 

2.7.1 Dielectrophoresis 

Dielectrophoresis (DEP) is the translational motion of particles induced by polarization 

effects in spatially non- uniform electric fields [49]. Consider a polarizable particle exposed to an 

electric field. The applied electric field causes the formation of a dipole within the material and 

an accumulation of charge at the surface. If the field is spatially non-uniform (that is, varying in 

magnitude across the region occupied by the particle), then the Coulomb forces on either side will 
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not be equal and there will be a net force acting on the particle. This is called the 

dielectrophoretic force; the action of movement by this force is called dielectrophoresis. For 

single carbon nanotube bundles simulated as prolate ellipsoid with dimensions a (longest axis) 

and b = c, the dielectrophoretic force is given by [50]: 

F t =    !
!
πabcε!Re(K)∇E!(t)                                       (2.1) 

The above expression shows that the magnitude of the force is directly proportional to the particle 

volume, the permittivity of the suspending medium, (ε!) and the gradient of the field intensity 

squared, E!. The real part of the Clausius-Mossotti factor, Re (K), defines the frequency 

dependence and direction of the force. In addition, the time-averaged velocity for the movement 

of particles under the influence of DEP force can be evaluated by the relation given below: 

ν!"# =   
!!"#
!

                                                           (2.2) 

where ν!"#  is the velocity of particles and f =    !"#!
!"  (!"/!)

 is the friction factor of particles related to 

the viscosity, η of the suspending medium. The characteristic time for the motion of particles 

under the influence of the dielectrophoretic force can then be calculated from the velocity. 

 

 

 

2.7.2 Mutual Dielectrophoresis 

It has been established that dipoles are formed in polarizable particles suspended in a 

medium under the influence of an electric field. If we apply an electric field to a polarizable 

particle, charges accumulate at opposing surfaces of the particle along the field vector. However, 

if the particle contains no excess charge (i.e., it is charge neutral), then there is a uniform electric 



 

 

 

21 

field inside it. There is also a non-uniform electric field generated external to the particle. It 

follows that when a field is applied, the dipoles formed in particles throughout a volume 

containing those particles will polarize. And because each deforms the electric field due to that 

polarization, particles within the region where the two dipole-induced electric fields interact will 

be attracted to each other (as shown in Figure 2.3).  This effect is called mutual dielectrophoresis 

or dipole–dipole interaction, though it is more commonly referred to as pearl chaining, since its 

effect is to cause long strings of particles [49]. 

 

 

Figure 2.3 When polarizable particles in electric fields come close enough for their induced 

electric fields to interact, they will experience a dielectrophoretic force to move toward each 

other. This is called mutual dielectrophoresis [49] 

 

The interaction force between two similar particles will be based on their polarizability 

and the magnitude of the electric field inducing the dipole. This will change the orientation of the 

induced dipole, but since like-particles will have dipoles induced in similar directions (be they 

with or against the electric field), they will always attract each other because the dipoles will 
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always arrange in the same direction so that opposing charges will face one another as shown in 

Figure 2.4. 

 

 

Figure 2.4 The formation of particle chains occurs independently of whether the particles 

are experiencing (a) positive or (b) negative dielectrophoresis; in both cases, the dipoles 

align in the same direction to each other, causing Coulombic attraction between charges of 

opposing signs along the chain [49]. 

 

2.7.3 Electro-orientation 

When a non-spherical particle such as a prolate ellipsoid in an electric field polarizes, it 

does so along the longest axis. The closest the charges can accumulate to the sources of the 

electric field is along the longest axis of the particle and with the charges at these positions, the 

particle will experience a torque as the charge centers move to be as close to the high and low 

potentials as possible — that is, that the dipole will align along the electric field, as shown in 

Figure 2.5. 
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Figure 2.5 Just as dipoles orient with the applied electric field, so polarizable particles 

experience electro-orientation. Since the dipole is induced, the object will align along the 

field lines even in AC electric fields [49]. 

 

2.7.4 Brownian motion  

Particles in suspension experience random force due to the thermal energy of the system, 

causing them to move in a random manner. The influence of thermal energy in the medium 

increases as particle size decreases and can be described by the Brownian motion model. For 

SWCNT-bundles, in the characteristic time interval ∆t, for the Brownian displacement in each of 

the three coordinate axes can be expressed as [50]: 

∆x =   G!
!!!!
!
∆t                                                            (2.3) 

where k!  is the Boltzmann constant, f =    !"#!
!"  (!"/!)

 is the friction factor of particles, T the room 

temperature, and G!  a Gaussian distributed random number.  
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Dielectrophoresis and mutual dielectrophoresis result in translational motion of the 

particles, while electro-orientation leads to rotational motion and both help in the formation of 

oriented structures under the influence of an electric field. However, Brownian motion acts to 

oppose the effect of both translational and rotational motion. Evaluation of the characteristic time 

for these motions will give an idea of the most predominant phenomenon in any given system. 

Chen and Zhang [51] achieved an aligned single-wall carbon nanotube (SWCNT) array 

between two parallel, planar finger electrodes by applying an external AC electric field on the 

SWCNT suspension. They observed that the alignment of the SWCNT was dependent on several 

parameters of the applied electric field, such as the magnitude, frequency and duration of 

exposure to the electric field. Martin et al.  [52] showed that an AC electric field was more 

efficient compared to a DC field in aligning CNT, and the obtained CNT networks were more 

uniformly dispersed. It was observed that MWCNT were rapidly aligned in a polymer suspension 

[45,53] after the electric field was exerted, but then they gradually agglomerated over time and 

formed thick bundles. In light of the aforementioned challenges, one can realize that substantial 

advancements in the state-of-the-art can be made through: (a) nanotube functionalization, which 

overcomes the tendency of the system to aggregate; (b) the development and implementation of a 

method that leads to the fast curing of the suspension (or matrix), thereby preserving the electric 

field-formed nanotube networks. 
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Chapter 3 

Characterization of non-covalently, non-specifically functionalized 

carbon nanotubes and their melt compounded composites with 

ethylene-octene copolymer* 

3.1 Introduction 

Polymer/carbon nanotube (CNT) composites have been widely studied, because of their 

superior mechanical, thermal and electrical properties  [1-7]. The preparation of polymer/carbon 

nanotube composites has been an area of active scientific research, since the exceptional 

properties of CNTs may extend the end-use applications of polymeric materials. Owing to their 

low density, improved mechanical properties and electrical conductivity, these composites can 

find applications in structural materials, antistatic films, electromagnetic interference (EMI) 

shielding, and coatings for electrostatic painting, hydrogen storage media and nanometer-sized 

semiconductor devices, probes and interconnects  [8], automotive parts, reinforced aerospace 

materials, and sporting goods  [9]. 

The use of CNTs in polymer composites has been greatly hindered due to their 

incompatibility with polymers and consequently, their poor dispersion in polymer matrices, 

especially in melt compounding operations. CNTs tend to exist as bundles of single-wall carbon 

nanotubes (SWCNTs), or aggregates of multi-wall carbon nanotubes (MWCNTs) held together 

by van der Waals forces and π - π interactions, which make their separation and successful 

                                                        
* A version of this chapter has been published in Osazuwa O, Petrie K, Kontopoulou M, Xiang P, Ye Z, 
Docoslis A.  Compos. Sci. Technol. 2012;73:27-33.  
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dispersion into polymers a very difficult task. Other factors influencing the dispersion of CNT 

include the viscosity of the polymer matrix, the melt compounding procedure, etc.  [10,11] 

Melt compounded thermoplastic composites containing MWCNT have the potential of producing 

composite systems, with electrical conductivity higher than 10-4 S/m  [12], at relatively low 

nanotube loadings, suitable for applications such as electrostatic painting, electromagnetic 

interference (EMI) shielding, electrostatic discharge and conductive coatings, and other injection 

molded parts. However, in order to broaden the field of application of these composites to include 

large structural components, the mechanical properties must also remain at an acceptable level, 

and not be compromised by excessive aggregation.  

A number of surface functionalization methods have been developed in order to either 

render MWCNTs dispersible in solvents, or improve their dispersibility in polymers. Local strain 

in carbon nanotubes, arising from pyramidalization and misalignment of the π-orbitals of the sp2-

hybridized carbon atoms, makes nanotubes more reactive than a flat graphene sheet, thus more 

amenable to chemical functionalization  [13]. Covalent functionalization of nanotubes can 

improve the properties of the resulting composites through better nanotube dispersion in the 

matrix and enhanced nanotube/polymer interfacial binding  [14]. Covalent functionalization can, 

however, disrupt the extended π conjugation in CNTs, which may introduce structural defects 

resulting in profound decline in the electrical properties of the nanotubes. An alternate way of 

tuning the surface properties of nanotubes without introducing irreversible changes is through 

non-covalent functionalization  [15-17]. Recently non-covalent, non-specific functionalization 

using a hyperbranched polyethylene (HBPE) that establishes only CH-π interactions with the 

nanotubes was employed successfully to improve the dispersion of MWCNTs in organic solvents  

[18] and in polyolefin-based composites prepared by solution blending  [19].  
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While previous work  [19] has demonstrated the efficacy of this approach in composites 

prepared by solution blending, the focus of the present chapter is to develop melt compounded 

polyolefin/MWCNT composites with low electrical percolation thresholds while at the same time 

maintaining good mechanical properties by avoiding excessive aggregation through non-covalent, 

non-specific nanotube functionalization using HBPE. This is the first time this functionalization 

method is used for MWCNTs for melt compounded polyolefin composites. Composites of 

MWCNTs with an ethylene-octene copolymer were prepared by melt compounding. EOC was 

employed as the polyolefin matrix throughout this research due to ease of processing arising from 

their low melting points, good thermal stability and low degree of crystallinity.  

The morphology, surface properties, electrical conductivity, rheological and mechanical 

properties of the composites containing pristine nanotubes and HBPE-modified nanotubes are 

studied in order to understand the effects of non-covalent, non-specific functionalization of the 

MWCNT with HBPE on the composite properties.  

 

3.2 Materials and methods 

3.2.1 Materials and characterization 

MWCNTs (purity >95%, diameter 30 ± 15 nm and length 1- 5 µm) from Nanolab Inc. 

(Massachusetts, USA) and (purity >90%, diameter 10- 15 nm and length 0.1- 10 µm) from Sigma 

Aldrich (Missouri, USA) were used as received. The specific surface area (SSA) of the nanotubes 

was 300 m2/g and 224 m2/g, respectively, determined by Brunauer–Emmett–Teller (BET) 

characterization. MWCNT samples weighing 0.5 – 1.0 g were first degassed at 110 oC for 24 h 

and then subjected to a multipoint BET physisorption analysis (Autosorb-1 Quantachrome, USA) 

for nitrogen relative vapor pressures in the range 0.1–0.3 at 77 K. Based on the shape of the N2 
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adsorption-desorption isotherms (type II according to IUPAC classification  [20,21]) in the whole 

relative pressure range, the estimated SSA corresponds to external surface area. The average pore 

size distribution of the MWCNT was 1.47 nm. 

HBPE was synthesized from ethylene using a chain walking Pd–diimine catalyst, as 

described in detail by Ye and Li  [22]. HBPE has a complex and irregular dendritic structure, 

containing a large number of branches of various lengths (from methyl to hexyl and higher) and, 

more importantly, abundant branch-on-branch structures  [19]. The polyolefin matrix was a 

poly(ethylene-co-octene) (EOC), trade name Engage 8130, density 0.864 g/cm3, MFI 13 g/10 min 

at 190 oC, with copolymer content of 42 wt.%, obtained from Dow Chemical (Michigan, USA). 

The melting and crystallization temperatures of this polymer, as determined by differential 

scanning calorimetry (DSC) are 56 oC and 38 oC, respectively and the degree of crystallinity is 13 

%.  

 

3.2.2 Functionalization of MWCNTs 

Mixtures of HBPE and MWCNTs in tetrahydrofuran (THF) with mass ratio between 0.0 

and 3.0 were prepared by adding HBPE into dispersions containing 2.0 mg MWCNT/mL of THF. 

The resulting mixtures were sonicated for 1 h, and then stirred overnight. The supernatant 

solutions were vacuum filtered drop-wise through Teflon membrane with pore size of 0.22 µm. 

After being washed twice with equal volumes of THF (6 mL) the filters were dried in a vacuum 

oven overnight at room temperature  [19]. Thermo gravimetric analyses were then carried out on 

dried samples using a Q500 TGA by TA Instruments (Delaware, USA). Data from TGA analysis 

was used to construct an adsorption isotherm  [19]. MWCNTs are considered to have toxic effects 

causing moderate respiratory irritation and also irritation to the eyes. Therefore, handling was 
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done inside the fume hood with appropriate protective covering for the eyes, nose, hands and 

body. 

 

3.2.3 Melt compounding 

EOC composites containing pristine and HBPE-functionalized MWCNTs at contents 

ranging from 0.1 wt% - 5.0 wt% were compounded using a DSM Research 5 mL Micro-

Compounder (DSM Resolve, Geleen, Netherlands) at a temperature of 150oC, screw speed of 90 

rpm and mixing time of 10 minute. 

 

3.2.4 Morphological characterization 

HBPE/MWCNT suspensions in THF (2mg/ml) were deposited onto carbon and Cu-

Formvar/Carbon film, washed with THF to ensure monolayer coating Following solvent 

evaporation, the samples were placed into a Hitachi-7000 Transmission Electron Microscope 

(TEM) (Hitachi HTA, Schaumburg, Illinois, USA) and images were captured at a magnification 

of 40,000x. TEM images were also obtained for ultra-thin films of the polymer composites 

prepared using a Leica ultra-microtome. Images of the composites were obtained using a FEI 

Tecnai 20 instrument (FEI Co., Eindhoven, Netherlands). Optical microscopy of composite melts 

was obtained using an Olympus BX 51 microscope (Tokyo, Japan). Composite films were loaded 

on a Linkam SCC 450 Hot Stage (Surrey, UK) at 150 oC and pressed to a thickness of 20 µm at 

150 °C. Images were recorded using transmitted light. 
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3.2.5 Dynamic Light Scattering (DLS) 

The size distribution of MWCNTs (pristine and functionalized) suspended in THF was 

analyzed by means of dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments 

Ltd., Worcestershire, UK) equipped with a monochromatic coherent 4mW Helium Neon laser (k 

= 633 nm) as the light source and Non-Invasive Back-Scattering (NIBS) technology (ALV 

GmbH, Germany). Very dilute suspensions containing 5.0×10-5 wt% MWCNT in THF was 

prepared by sonicating the suspension for 2 minutes and allowed to settle overnight.  The 

supernatant solution was used for the size distribution analysis at 25 oC.  All measurements were 

performed in a glass cuvette with square aperture. Data analysis was done using the DTS 

(Dispersion Technology Software) 5.10, which includes cumulant analysis (in accordance to ISO 

13321) and the multimodal size distribution, non-negative least square (NNLS) algorithm [21] to 

obtain the mean particle diameter and polydispersity of MWCNT in THF. 

 

3.2.6 Electrical conductivity  

Volume resistivity was measured under DC current at room temperature. Samples were 

prepared by compression molding the melt-compounded composites in a Carver press at 140 oC 

and a force of 1400 N to get a thin film of 0.6 mm. The thin composite film with a diameter of 6 

cm was put into the measuring chamber (Keithley 8009 Resistivity Test Fixture) of the Keithley 

6517B Electrometer/High Resistance Meter (Keithley Instruments, Inc., Cleveland, Ohio, USA) 

for an electrification time of 1 minute. 

3.2.7 Rheological measurements 

Rheological characterization was carried out using a ViscoTech oscillatory rheometer by 

Reologica equipped with 20 mm parallel plate fixtures using a gap of 1.2 mm. Compression 
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molded disks with a diameter of 20 mm were prepared using the Carver press as described above. 

Stress sweep experiments were carried out from 1 to 103 Pa at a frequency of 0.1 Hz and 

temperature of 180 oC to identify the limits of linear viscoelasticity. Given the extreme strain 

sensitivity of the samples, strain-controlled experiments were carried out at a low strain of 0.2%, 

within the linear viscoelastic region and a frequency range of 0.01- 25.1 Hz at 180 oC.  

 

3.2.8 Mechanical properties 

Tensile tests were conducted in accordance with ASTM D 638 using test specimens with 

the dimensions: 7.62 mm × 3.50 mm × 1.45 mm. The tests were conducted on an Instron 3369 

electromechanical test instrument (Instron, Norwood, Massachusetts, USA) with a crosshead 

speed of 200 mm/min. The average values and standard deviation from testing 6 specimens are 

reported. 

 

3.3 Results and Discussion 

3.3.1 HBPE adsorption on MWCNTs 

Figure 3.1(a) shows the adsorption isotherm depicting the actual amount of adsorbed 

HBPE as a function of the original HBPE: MWCNT ratio used for functionalization. From Figure 

3.1(a) it can be seen that, after washing with THF to remove all loosely bound polymer, only a 

fraction of the HBPE is adsorbed on the MWCNTs.  

 



 

 

 

36 

 

Figure 3.1 a) Adsorption isotherms of HBPE on Nanolab (NL) and Sigma-Aldrich (SA) 

MWCNT at room temperature, constructed based on nanotube concentration of 2.0 mg/ml; 

b) Adsorption isotherms with retained mass ratio normalized with respect to the specific 

surface area of MWCNT, as obtained from BET measurements. Two replicates are 

presented for each mass ratio. 

 

A plateau appears around an applied HBPE:MWCNT mass ratio of 1, which translates into an 

adsorbed amount of 0.3–0.32 g of HBPE/g of MWCNT. Beyond this mass ratio, no increase is 

observed in the adsorbed HBPE amount. As a result, the ratio of 1.0 is used in the preparation of 

EOC/MWCNT composites. A comparison between the data obtained in the present work using 

the Nanolab (NL) MWCNTs with those obtained previously  [19] using nanotubes obtained from 

Sigma-Aldrich (SA) reveals an adsorbed amount between 0.2–0.23 g of HBPE/g of MWCNT for 

the latter. Figure 3.1(b) shows the adsorption isotherms normalized by the specific surface area 

(SSA) of pristine MWCNTs acquired from BET measurements (300 m2/g and 224 m2/g for NL 

and SA MWCNTs, respectively). It can be noticed that following the normalization procedure, a 

very good agreement between the plateau values of the adsorption isotherms exists, at 0.3 g of 

HBPE/g of MWCNT. This method of reporting carbon nanotube surface coverage appears to be 
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particularly useful as it renders the results independent of nanotube dimensions and source of 

supply.  

To obtain further insight into the degree of carbon nanotube surface coverage by HBPE, 

results from the adsorption isotherm and BET method were combined with DLS measurements of 

the HBPE radius. Knowing that HBPE has highly compact spherical chain architecture  [22] and 

a “hydrodynamic” diameter in THF of 9.5±1.4 nm  [19], which is comparable in magnitude to the 

external diameter of MWCNTs (30 nm mean value), wrapping, clipping, or entanglement of the 

polymer around the nanotubes is not probable. Furthermore the average pore size of the 

MWCNT as determined by our BET measurements is 1.47 nm, which is much less than the 

hydrodynamic diameter of HBPE, thus excluding the possibility of entrance and diffusion of 

HBPE within the pores of the MWCNT.  It is more likely that all of the globular-shaped HBPE is 

non-covalently adsorbed on the MWCNT sidewalls. Therefore, by taking into account 

experimentally measured quantities, namely adsorbed amount and molecular dimensions of 

HBPE (see above) along with specific surface area of the carbon nanotubes (300 m2/g), we can 

estimate the fractional surface coverage of the nanotubes by HBPE to be approximately 30% 

(plateau value). In other words, at the plateau phase of adsorption less than one third of the 

carbon nanotube surface is masked by HBPE.   

 

3.3.2 MWCNT Dispersion  

The effectiveness of the functionalization process on the dispersion of nanotubes in a solvent is 

clearly evidenced from the TEM images of Figure 3.2. The modified nanotubes are less 

aggregated and better dispersed in THF than the unmodified samples. This is because the filler-



 

 

 

38 

filler interactions, which mainly consist of van der Waals forces between nanotubes, weaken in 

the presence of the HBPE coating.  

 

 

 

Figure 3.2 TEM images showing the effect of HBPE on nanotube disentanglement a) 

pristine MWCNT and b) HBPE-functionalized MWCNT; both samples were prepared 

from nanotube dispersions (2mg/ml) in THF (Scale bar: 100 nm). 

 

This results in the reduction of the size of MWCNT aggregates, as also revealed by DLS data, 

which provide a more representative picture of the quality of dispersion that has been achieved. 

Specifically, the mean particle diameters of nanotubes suspended in THF were found to be equal 

to 333.4 ± 41.2 nm for the pristine and 232.9 ± 12.3 nm for the HBPE-modified nanotubes (Fig. 

3.3a). An example of the measured size distributions is shown in Figure 3.3b.  
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Figure 3.3 Dynamic light scattering data showing a) mean particle size and standard 

deviation and b) an example of the observed size distribution of pristine and HBPE-

functionalized MWCNT suspensions in THF. 

 

It should be noted that the values in Figure 3.3 correspond to the population of carbon nanotubes 

that remained stably suspended in THF overnight and illustrate the effect of HBPE on the 

generation of significantly smaller aggregates. DLS studies of the whole MWCNT suspensions 

were not possible, as the latter are thermodynamically unstable and tend to aggregate and settle 

during measurements.  

Figure 3.4 shows images of the MWCNT/EOC composites containing 1 wt% MWCNTs 

with sizable aggregates (up to 50 µm), which disappear when HBPE-modified MWCNTs are 

used. TEM imaging of the composites further confirmed that functionalized MWCNTs are better 

dispersed within the EOC matrix.  
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Figure 3.4 Optical micrographs of MWCNT/EOC composite containing 1 wt% MWCNT, 

scale bar is 100 microns: a) pristine MWCNT/EOC, b) HBPE-functionalized 

MWCNT/EOC. 

 

Figure 3.5 shows clearly that the composites with modified nanotubes are less aggregated, with 

better dispersed individual nanotubes. The improved dispersion can be explained by the more 

thermodynamically favored interactions between the HBPE-coated MWCNTs and the polyolefin 

matrix, resulting in stronger interfacial interactions and better stress transfer to the MWCNTs 

during compounding, thus breaking up more efficiently the filler aggregates. HBPE would also 

act to prevent secondary aggregation, given that the nanotube interactions would become weaker. 
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Figure 3.5 TEM images of a) 5 wt% pristine MWCNT/EOC composite and b) 5 wt% 

HBPE-functionalized MWCNT/EOC composite (Scale bar is 100 nm). 

 

3.3.3 Electrical conductivity 

Introduction of carbon nanotubes into a polymer matrix increases significantly the 

conductivity of the composites, as shown in Figure 3.6a. Addition of carbon nanotubes at 

concentrations in the range between 1.0 and 2.0 wt% resulted in an increase in conductivity that is 

higher by almost 5 orders of magnitude compared to the unfilled polymer. The electrical response 

of polymer composites is generally described by the power law equation shown in equation 3.1  

[23,24], which fits data points above the percolation threshold: 

σ = (ϕ −   ϕ!)! 

                                                          (3.1) 
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where σ is the electrical conductivity, ϕ is the nanotube composition, ϕ!  is the onset of the 

electrical percolation threshold and t is the critical exponent. The electrical percolation threshold 

is defined as the value of the filler content above which the electrical properties increase in an 

exponential manner. As shown in Figure 3.6 (b), the electrical conductivity data can be fitted well 

by Equation 1. The best fit for the experimental data yielded ϕ! of 0.91 wt% and t of 2.4 and 2.8 

for the pristine and modified MWCNT composites, respectively.  

 

Figure 3.6 a) Plot of electrical conductivity vs. MWCNT loading for pristine and HBPE-

functionalized MWCNT composites, b) fit of the plot of conductivity vs. MWCNT 

concentration with the power law equation. 

 

The value of the critical exponent for both composite systems indicates the formation of a 3-

dimensional percolating network at 0.91 wt%. The percolation threshold for this polymer is 

generally lower than other polyolefins in the literature, which are typically in the range of 6.0 – 

8.0 wt%  [25]. This difference is presumably due to the relatively low melt viscosity of the EOC 
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matrix used in this work. Theoretical predictions for the critical exponent range from 1.6 to 2.0 

for three-dimensional percolating systems, although experimental values from 0.7 to 3.1 have 

been reported  [26-29].  

The maximum conductivity achieved at 5.0 wt.% nanotube loading is 1.45·10-4 S/m for 

the pristine MWCNT/EOC composite and 6.60·10-5 S/m for the HBPE-modified composite, 

making these composites static dissipative material (10-2 to 10-9 S/m)  [30]. It is very interesting to 

note that nanotube functionalization did not impact negatively the electrical properties of the 

system. This can be explained on the basis of the estimated fractional carbon nanotube surface 

coverage by HBPE.  Specifically, as mentioned earlier, surface coverage calculations show that 

only one-third of the nanotube surface is covered by HBPE, leaving approximately two-thirds of 

the nanotube surface available for filler-filler contact. This is very important because it shows that 

better nanotube dispersion in polyolefin matrix is achievable without a concomitant compromise 

in the electrical properties of the resulting composites.  

 

3.3.4 Rheological properties 

The presence of a percolation threshold is also clearly shown from the rheological 

characterization of the MWCNT/EOC composites (Figures 3.7 (a) to (d)), which depicts a loss of 

the Newtonian plateau and pronounced deviation from the terminal flow behavior G′ ∝ ω2 above 

1 wt% MWCNT and the appearance of a plateau at high concentrations. The loss tangent, tan δ, 

where δ is the phase angle; (Figure 3.7c) clearly shows the transition from viscoelastic liquid- to 

solid-like behavior. These observations are indicative of the filler interactions leading to the 

formation of a 3D percolation network, which restrains the long-range motion of the polymer  
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Figure 3.7 Frequency dependence of a) storage modulus, G’, b) complex viscosity, η* and c) 

tan δ at different MWCNT contents for MWCNT/EOC composites, and d) Geometrical 

percolation threshold weight fraction, ϕg obtained from plot of (ηr*) vs. (ϕ-ϕg) and fitting 

with the Guth model and (ηr*) at lower MWCNT content (inset). 

 

chains  [31]. The large aggregates present at the higher MWCNT contents are apparently 

responsible for the higher viscosities compared to the HBPE-modified counterparts, due to an 

increased hydrodynamic effect.  The transition from liquid- to solid-like behavior is better 

visualized through Figure 3.7 (d), which shows the composition dependence of the reduced 

viscosity,  defined as: 
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η!∗ =   
η∗

η!∗
 

                                                          (3.2) 

where η!∗  is the zero shear viscosity of the pure polymer and η∗  is evaluated at a fixed frequency 

(in this case 0.1 rad s-1). At low nanotube loadings, the MWCNTs act as isolated objects, and the 

viscosity dominated by the polymer matrix contribution can be modeled following Guth  [32,33]. 

Above the geometrical percolation of the nanotubes, the MWCNT 3D network structure 

dominates the viscoelastic response following a typical power-law like behavior associated with 

composites near the percolation threshold  [33,34]. The composition dependence of the reduced 

viscosity at low and intermediate nanotube concentrations may, therefore, be modeled as: 

 

η!∗ = 1 + 0.67 αϕ +   1.62(αϕ)2 + m(ϕ −   ϕg)
t 

                        (3.3) 

where ϕ is the nanotube volume fraction, ϕ! is the geometrical percolation threshold, α is the 

aspect ratio of nanotubes and t is the scaling exponent. The linear and quadratic terms result from 

Guth's modification of Einstein’s relationship for anisotropic fillers in dilute solution, while the 

power term models the behavior near the percolation threshold  [33]. In Figure 3.7(d) the data is 

represented in terms of the mass fraction, because of the uncertainty in the value of the density of 

the nanotubes (between 1.4 – 1.9 g/cm3). A fit of the experimental data with equation (3) 

delivered a geometrical percolation threshold, ϕ! of 0.54 wt% and 0.62 wt% and a scaling 

exponent, t of 2.2 and 2 for pristine and modified MWCNT composites, respectively. These 

values are lower than the value of 0.91 wt% for the electrical percolation, but overall 



 

 

 

46 

functionalization of the nanotubes shows no significant effect on the rheological percolation 

threshold, in agreement with the findings of electrical conductivity.  

 

3.3.5 Mechanical properties 

As shown above, modification of MWCNT with HBPE did not affect negatively the 

electrical properties and the percolation behavior of the composites. In terms of mechanical 

properties, it is well known that the inclusion of fillers in a polymer matrix has a reinforcing and 

stiffening effect, which is counteracted by a significant loss in ductility. Figure 8 shows an 

increase in the secant modulus (line) from 1.3 MPa for the EOC matrix to 2.0 and 2.2 MPa for 3 

wt% modified and unmodified MWCNT/EOC composites, respectively, at 10% strain.  

 Figure 3.8 also shows a drop in the elongation at break (bar) of the EOC matrix upon 

addition of MWCNT. However it is worth noting that at the same filler loading, the HBPE- 

MWCNT/EOC composite has higher elongation at break than its counterpart containing the 

pristine MWCNT, as a result of improved interfacial adhesion and better dispersion of the 

modified nanotubes in the polymer matrix. These results suggest that functionalization of the 

nanofillers reduces the negative impact on ductility typically experienced by these composites 

(the elongation at break dropped by only 19%  with respect to the neat matrix for the modified, 

compared to 31% for the unmodified MWCNT composites). This finding may be of significance 

when other polyolefin matrices are used, which may suffer from significant loss of ductility in the 

presence of MWCNT. We plan to test this hypothesis in future studies by using this 

functionalization approach with a variety of polyolefin matrices. 
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Figure 3.8 Elongation at break (bars) and secant modulus at 10% strain (line) showing the 

effect of nanotube loading and functionalization on the mechanical properties of the 

composites. 

 

3.4 Conclusions 

In the present chapter, non-covalent, non-specific functionalization of MWCNT with 

HBPE was used as a means of improving the state of dispersion of MWCNTs in an ethylene-

octene copolymer matrix. DLS characterization and optical microscopy revealed that the size of 

MWCNT aggregates is reduced upon functionalization. TEM images showed that functionalized 

nanotubes are better dispersed in suspension and also in the polymer matrix. When a low-

viscosity polyolefin matrix was used, this functionalization procedure reduced the size and 

number of MWCNT aggregates in the composites, while maintaining a low percolation threshold 

and not adversely affecting the electrical conductivity of the composite. In addition to the 

expected modulus increase, the functionalized MWCNT /EOC composites maintained better 

ductility, because of the improved dispersion, suggesting that this approach can be utilized to 
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obtain composites with good conductivity, without compromising mechanical properties. The 

results of this study demonstrate that physically adsorbed compatibilizing molecules can provide 

an easy means for achieving good nanotube dispersion. Moreover, this method of 

functionalization has a small impact on the filler’s surface properties by virtue of the fact that 

physical adsorption can result only in partial surface coverage.   
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Chapter 4 

Electrically conducting polyolefin composites containing electric field-

aligned multi-wall carbon nanotubes structures: effects of process 

parameters and filler loading* 

4.1 Introduction 

In addition to the advantages that carbon nanotube/polymer composites present in their 

isotropic form, as explained in previous chapter, research over the last decade has shown that their 

counterparts containing aligned MWCNTs can exhibit an enormous improvement in their 

electrical, thermal, and mechanical properties along the direction of MWCNT alignment  [1]. 

Moreover, desired property values can be attained at significantly lower filler content  [2]. In view 

of the fact that alignment and structuring of MWCNTs in the polymer matrix during processing is 

possible through the use of various external force fields (electric, magnetic, or mechanical) [3], 

the enticing prospect of producing engineering polymer composites with superior properties, 

higher commercial value, and possibly lower production cost due to filler conservation, begins to 

emerge.  

A number of studies have demonstrated that externally applied alternating current (AC) or 

direct current (DC) electric fields can cause MWCNT alignment, end-to-end assembly, and 

formation of continuous networks inside liquid polymers or polymer melts  [4-7]. What still 

remains largely unaddressed is the influence of key process conditions, such as electric field 

                                                        
* A version of this chapter has been published in Osazuwa O, Kontopoulou M, Xiang P, Ye Z, Docoslis 
A.  Carbon 2014;72(1):89-99.  
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intensity, temperature, matrix viscosity, and filler concentration, on the dynamics of the MWCNT 

structure formation. For example, guiding rules and explicit scaling relationships that link the 

aforementioned processing conditions to the characteristic times of MWCNT alignment and 

insulator-to-conductor transition in these composites are presently lacking from the literature and 

manufacturing practice. Such relationships are extremely valuable towards the systematic and 

rational design of electric field-assisted processes that yield filler/polymer composites with 

controlled anisotropy and improved physical (electrical, mechanical, and thermal) properties. 

Some significant steps in this direction have already been made by a number of 

researchers. Sumita and co-workers were among the first to study the insulator-to-conductor 

transitions in polymers filled with carbonaceous particles, with or without the application of 

electric fields  [8]. Their pioneering studies on particle aggregation dynamics and dynamic 

percolation measurements gave rise to the so-called “thermodynamic percolation theory”, which 

allows the prediction of threshold voltages and minimal filler fractions that yield electrically 

conducting composites inside an electric field, or simply by annealing. Pang et al. used the 

thermodynamic percolation theory to examine the effect of DC electric field intensity, annealing 

temperature and filler loading on the percolation threshold of carbon nanotube- and graphene-

filled polystyrene composites  [9]. A significant step forward was recently made with the 

modeling work of Monti et al. that links processing conditions, such as matrix viscosity and 

electric field strength, to the times required for single-wall carbon nanotube migration, alignment 

and end-to-end connection inside an uncured epoxy monomer liquid medium under a uniform DC 

electric field  [10]. Their simulation predictions were in agreement with accompanying 

experimental results. Some scaling relationships between percolation time and experimental 

parameters were reported by Tang et.al [11] who examined the influence of externally applied 
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AC electric fields and filler concentration on the formation of electrically conducting structures in 

carbon black/polystyrene (CB/PS). They found a substantial disagreement between 

experimentally observed and theoretically derived power laws between percolation time and field 

intensity and filler concentration. The discrepancies were partly attributed to the poor particle 

dispersion in the matrix.  

The overwhelming majority of studies performed to date on the electrification of carbon 

nanotube/polymer composites employ uncured epoxy resins, where alignment is more readily 

attainable due to low matrix viscosities. On the contrary, limited work has been published on 

thermoplastics  [9,12]. When compared to thermosets, thermoplastics offer significant advantages 

in terms of recyclability, rapid fabrication cycles and better toughness. Therefore, successful 

application of this technology in thermoplastics would provide a significant advancement in the 

state-of-the art. 

The goal of the present chapter is to study the dynamic response of carbon nanotubes in a 

polyolefin melt under the influence of an AC electric field, in order to derive quantitative 

relationships between the insulation-to-conductor transition times of the composite and important 

process parameters, such as field intensity, filler content and polymer viscosity. First, a simple 

theoretical framework based on established mathematical expressions that describe particle 

polarization and translation inside electrified suspensions is formulated.  Subsequently, the 

validity of its theoretical predictions is tested against experimental results. To enable a more 

accurate comparison between theory and experiments, care is taken to ensure fine MWCNT 

dispersion and stability inside the polyolefin matrix. For this purpose, a non-covalent carbon 

nanotube functionalization method is employed that uses a hyperbranched polyethylene (HBPE) 

as the compatibilizer, as explained in chapter 3.  The benefits of this compatibilization method 
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and its possible impact on the electrical properties of the resulting composites are also briefly 

investigated.  

 

4.2 Materials and Methods 

4.2.1 Materials  

MWCNT (purity >95%, diameter 30 ± 15 nm and length 1- 5 µm) were purchased from 

Nanolab Inc. (Massachusetts, USA) and used as received. The specific surface area (SSA) of the 

nanotubes was 300 m2/g determined by BET (Autosorb-1 Quantachrome, USA). HBPE was 

synthesized from ethylene using a chain walking Pd–diimine catalyst, as described in detail by Ye 

and Li  [13]. HBPE has a complex and irregular dendritic structure, containing a large number of 

branches of various lengths (from methyl to hexyl and higher) and abundant branch-on-branch 

structures  [14]. The polyolefin matrix was a poly(ethylene-co-octene) (EOC), trade name Engage 

8100, density 0.87 g/cm3, MFI 1 g/10 min at 190 oC, with a comonomer content of 38 wt.%, 

obtained from Dow Chemical (Michigan, USA). The melting and crystallization temperatures of 

this polymer, as determined by differential scanning calorimetry (DSC) are 60 oC and 45 oC, 

respectively and the degree of crystallinity is 18 %. 

 

4.2.2 Functionalization of MWCNTs 

Mixtures of HBPE and MWCNTs in tetrahydrofuran (THF) with mass ratio 1.0 were 

prepared by adding HBPE into dispersions containing 2.0 mg MWCNT/mL of THF. The 

resulting mixtures were sonicated for 1 h, and then stirred overnight. The supernatant solutions 

were vacuum filtered drop-wise through a Teflon membrane with a pore size of 0.22 µm. After 
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being washed twice with equal volumes of THF (6 mL) the filters were dried in a vacuum oven 

overnight at room temperature. The details of this procedure are explained in Chapter 3. 

 

4.2.3 Composite preparation 

     EOC composites containing pristine and HBPE-functionalized MWCNTs at contents 

ranging from 0.1 wt% - 3.0 wt% were compounded using a DSM Research 5 mL Micro-

Compounder (DSM Resolve, Geleen, Netherlands) at a temperature of 150 oC, screw speed of 90 

rpm and mixing time of 10 minute. The composites were then compressed into films 600 µm 

thick in a Carver press at 140 °C for 2 minutes prior to DC conductivity test and electric field 

characterization. In addition, the samples were further compressed after the electric field 

characterization at 60 °C for 1 minute before repeating electrical conductivity test. 

 

4.2.4 Composite characterization 

Optical microscopy of composite melts was obtained using an Olympus BX 51 

microscope (Tokyo, Japan). Composite films were loaded on a Linkam SCC 450 Hot Stage 

(Surrey, UK) at 150 °C and pressed to a thickness of 20 µm at 150 °C. Images were recorded 

using transmitted light. Volume resistivity was measured under DC current at room temperature. 

Samples were prepared by compression molding the melt-compounded composites in a Carver 

press at 140 oC and a force of 1400 N to get a thin film of 0.6 mm thickness and 6 cm diameter. 

The composite film was put into the measuring chamber (Keithley 8009 Resistivity Test Fixture) 

of the Keithley 6517B Electrometer/High Resistance Meter (Keithley Instruments, Inc., 

Cleveland, Ohio, USA) for an electrification time of 1 minute. High conductivity samples were 

assessed with an Agilent 34401A multimeter. Sample preparation included cutting test specimen 
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with dimension of 1 cm2 and thickness of 0.05 cm and sputtering the surface with gold to reduce 

contact resistance between the sample and the electrodes of the multimeter. The edges of the 

sample were trimmed after gold sputtering to prevent short-circuit during the measurement of the 

resistance. The resistivity (ρ, in Ω m) was then calculated based on the formula: ρ=RxA/l; where 

R, A, l is the resistance (Ω), area of contact surface (m2), and sample thickness (m), respectively. 

 

4.2.5 Rheological measurements 

     Rheological characterization of the EOC matrix was carried out using a ViscoTech 

oscillatory rheometer by Reologica equipped with 20 mm parallel plate fixtures using a gap of 1.2 

mm. Samples were compression molded disks, prepared using the Carver press as described 

above.  Strain-controlled experiments were carried out at low strain of 0.7%, within the linear 

viscoelastic region, at a frequency range of 0.01- 25.1 Hz to determine the complex viscosity of 

the EOC matrix at temperatures ranging from 160 – 200 °C. The zero shear viscosity was 

determined by extrapolating the complex viscosity data to zero shear rate, using the Cross model  

[15].  

 

4.2.6 Composite electrification 

Film electrification was performed inside a custom-made electrode cell (Fig. 1a). The 

detailed information about the construction and operation of this setup are provided in Appendix 

A. A perforated Teflon sheet (thickness, l = 500  10 µm) glued to the bottom stainless steel 

plate was used to form the cylindrical well (6 cm in diameter), inside which the sample was 

loaded and also acted as an electrode spacer. The surfaces of the top and bottom electrodes were 

coated with a mold release agent for easy removal of the sample after the experiment. The 
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electrode plate surfaces were cleaned thoroughly to remove any source of contamination and then 

a clean cloth was lightly dampened with DuPontTM TraSys® 420 mold release coating (a 

translucent water-based dispersion). The coating was applied lightly to the plate surfaces with the 

cloth, making certain that all areas are entirely coated. The plates were then heated at a 

temperature of 160 °C to cure the release. Proper curing will give a bond between the coated 

surfaces and the coating to ensure that there is no transfer of coating to the sample. The sample 

was loaded into the cell that was pre-heated to 160 °C with the aid of a hot plate. The temperature 

of the cell’s bottom plate was monitored using a thermocouple. At the end of each run, the 

samples were quenched before electrical conductivity test was done. Quenching was 

accomplished by immersing the cell with the electrified sample in water. The AC electric fields 

were generated using a Hewlett- Packard 33120A function/arbitrary waveform generator (Palo 

Alto, CA) coupled to a Trek 623B high voltage power amplifier with a maximum output of 2000 

Vpp (peak-to-peak voltage) and 40 mA (Medina, NY). Sinusoidal electrical potentials with 

amplitudes between 50 - 600 Vpp (or equivalently, 35 kVrms/m – 424 KVrms/m; rms: root-mean-

squared) and a frequency of 1 KHz were applied to the composites at 160 – 200 °C.  The 

waveform generator/amplifier was connected in series to a 10,000 Ohm resistor, which was used 

to prevent a short-circuit arising from the conducting network formation (Fig. 1b). A Tektronix 

TDS 1002 digital storage oscilloscope (Beaverton, OR), connected in parallel, was used to 

monitor the potential difference across the testing device (Channel 1) and the total AC circuit 

(Channel 2). The current across the circuit was monitored with a current probe connected to a 

Tektronix TDS 1002B digital storage device (Beaverton, OR). 
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Figure 4.1 Schematics of the: (a) Electrode cell; (b) Experimental setup used in composite 

electrification. 

 

4.3  Dispersion quality and electrical resistivity of melt compounded composites  

4.3.1 Dispersion quality 

As previously explained in Chapter 3, HBPE physically adsorbs onto the external surface 

of MWCNTs, thereby contributing to their better dispersion in polyolefin matrices. In the present 

case, as suggested by Figure 4.2, HBPE functionalization also resulted in more efficient break-up 

of the MWCNT agglomerates upon compounding and an overall improved dispersion quality on 

the macroscale. Specifically, using optical microscopy (OM) (Figures 4.2a through 4.2d) and 

TEM (Figures 4.2e and 4.2f), a comparison between composite films containing HBPE-

functionalized MWCNTs and those prepared with pristine nanotubes can be made. Compared 

with the non-functionalized MWCNT films, their functionalized counterparts display fewer 

aggregates of significantly smaller size (Figures 4.2a through 4.2d, respectively). TEM images 

show good nano-scale dispersion in all cases, with slightly more individual disentangled 
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nanotubes in the case of HBPE treated composites, (Figure 4.2f). Combining the two microscopy 

techniques, we were able to establish that better macroscale dispersion is being reproducibly 

achieved with this functionalization method over a wide range of filler concentrations.  

 

 

Figure 4.2 Filler dispersion comparison among composites containing pristine vs. HBPE  

functionalized MWCNTs. (a through d) Optical microscope (Scale bar: 100 microns) and (e, 

f) TEM images (Scale bar: 100 nm). 
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4.3.2 Electrical resistivity of the composite films  

The transverse electrical resistivity of the composite films before and after electric field 

treatment is presented and compared in Fig. 4.3. First, a comparison between the percolation 

curves of solidified composites, prepared with HBPE functionalized vs. pristine MWCNTs, 

confirms that the impact of nanotube functionalization on the resistivity of the resulting 

composites is minimal in the range of MWCNT contents investigated. This finding is in line with 

our previous observations on MWCNT-filled composites prepared with low melt viscosity 

polyolefin matrices and can be explained by the fact that the physical adsorption of HBPE results 

only in partial (20-30%) nanotube surface coverage  [14,16]. Therefore, the ability of carbon 

nanotubes to achieve contact, hence electrically conducting networks, is not compromised by 

HBPE functionalization.  

The resistivity of electrified, HBPE functionalized, composite films subjected to electric 

fields was also examined, as a function of filler content. The results are included in Figure 4.3. 

Inspection of this figure leads to two major observations: (a) the electric field application causes 

dramatic changes to the transverse electrical resistivity of all composites. Specifically, the 

observed drop in resistivity varies from approximately 8 (low filler content) to 4 (high filler 

content) orders of magnitude. (b) Although a percolation threshold for the non-electrified 

composites exists around 1-2 wt%, an induced-percolation threshold cannot be observed in the 

case of electrified films over the range of concentrations explored in the present study; i.e., 

polymer composites with MWCNT concentration way below percolation threshold can still be 

rendered electrically conducting with an electric field.   
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Figure 4.3 Variation of steady-state volume electrical resistivity with filler content in non-

electrified and electrified MWCNT/EOC composite films.   

 

4.3.3 Filler structure in electrified composite films 

The cross sections of representative annealed and electrified films are compared to the 

respective untreated ones in the SEM images shown in Figure 4.4. A composite film containing 

HBPE-functionalized MWCNTs that has not been annealed or electrified is shown in Figure 4.4a. 

The film appears uniform and devoid of large aggregates or any directional structure. Figure 4.4b 

shows the cross section of a film that has been annealed at 160oC in the absence of an electric 

field. Here, aggregate formation can be detected; however, no MWCNT structure with preferred 

orientation is visible. On the contrary, formation of MWCNT chains is seen in the case of the 

electrified composite pictured in Figure 4.4c. Long and parallel columnar structures formed by 

the filler particles can be seen running in the transverse direction inside the film, which is also the 
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direction of the applied electric field lines. The filler columns are long and seem to span the entire 

gap between the electrodes. The higher resolution SEM of Figure 4.4c provides a detail of one of 

these columnar structures, which are uniquely found among electrified samples. These 

observations were consistent over a large range of samples examined and provide evidence that, 

under the conditions of our experiments, an electric field is capable of causing transformation of 

an isotropic mixture (random dispersions) of MWCNTs within a polymer matrix to a filler-matrix 

composite with an anisotropic structure. 

 

 

Figure 4.4 Cross sectional SEM images of HBPE-treated 1.0 wt% MWCNT/EOC composite 

films: (a) Compounded film (control); (b) Film annealed at 160 oC without an electric field; 

(c) high magnification of film (arrows indicate columnar structures) exposed to Erms = 212.1 

kV m-1 at 160 oC for 6 h (Scale bars: (a, b) 500µm; (c) 10 µm). 
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It is important to note that the use of the mold release agent helped to retrieve the electrified films 

with the ordered structures intact thereby preserving the improved electrical conductivity in the 

solid state.  This was not possible prior to the application of the mold release agent.  

 

4.4 Relating processing conditions to the composites’ insulator-to conductor 

transition time 

4.4.1 Electric field-induced percolation time (tP) 

As mentioned in the introduction, the objective is to construct a relatively simple 

theoretical framework by using analytical expressions that describe particle translation in 

electrified suspensions and, subsequently, to test the validity of its predictions against 

experimentally acquired results. First, the term electric field-induced percolation time, tp 

(“percolation time” for brevity) is introduced as the characteristic time that captures the 

composite’s insulator-to-conductor transition under an externally applied electric field  [8,9]. The 

dynamic response of the composites’ electrical resistivity is illustrated in Figure 4.5, where the 

results are displayed in terms of the potential drop across the electrode cell for a number of 

MWCNT concentrations. This graph illustrates a typical response among electrified composites, 

where a sharp first drop in resistivity is accompanied by a second gradual drop resulting in a 

plateau phase. Here the percolation time is defined as the time span between the first moment an 

electric field is applied to the composite film and the time point at which the first sharp drop in 

the composite’s resistivity (or, equivalently, electrical potential difference across the cell) is 

observed. An example of how percolation time is calculated from these results is included in the 

same figure.  
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Finally, as can been in Figure 4.5, the potential drop (or, equivalently, resistivity drop) 

across the sample continuous beyond percolation, until a plateau value is reached over time. The 

decreasing resistivity can be explained with the formation of additional electrically conducting 

MWCNT bridges between the electrodes, or/and the coarsening of the ones initially formed. The 

time required for the plateau phase to be reached is increasing with decreasing MWCNT content.  

 

 

Figure 4.5 Example of the voltage drop observed across the electrode cell as a function of 

time and MWCNT content for HBPE-functionalized MWCNT/EOC composite melts. A 

graphical definition of percolation time is included. (Conditions:  141.1 kVm-1 (200 Vpp), f = 

1 KHz, T = 160 °C) Insert: A comparison between insulator-to-conductor transition times 

for electrified (Conditions:  35 kVm-1 (50 Vpp), f = 1 KHz, T = 160°C). and annealed 

composites (MWCNT content: 0.5 wt%). 
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This can be attributed to the larger separation between particles at lower concentrations; hence the 

longer transport times needed for individual MWCNT to assemble into electrically conducting 

formations. 

 

4.4.1.1 Driving forces for MWCNT assembly 

A theoretical relation between percolation time and experimental parameters such as 

temperature (melt viscosity), filler concentration and electric field intensity can be derived by 

linking the percolation time to the mean time required for any pair of individual and neighboring 

MWCNTs undergoing translational motion inside the polymer melt to establish end-to-end 

contact. This same concept was also used previously by Park and Robertson to obtain 

characteristic time scales for the case of carbon black particles in a DC electric field by assuming 

that percolation time roughly corresponds to the time required for the formation of a particle 

string of length equal to the inter-electrode gap [17]. For the purpose of this analysis, we consider 

that the time required for two MWCNTs to achieve contact inside an electric field is influenced 

by three main phenomena: dielectrophoresis, particle-particle attraction, and Brownian motion.  

Dielectrophoresis (“DEP”) is caused by the interactions between the electric field 

gradients and MWCNTs, and leads to a deterministic motion of the latter toward locations on the 

electrodes where local electric field maxima exist. Topographic imaging of our electrode plates 

revealed a very high surface density of peaks and valleys with characteristic lengths of the order 

of a few microns  [18]. These peaks can readily serve as points of MWCNT attraction. The 

characteristic time required for a MWCNT undergoing dielectrophoresis to cover a distance equal 

to “x” can be estimated from: 
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t!"# =   
x ∙ !
F!"#

 

                                                              (4.1)   

where F!"# is the dielectrophoretic force ( ∝   ∇E!; where E: electric field intensity) acting on the 

nanotube and f the friction factor of a nanotubes moving inside a polymer matrix (∝   η; where η: 

matrix viscosity)  [19]. 

Particle-particle attraction (“mDEP”). Neglecting colloidal interactions as being 

extremely weak at particle separation of the order of 1 micron, the attraction between two 

MWCNTs can be mainly attributed to two types of electromechanical interactions, both of which 

can lead to the formation of chains: induced dipole interaction and mutual dielectrophoresis  [20]. 

The first type of mutual attraction experienced by MWCNTs is attributed to the interactions 

between induced MWCNT dipoles. The other type of attraction is attributed to the locally 

intensified electric field gradients due to field distortion caused by the presence of these particles. 

Owing to these strong local gradients, particles placed very close together in a field will cause 

dielectrophoresis to one another. Moreover, when the particle polarizability is higher than that of 

the suspending medium (as in this case), the formed particle chains tend to orient in the direction 

parallel to the electric field lines. Both of the aforementioned effects vary with the second power 

of the electric field intensity. For the purposes of this study, the expression provided by Monti et 

al. to describe translational motion driven by end-to-end carbon nanotube attraction in a DC field 

will be used to capture the characteristic time (tmDEP) related to the attraction between two 

MWCNTs separated by a distance “x”  [10]:  

t!"#$ =   
ε!,!  ηL!x!

4ε!α!E![ln
L
R − 0.3]

 

                                              (4.2) 
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Where, ε!,! is the relative permittivity of the melt and L, R, α denote the length, radius and 

electric polarizability of the MWCNT, respectively. Using order-of-magnitude calculations, it can 

be shown that in the present case (volume fraction ca. 0.01, electrode separation 500 microns) the 

MWCNTs subjected to an electric field establish end-to-end contact much faster than migrating 

from the bulk to the electrode surface, i.e., tmDEP<<tDEP. For this reason, particle-particle 

attractions are considered the major electric field effect for MWCNT network formation in the 

following sections.   

Brownian motion (“B”): although a stochastic phenomenon, Brownian motion and its 

potentially strong effect on MWCNT aggregation should not be discounted. Work in our lab has 

shown that even in the absence of an electric field, composites annealed at temperatures between 

160 oC to 200 oC exhibit a progressive decrease in their bulk resistivity (see, for example, inset of 

Figure 4.5). Similar observations have been made by Alig et al.  [21]. Although this phenomenon 

does not result in the impressive resistivity drop achieved with the application of an electric field, 

the result is a good indication that conducting networks between MWCNTs can form through 

random particle motion. A characteristic time, tB, can be assigned to the mean translation <x2> of 

a particle drifting due to thermal energy in the system  [10]:  

t! =   
3πηL x!

2k!T[ln(
L
R) − 0.3]

                 

                                                              (4.3) 

These characteristic times can also be linked to filler content if we define as characteristic length 

in equations 4.1 through 4.3 the mean distance (xo) between immediately neighboring MWCNT, 

as shown in see Figure 4.6. Assuming equidistantly separated and aligned MWCNTs, it can be 

shown that xo is linked to the filler content as follows:  
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x!! =   
πR!L

ϕ(L + x!)
  ≅   

πR!

ϕ
 

                                                         (4.4) 

 

 

Figure 4.6 Schematic used in the calculation of mean inter-particle distance from volume 

fraction, assuming aligned and equidistant MWCNTs of identical dimensions.   

 

Since xo is between four and eight-fold smaller than the average nanotube length (L=2.5 microns) 

for the range of volume fractions used in this study, Equation 4.4 has been simplified by using the 

approximation (L+xo ≈ L).   

By replacing distance with volume fraction in equations 4.1 through 4.3, the following 

scaling relations emerge: 

t!"#   ∝   ηE!!ϕ!!.! 

                                                        (4.5) 
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t!"#$   ∝   ηE!!ϕ!!.! 

                                                       (4.6)    

t!   ∝   ηϕ!!.! 

                                                             (4.7) 

   

According to equations 4.5 through 4.7, the MWCNT assembly process is influenced not only by 

the intensity of the applied electric field, but also by the mean inter-particle separation (filler 

content). Considering that MWCNT alignment and chain growth requires that the electric field 

effects be much stronger than random filler motion, orderly formation of MWCNT conducting 

networks can only occur under (E, ϕ) combinations that satisfy the condition: tmDEP<<tB. This 

concept is further illustrated in Figure 4.7. When the MWCNT assembly is under electric field 

control (particle-particle interactions overcome Brownian motion) chain growth along the field 

lines is possible. 



 

 

 

71 

 

Figure 4.7 Illustration of the three possible regimes governing the assembly of MWCNTs 

(shown here functionalized with HBPE molecules) inside electrified polymer melts. Strong 

electric fields that overcome random aggregation effects (tmDEP <<tB) can have a positive 

impact on the assembly and orientation of MWCNTs. 

 

By decreasing the electric field intensity or filler concentration (effectively increasing the 

mean separation between neighboring particles) causes particle-particle attraction to become 

progressively weaker. In such cases, Brownian motion becomes more significant (tmDEP ~ tB), the 

filler assembly enters an intermediate regime, and the MWCNT assembly process becomes 

increasingly stochastic. At much lower field intensities and/or filler loadings, Brownian motion 

takes over resulting in random aggregation effects between MWCNTs (tmDEP>>tB). Although a 

stochastic aggregation process can also result in somewhat electrically conducting composites, 

higher overall resistivity as well as lack of reproducibility and potentially spatially inconsistent 

mechanical and/or electrical properties of the resulting composites make the latter approach less 

desirable  [22].   
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4.4.1.2 Criterion for electric field-controlled MWCNT assembly  

The fact that, for each filler concentration, there is a separate electric field intensity 

threshold value that keeps the assembly process under electric field control makes the selection of 

processing conditions extremely difficult.  This necessitates the development of a criterion for 

selecting (E, ϕ, !) combinations that allow composite electrification under an electric field-

controlled regime.  

The condition that the characteristic times for the chaining effect must be substantially smaller 

than those for Brownian motion is a good starting point for developing such a selection criterion. 

Specifically, from Equations 4.2 and 4.3 we get:   

t!"#$
t!

=   
ε!,!k!TL!x
ε!πα!E!

  ≪ 1 

                                                 (4.8)         

For ellipsoids oriented parallel to the electric field, the electric polarizability term can be 

approximated with the corresponding polarizability in the axial direction (α||) as suggested by  

[10]:  

α =   
ε!,!
24

  
L!

[ln(LR) − 1]
 

                                                             (4.9)  

Hence, Expression (4.8) becomes: 

 

t!"#$
t!

=   
96k!TR[ln(

L
R) − 1]

!

ε!,!  ε!  π!.!  L!  ϕ!.!  E!
  ≪ 1 

                                                  (4.10)     
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After separation of variables:  

  

ϕ!.!E!"#!

T
≫   

96k!R[ln(
L
R) − 1]

!

ε!,!  ε!  π!.!  L!  
   

                                                        (4.11) 

According to Expression 4.11, for a given composite, all experimental conditions that produce a 

significantly greater left hand side value permit MWCNT assembly to occur under electric field 

control, i.e., under conditions where the influence of Brownian motion is relatively insignificant. 

Therefore, for all those experimental conditions, a correlation between percolation time and E, φ, 

T must be possible, as suggested by equations 4.6 or 4.7. 

   

4.4.2 Comparison with Experimental results 

The validity of the aforementioned theoretically derived correlations was investigated 

experimentally. The transition of composite melts from insulator to conductor under the influence 

of an electric field was captured with the aid of online resistivity measurements. The percolation 

times of a number of composites comprising HBPE-functionalized MWCNTs dispersed in EOC 

were calculated and a correlation with the corresponding volume fractions, field intensities and 

melt temperatures was sought. The effect of each one of these key experimental parameters on 

percolation time is first examined separately, followed by an investigation of the combined effect.   
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4.4.2.1 Effect of Applied Voltage 

In Figure 4.8, the effect of applied voltage on percolation time is shown for MWCNT 

concentrations ranging from 0.5 to 2.0 wt%. The displayed electric field intensity values 

correspond to the range of applied voltages between 50 and 300 Vpp. As expected, the plotted data 

reveal a power law relation of the type: t!   ∝   E! (a<0), i.e., the percolation time decreases with 

increasing electric field intensity. These curves, however, do not obey a single power law relation 

with respect to the field intensity; instead, the value of the exponent is decreasing with increasing 

filler concentration.  Specifically, data regression yields exponent values between -1.03 (0.5 wt%) 

and -1.58 (2.0 wt%), which are far from the theoretically expected value of a = −  2.0 (Equation 

4.6). Considering that the value of -2.0 is representative of an electric field controlled MWCNT 

assembly process (i.e., negligible Brownian motion effect; see Equation 4.6), it can be assumed 

that, at least for some of the experimental conditions used in the experiments, the MWCNT 

assembly process takes place under a mixed regime where both electric field effects and 

Brownian motion are significant. This view is further supported below, where the effect of filler 

concentration is examined.  
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Figure 4.8 Log-log plot of percolation time vs. field intensity ( f = 1KHz, T = 160°C) for 

HBPE-functionalized MWCNT/EOC composite melts over a range of filler content. The 

data are fitted to a power law relation, from which the exponent “a” was calculated. 

 

4.4.2.2 Effect of Filler Concentration 

Figure 4.9 captures the effect of MWCNT concentration on the measured percolation 

times of the electrified composites for a range of electric field strengths. Consistent with 

expectations, the percolation times decrease with increasing filler concentration, following a 

power law relationship of the type: t!   ∝   ϕ! (b<0). However, the exponent also varies with 

applied field strength: from approximately -1.12 for the lowest field strength to -1.57 for the 

maximum.  
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Figure 4.9 Log-log plots of percolation time vs. MWCNT loading for HBPE-functionalized 

MWCNT/EOC composite melts over a range of applied electrical potentials (f = 1KHz, T = 

160°C). The data are fitted to a power law relation, from which the exponent “b” was 

calculated.  

 

Viewed together with Figure 4.8, these results reveal a combined effect of filler concentration and 

applied voltage. Notably, these exponents seem to vary monotonically with concentration and 

voltage. At lower field intensities, the power law exponents of the percolation time vs. volume 

fraction data (Figure 4.8) lie between the values of -1.0 and -1.5.  According to equations 4.6 and 

4.7, this suggests dynamics of MWCNT network formation that are under the influence of both 

Brownian motion and electric field. Only at the highest electric field intensity value (300 Vpp), 

where the exponent becomes approximately equal to -1.5, the MWCNT assembly process can be 

considered as being completely in the electric field controlled regime. 
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4.4.2.3 Effect of Polymer Matrix Viscosity 

The effect of polymer matrix viscosity on percolation time is captured in Figure 4.10 for 

0.5 wt% MWCNT/EOC composites subjected to various electric field strengths (200 – 400 Vpp).  

 

 

Figure 4.10 Plot of percolation time vs. polymer viscosity (f = 1 KHz, T = 160 – 200 °C) for 

0.5 wt% HBPE-functionalized MWCNT/EOC composite melts over a range of applied 

electric potentials. The data are fitted to a power law relation, from which the exponent “c” 

was calculated.  

 

The viscosities correspond to a range of temperatures between 160 and 200 oC. As expected, the 

trends show an increase in percolation time with increasing polymer viscosity (decreasing 

temperature) due to restriction in the mobility of MWCNTs in the matrix. Data regression also 
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confirms the theoretically predicted linear dependence of percolation time with viscosity, since all 

estimated exponent values are reasonably close to 1.0. (i.e., tp ∝ η). 

4.4.2.4 Development of a generalized expression 

The validity of the selection criterion expressed by Expression 4.11 was examined by 

using a large number of experimental (E, ϕ, !(T)) data. Experimental conditions that covered a 

broad window of values were selected for the test; specifically: [50 - 600 Vpp] for voltage, [160 - 

200 oC] for temperature, and [0.1 – 2 wt% (0.062-1.252 vol%)] for filler concentration. The 

experimentally acquired percolation times were separated in two groups: those obtained under 

conditions that met the selection criterion of Expression 4.11 (left hand side>>right hand side) 

and those that did not. The former group represents conditions of electric field controlled 

MWCNT assembly, whereas the latter group includes all experimental conditions under which 

Brownian motion is believed to have a non-negligible influence on the process. The validity of 

the selection criterion was tested by plotting separately these two groups of data vs. the 

expression that illustrates the theoretical dependence of percolation time on (E, ϕ, !(T)) under 

conditions of electric field controlled assembly (t!   ∝   ηE!!ϕ!!.!; Equation 4.6). In a log-log 

plot the first group of data should result in a straight line with slope equal to 1.0. An example of 

this test is shown in Figure 4.11, where the LHS of Expression 4.11 was set to be equal or higher 

than a threshold value of 10.0 x RHS. The solid markers denote data that did meet the selection 

criterion, whereas the open symbols include all (E, ϕ, !(T)) conditions that did not. Linear 

regression of these data captured by the solid markers produces a trendline with a slope equal to 

1.04, which indicates a very good agreement with the theoretical model (Equation 4.6) and 

therefore supports the validity of Expression 4.11. The data sets that did not meet the selection 

criterion are also plotted as open symbols in Figure 4.11. Their departure from theoretical 
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predictions is evident. Additionally, the corresponding percolation times are typically longer, 

which is consistent with the view that Brownian-driven aggregation is a slower process.  

 

 

Figure 4.11 Experimentally measured electric field induced percolation times plotted here 

vs. their theoretical dependence on (η , E, φ) conditions. The solid markers correspond to 

data sets that meet the selection criterion. 

 

The decision of whether a set of processing conditions meets or not the selection criterion is, 

obviously, subject to the choice of the threshold value used in Expression 4.11. As stated above, 

the threshold value in Figure 4.11 was set to: 10 x RHS. It was found, however, that lower 

threshold values were still able to produce reasonable results; when the criterion was modified so 

that LHS ≥ 4.0 x RHS, the selected data points produced a trend line with slope equal to 0.98. 

Further reduction to LHS ≥ 3.0 x RHS or lower did not produce satisfactory regression results. 

For example, when the criterion was changed to equality (LHS = 1.0 x RHS) the slope of the 
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regression line became equal to 0.63, which is an enormous departure from the theoretically 

expected value of 1.0. Overall, we conclude that our experimental results seem to support the 

validity of the selection criterion outlined by Expression 4.11, although a precise determination of 

a threshold value is not possible at the present time. 

Careful observation of plotted data revealed that, for the  (E, ϕ, !(T)) conditions 

employed in this study, electric field intensity values below 212 kVm-1 (300 Vpp) did not produce 

conditions of electric field controlled MWCNT assembly (open symbols). Under these 

conditions, a MWCNT assembly process that occurs under the dual influence of electric field 

effects and thermal motion is to be expected. The same data points are also responsible for the 

deviations from the theoretically expected correlations (Ea,ϕ!) observed in Figures 4.8 and 4.9, 

respectively. On the other hand, stronger electric fields where able to produce a satisfactory 

correlation (solid makers). For example, 212 kVm-1 are able to produce an electric field 

controlled assembly regime for filler concentrations down to 0.5 wt% at all temperatures (160 - 

200 oC). Higher field intensities (283 kVm-1) were necessary for lowering the filler concentration 

threshold to 0.2 wt% (temperatures 180 oC or higher). Finally, when the field intensity and 

temperature were raised to 414 kVm-1 (600 Vpp) and 200 oC, respectively, percolation times 

consistent with the theoretically predicted values for electric field controlled MWCNT assembly 

were produced at filler concentrations down to 0.1 wt%.   

In the present study, the effect of MWCNT dimensions has not been examined. It should 

be acknowledged, however, that the aspect ratio and overall dimensions of the filler are expected 

to have a profound effect on the experimentally observed percolation times. A theoretical 

estimation of such an effect can be provided by combining Equations 4.2, 4.4 and 4.9:    
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t!   ∝   t!"#$ =   
144π!.!

ε!,!  ε!
  (

η
ϕ!.!  E!

)(
R
L
)!
[ln(LR) − 1]

!

[ln(LR) − 0.3]
 

                                (4.12) 

Equation 4.12 illustrates the strong impact of the MWCNT aspect ratio on the time that is 

theoretically required for two attracting MWCNT to achieve contact under the influence of an 

electric field (tmDEP). According to Equation 4.12, an inverse third power relation between 

percolation time and MWCNT aspect ratio should be expected. It should also be noted that the 

effect of filler dimensions is taken into account explicitly in the selection of the (E, ϕ, !(T)) 

process parameters (cf., Expression 4.11). 

The results of this analysis are very encouraging as they reveal that, under conditions of 

electric field-control and fine filler dispersion, the insulation-to-conductor transition times of 

electrified MWCNT/polyolefin melts can be correlated with the processing conditions by means 

of a theoretically derived dynamic percolation model. The correlation also shows that same 

percolation times can be reached with various (E, !, !(T)) combinations. The ability to 

theoretically predict the characteristic times of MWCNT assembly is a major advantage that can 

open new prospects in experimental design and determination of process conditions in the making 

of electrically conducting MWCNT/polymer composites. Future studies will aim to explore how 

well the power laws presented herein apply to more commercially relevant MWCNT-filled 

thermoplastics, i.e., higher molecular weights, higher processing temperatures.     

 

4.5 Conclusions 

The influence of AC electric fields on the electrical conductivity of melt compounded 

MWCNT/polyolefin-based composites was studied. The use of a polyolefin-specific 
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compatibilizer (HBPE) resulted in excellent quality of filler dispersion into the matrix. It is also 

noteworthy that the filler/polymer mixing was achieved via melt compounding, a technique that is 

more amenable to scale up than the commonly used solution casting method. It was found that, 

upon electrification, these composites demonstrated an impressive increase in transverse 

electrical conductivity by up to eight orders of magnitude at filler concentrations much below 

their percolation threshold. SEM imaging showed that the filler was assembled into columnar 

structures with orientation parallel to the applied field direction. Electrical anisotropy and 

improved electrical conductivity due to the presence of ordered filler networks, especially at 

significantly low filler loadings as seen here, can be a desirable attribute for a number of 

MWCNT-filled polymer composites and bring about new applications. 

The present chapter investigated the effects of field intensity (applied voltage), polymer 

viscosity, and filler concentration on the time required for an insulator-to-conductor transition 

during the electrification of MWCNT/EOC composite melts. Using first order approximations for 

the effects that cause nanotube translation under an electric field, a selection criterion was 

developed for separating conditions of carbon nanotube assembly under the influence of 

Brownian motion and conditions that allow MWCNT assembly to occur under an electric field 

controlled regime. Using this criterion, we were able to show that, under electric field-controlled 

conditions, the experimentally measured percolation times for these composites correlate very 

well with theoretically derived expressions that capture the effects of viscosity (temperature), 

electric field intensity, and filler concentration.  

  If future research shows that this approach holds true for other types of polymers, a 

generalized correlation that allows the a priori estimation of the experimental/processing 

conditions for a large number of composites can be developed. This will be very enabling in 
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experimental design, but more so in large-scale applications, where the composite’s exposure 

time to an electric field may be limited by other processing restrictions. In those cases, the 

operator will be able to explore applied voltage, filler composition and processing temperature 

combinations that are adaptable to an existing process. 
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Chapter 5 

Dielectric spectroscopy of polyolefin composites containing electric field 

aligned carbon nanotubes* 

5.1 Introduction 

 

The application of carbon nanotubes (CNT) to produce electrically conducting polymer 

composites has drawn great attention from both industry and academia. Examples of existing or 

proposed applications include flexible electronics, antistatic films, electromagnetic interference 

(EMI) shielding, electrostatic painting, automotive parts, reinforced aerospace materials, and 

sporting goods [1-4]. Due to their high aspect ratio CNTs have the potential to impart 

conductivity at lower filler loadings than other conductive fillers commonly employed in 

industry, such as carbon black, while maintaining the inherent mechanical properties of the 

polymeric matrix and its processability.  

Low electrical percolation thresholds are generally desired, to obtain conducting 

composites at low CNT contents, thus minimizing the amount and the cost of the material 

required. Even though extremely low percolation thresholds (< 0.01 wt%) have been reported 

when epoxy is used as matrix [5-7] for most of the melt processed CNT/thermoplastic 

composites, the percolation threshold is above 1.0 wt.% [4].  

In melt compounded thermoplastics-based composites, lower percolation thresholds have 

been reported when low viscosity matrices are used [8]. This has been attributed to the presence 

                                                        
* A version of this chapter has been submitted for publication in Osazuwa O, Sabat R, Kontopoulou 
M, Docoslis A. Macromol Mater Eng 2014 
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of aggregates interconnected with individually dispersed nanotubes favoring the formation of 

conducting pathways. On the contrary, in the case of high viscosity matrices that result in 

improved dispersion because of better stress transfer during compounding, well-dispersed CNTs 

actually result in fewer contacts between individual nanotubes and therefore higher percolation 

thresholds [9]. The profound effect of aggregation is further substantiated by reports that the 

percolation threshold of composites can be greatly reduced by thermal annealing, which results in 

re-agglomeration of conductive fillers through random particle motion to form a conductive 

network [10-16]. However this approach does not allow any degree of control on the dynamics of 

formation of the network structure, or on the structure itself.  

A more elegant technique employs the application of external fields (mechanical, electric 

or magnetic) to manipulate the development of the conducting structures. Even though the 

application of external shear forces, for example through injection molding, can induce CNT 

alignment, this typically happens through loss of contacts of the CNT and an increase in the 

percolation threshold [17-19]. On the other hand, externally applied alternating current (AC) or 

direct current (DC) electric fields can cause CNT alignment, end-to-end assembly, and formation 

of continuous networks inside liquid polymers or polymer melts [11,13,15,16,20]. This technique 

can be especially useful in applications such as the production of thin conducting films.  Most of 

these studies, however, have been carried out on composites in their molten state. Even though 

electrorheology, and monitoring of the bulk resistivity of the materials are powerful techniques 

that can be used to establish the formation of electrically conducting structures in the melt state, 

their findings cannot be directly translated in the solid state. 

In addition to the traditionally used bulk conductivity measurements, dielectric 

spectroscopy (DS) has recently emerged as a powerful technique to characterize conductive 
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composites in their solid-state. DS has been used not only to detect conductive filler structure 

formation [21,22], but also for the detection of aligned CNT structures and their performance as 

nanocapacitors [19] and in EMI shielding applications [18].  

Chapter 4 presented a detailed study on the influence of key process conditions such as 

electric field intensity, temperature, matrix viscosity, and filler concentration on the dynamics of 

multi-wall carbon nanotubes (MWCNTs) structure formation in polyolefins. The study, which 

also produced guidelines for the selection of processing conditions that enable MWCNT 

alignment to occur under an electric field controlled regime, focused on MWCNT electrification 

inside polymer melts. The present chapter employs DS in order to investigate the solid-state 

properties of the resulting composites. Specifically, the filler structure, DC conductivity and AC 

dielectric properties of electrified MWCNT/polyolefin composites prepared under different 

conditions are compared and contrasted with the properties of their annealed and non-electrified 

counterparts. An equivalent circuit model was fitted to the experimentally obtained impedance 

data in order to correlate the effects of electric field and processing time to the resulting dielectric 

characteristics of the treated composites.  

 

5.2 Materials and Methods 

5.2.1 Materials 

MWCNTs (purity >95%, diameter 30 ± 15 nm and length 1- 5 µm) were purchased from 

Nanolab Inc. (Massachusetts, USA) and used as received. The specific surface area (SSA) of the 

nanotubes was 300 m2/g determined by BET (Autosorb-1 Quantachrome, USA). A 

hyperbranched polyethylene (HBPE) was synthesized from ethylene using a chain walking Pd–
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diimine catalyst, as described in detail by Ye and Li [23]. The polyolefin matrix was a 

poly(ethylene-co-octene) (EOC), trade name Engage 8100, density 0.87 g/cm3, MFI 1 g/10 min at 

190 oC, with a comonomer content of 38 wt% obtained from Dow Chemical (Michigan, USA). 

The melting and crystallization temperatures of this polymer, as determined by differential 

scanning calorimetry (DSC) are 60 oC and 45 oC, respectively and the degree of crystallinity is 18 

%. 

 

5.2.2 Functionalization of MWCNTs 

MWCNTs were functionalized with HBPE by means of physical adsorption taking place 

in tetrahydrofuran (THF), followed by filtering, solvent washing, and vacuum drying.  The details 

of this procedure and the characterization of functionalized MWCNT are provided elsewhere 

[23,24]. 

 

5.2.3 Composite preparation 

EOC composites containing pristine and HBPE-functionalized MWCNTs at contents 

ranging from 0.1 wt% - 3.0 wt% were compounded using a DSM Research 5 mL Micro- 

Compounder (DSM Resolve, Geleen, Netherlands) at a temperature of 150 oC, screw speed of 90 

rpm and mixing time of 10 minutes. The composites were then compressed into 600 µm thick 

disks in a Carver press at 140 °C for 2 minutes prior to DC conductivity test and electric field 

characterization. In addition, the samples were further compressed after the electric field 

characterization at 60 °C for 1 minute before repeating the electrical conductivity test. 
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5.2.4 Composite characterization 

Volume resistivity was measured under DC current at room temperature. The compressed 

composite film was put into the measuring chamber (Keithley 8009 Resistivity Test Fixture) of 

the Keithley 6517B Electrometer/High Resistance Meter (Keithley Instruments, Inc., Cleveland, 

Ohio, USA) for an electrification time of 1 minute. High conductivity samples were assessed with 

an Agilent 34401A multimeter. Sample preparation included cutting test specimen with 

dimensions of 1 cm2 and a thickness of 600 µm and sputtering the surface with gold to reduce 

contact resistance between the sample and the electrodes of the multimeter. The edges of the 

sample were trimmed after gold sputtering to prevent short-circuit during the measurement of the 

resistance. The resistivity (! in Ω.!) was then calculated based on the formula: 

! = ! ∙ ! !; where R, A, and t are the resistance, area of contact surface, and sample thickness, 

respectively. 

 

5.2.5 Composite electrification 

Film electrification was performed inside a custom-made electrode cell with diameter of 

6 cm and inter-electrode separation equal to 500±10 µm. The surfaces of the top and bottom 

electrodes were coated with a mold release agent (DuPontTM TraSys® 420) for easy removal of 

the sample after the experiment [11]. The temperature of the cell’s bottom plate was monitored 

using a thermocouple. At the end of each run, the samples were quenched before the electrical 

conductivity test was done. The AC electric fields were generated using a Hewlett- Packard 

33120A function/arbitrary waveform generator (Palo Alto, CA) coupled to a Trek 623B high 

voltage power amplifier (Medina, NY) with a maximum output of 2000 Vpp (peak-to-peak 
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voltage) and 40 mA. Sinusoidal electric fields with amplitudes between 71 kVrms/m – 212 

kVrms/m, respectively; rms: root-mean-squared) and a frequency of 1 KHz were applied to the 

composites at 160 °C. The waveform generator/amplifier was connected in series to a 10 kW 

resistor, which was used to prevent a short-circuit arising from the conducting network formation. 

A Tektronix TDS 1002 digital storage oscilloscope (Beaverton, OR), connected in parallel, was 

used to monitor the potential differences across the testing device and whole AC circuit. The 

current across the circuit was monitored with a current probe connected to a Tektronix TDS 

1002B digital storage device (Beaverton, OR). 

 

5.2.6 Dielectric Spectroscopy 

Dielectric spectroscopy was carried out using a precision 4294A impedance analyzer 

(Agilent Technologies) over a frequency range of 40 Hz – 110 MHz at room temperature. The 

parallel plate method was used to measure the complex impedance Z from a 4-terminal test 

fixture. The 4-terminal bridge was calibrated according to the Agilent instructions for the 

impedance analyzer. Square-shaped specimens (1cm x 1cm x 0.05 cm) were cut from the 

composite sheets and placed between two needle-type electrodes in the test fixture. 

When an AC voltage is applied onto a specimen, the resulting current will be composed 

of both a charging current and a loss current. The specimen can therefore be represented as a 

conductance G in parallel with a capacitor, C!.  The admittance Y of the sample is given by 

Y =   1 Z = G + jωC!, where Z is the sample impedance and ω  is the angular frequency. The real 

ε’ and imaginary ε” parts of the relative permittivity can be calculated as follows: 
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!! =   
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      (5.1) 
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!   ∙   !

!   ∙ !   ∙   !!
=   
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(5.2) 

where t is the specimen thickness, A is the area of contact surface, ε! is the free-space 

permittivity, and R! = 1 G is the equivalent parallel resistance. The real part of the permittivity 

ε’ is a measure of how much energy can be stored in the material upon the application of external 

electric field, while the imaginary part of the permittivity ε”, also called the dielectric loss, 

includes the effects of Ohmic loss and polarization loss [21]. The dielectric loss tangent tan δ or 

dissipation factor is simply given by: 

 

!"#$ =
!!!

!!
    

                                                                    (5.3) 

5.3  Results and Discussion 

5.3.1  Effect of Annealing and Electrification on Filler Structure  

Figure 5.1 shows the bulk conductivity vs. filler content for the composites produced by 

melt-compounding MWCNTs with EOC. From this curve it can be inferred that the percolation 

threshold exists at filler concentrations well above 1.0 wt%. The TEM image of a composite 

containing 1.0 wt% MWCNTs (Figure 5.2) also attests to the fact that at this concentration the 
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filler was finely dispersed. The reproducible fine dispersion effect was realized with the aid of a 

non-covalent carbon nanotube functionalization method employing a hyperbranched polyethylene 

(HBPE) as the filler/matrix compatibilizer during compounding [24,25]. This HBPE-based 

compatibilization method was applied to all samples used in this study. 

 

 

Figure 5.1 Bulk conductivity vs. filler content for the compounded and HBPE-

functionalized MWCNT/EOC composite. 

 

The effect of filler structure inside MWCNT/EOC composites treated under various conditions 

was first examined by SEM imaging. A cross sectional view of an untreated composite film is 

presented in Figure 5.3a.  
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Figure 5.2 TEM image corresponding to the HBPE-functionalized MWCNT/EOC 

composite at 1.0 wt% MWCNT (Scale bar: 100 nm). 

 

 

Figure 5.3 Cross-sectional SEM images of MWCNT/EOC composites, a) compounded 

(arrows indicate MWCNTs), b) annealed at 160 oC and c) electrified at 212 kV/m (Scale 

bar: 500 microns). 

  

 
 

(a) (b) 

(c) 
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The film appears to have a uniform dispersion of MWCNTs without large aggregates or 

structures formed in a preferred direction. On the other hand, as reported in our previous work 

[11], annealed and electrified composites differ in terms of filler structure. Figure 5.3b shows the 

cross section of a composite film that has been annealed at 160 oC. The formation of aggregates 

without preferred orientation is noticeable. In contrast, the formation of long and parallel 

columnar structures formed by the filler particles can be seen in the case of the electrified 

composite pictured in Figure 5.3c. These structures are oriented in the transverse direction inside 

the film, which is also the direction of the applied electric field. The filler columns are long and 

seem to span the entire gap between the electrodes. Similar observations were consistent over a 

large range of samples examined and provide evidence that, under the conditions of our 

experiments, an electric field is capable of causing transformation of an isotropic mixture 

(random dispersions) of MWCNTs within a polymer matrix to a filler-matrix composite with an 

anisotropic structure [11].  

 

5.3.2 Dielectric Spectroscopy of aligned MWCNT/EOC composites 

5.3.2.1 Untreated Composites 

Dielectric spectroscopy measurements on the aforementioned composites were performed 

over the frequency range of 40 Hz – 110 MHz. Figure 5.4 presents the real and imaginary parts of 

the relative permittivity of untreated composites at MWCNT contents ranging from 1.0 to 3.0 

wt%.  
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Figure 5.4 Real and imaginary permittivity of the MWCNT/EOC composites as a function 

of frequency and MWCNT content. 

 

Within this frequency window, the polymer matrix (not shown here) and composites 

containing 1.0 and 2.0 wt % MWCNTs, exhibited real permittivity values that were essentially 
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constant throughout the frequency range. This response is typical of electrically insulating 

materials that are incapable of significant charge polarization [21]. An increasing trend in 

permittivity at low frequencies is noted at the 3.0 wt% MWCNT content. Additionally the 

response became increasingly sensitive to frequency as the MWCNT content increased. These 

observations are consistent with the trends seen in the DC measurements depicted in Figure 5.1 

and suggest that the onset of percolation occurs around this concentration. At 3.0 wt% MWCNT 

content, the electrical conductivity of the composite increased above 10-9 S/m and the filler 

contribution becomes noticeable. Nano-capacitors are believed to form inside the composite with 

the fillers acting as electrodes and the polymer matrix as the dielectric [18]. As the filler content 

increases, the composite becomes more conductive resulting in a larger number of mobile charge 

carriers participating in the polarization process. This is especially true at lower frequencies, 

whereas at higher frequencies, the electric field alternates too fast for charge accumulation at the 

interfaces to occur.  

As shown in Figure 5.4(b), the imaginary permittivity, which represents energy 

dissipation was very low at low MWCNT concentrations, indicative of the absence of conducting 

pathways that would enable leakage current flow. As the composite approached the percolation 

threshold the imaginary permittivity increased by several orders of magnitude.  

 

5.3.2.2 DC Conductivity of Annealed and Electrified Composites  

Although driven by different filler association mechanisms [11], annealing and 

electrification can both have a profound effect on filler dispersion inside a polymer melt. The 

resulting filler aggregation under annealing conditions is typically gradual, as revealed from 

online bulk resistivity measurements of the composites in their melt state. An example is seen in 
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Figure 5.5, where the bulk resistivity of annealed and electrified composites treated in the melt 

state is recorded over time.  

 

 

Figure 5.5 Resistivity change vs. time for (a) annealed and (b) electrified 1.0 wt% 

MWCNT/EOC composites at 35 kV/m and 160 oC. 

 

The initial plateau phase corresponding to the untreated composite’s value is followed by 

a rapid drop in resistivity, which in turn is succeeded by a gentler slope that asymptotically 

approaches some steady state resistivity value. This effect is faster and the change more dramatic 

when a strong electric field is present. In order to assess the effect of electric field intensity and 

electric field exposure time on the resistivity of the composites, samples subjected to various 

electric field strengths, namely 0.0 (“annealed”), 71 kV/m, and 212 kV/m and treatment times (20 
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min and 6 h) were collected and examined.   Their solid state DC resistance and electrical 

conductivity values are summarized in Table 5.1.  

 

Table 5.1 Effects of electrification and annealing on DC conductivity and resistance of 1.0 

wt% MWCNT/EOC composites. 

Sample Resistance, (Ω) Conductivity (S/m) 

212 kV/m 6 h 9.82E+03 5.15E-04 

Annealed 6 h 1.00E+05 5.10E-05 

71 kV/m 6 h 5.89E+05 7.30E-05 

212 kV/m 20 min 8.60E+05 6.25E-05 

Annealed 20 min 3.79E+06 1.40E-06 

71 kV/m 20 min 3.34E+07 1.50E-07 

Compounded 3.30E+12 6.62E-14 

 

Table 5.1 demonstrates that weak electric fields (71 kV/m) produced a modest 

improvement in the composite’s conductivity. The short- and long-term treatments achieved 

smaller conductivity increase compared to annealing alone. On the contrary, the composites 

exposed to a 212 kV/m electric field yielded significantly better results than the annealed 

samples. As explained in our previous work [11], these electrification conditions (71 kV/m vs. 

212 kV/m) were selected specifically to illustrate this discrepancy. Under an electric field of 71 

kV/m MWCNT aggregation takes place under a Brownian motion-controlled regime. Since 

polarization effects among nanotubes scale with the second power of field intensity, a three-fold 

increase in the applied voltage can intensify the deterministic force experienced by the nanotubes 
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by a factor of nine and thus at 212 kV/m, MWCNT association occurs under an electric field-

controlled regime. Based on the level of electrical conductivity attained in the electrified 

composites, they may find applications in materials or devices for electrostatic dissipation and 

electrostatic painting. 

 

5.3.2.3 Dielectric spectroscopy of annealed and electrified composites 

The dielectric properties of electric field treated and annealed composites containing 1.0 wt% 

MWCNTs and their counterparts treated under an electric field of 212 kV/m are presented in the 

form of plots of real and imaginary relative permittivity vs. frequency, as seen in Figure 5.6. The 

pristine polymer and the compounded composite exhibited a frequency-independent response 

characteristic of insulating materials. Annealing and electrification resulted in substantial 

increases in ε’ and ε” as well as strong frequency dependent behavior, verifying the structural 

changes occurring within these samples. Additionally the electrified composites had consistently 

higher real and imaginary permittivity values than their respective annealed counterparts treated 

over the same time. As seen in Figure 5.3, these conductive networks take the form of random 

nanotube aggregation in the annealed sample [10] and aligned columnar structures in the case of 

electric field-induced aligned structures [13,15,16,20,26]. This suggests that the annealing and the 

electrification processes enhance the carrier charges mobility of the nanocapacitors at higher 

frequency [22].  
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Figure 5.6 Real and imaginary permittivity of the 1.0 wt% MWCNT/EOC composites as a 

function of frequency. 

 

It is also noteworthy that samples annealed or electrified at 212 kV/m over prolonged 

period of time (6 h), showed a different trend compared to samples treated for shorter times, with 

the onset of a plateau at lower frequencies. The dielectric behavior of conductive polymer 
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composites as a function of frequency is governed by the polarization mechanisms. In the 

intermediate frequency range investigated in the present work, the real permittivity results from 

interfacial polarization, which is usually observed in heterogeneous systems comprising phases 

having different conductivities. This phenomenon has typically large relaxation times and is often 

characterized by a plateau in the intermediate frequency range, in systems that are close to, or 

above the percolation threshold [21,27]. The onset of the frequency dependence at higher 

frequencies is associated to interfacial relaxation, where the polarization of the samples cannot 

follow the change in the external electric field and the dielectric permittivity decreases 

correspondingly [27]. This apparently happens at lower frequencies in the composites treated for 

shorter times, resulting in an absence of a plateau. Additionally, the plateau impedance values are 

in very good agreement with the resistance values from DC conductivity measurements shown in 

Table 5.1. Overall, the impedance results indicate that the formation of electrically conducting 

MWCNT networks inside the polymer melt is a long process that may take hours to complete.  

The AC electrical conductivity, σac of a dielectric in an electric field can be calculated 

from the real and imaginary relative permittivity of a dielectric since σac is a measure of the 

energy loss. σac is calculated from the dielectric permittivity and dielectric loss according to the 

relation [21]: 

!!" =   !!!!" + ! !!!!!  

(5.4) 

 

where εo is the permittivity of free space (8.854 × 10−12 F/m) and ω(=2πf ) is the angular 

frequency. Figure 5.7 shows that the plateau values of σac of electrified and annealed samples are 

comparable to their respective DC conductivity values in Table 5.1. 
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Figure 5.7 AC conductivity of the MWCNT/EOC composites as a function of frequency. 

 

5.4 Modeling 

The electrical conductivity behavior of composites can be analyzed by plotting their 

impedance in the form of a Nyquist plot. To model this behavior, numerous equivalent circuits 

have been used previously [27-29], but nearly all of them are based on the equivalent circuit that 

includes two parallel resistor-capacitor (RC) elements connected in series. In order to account for 

deviation from the ideal capacitor behaviour, constant phase elements (CPE) must be included. 

CPE elements are used to explain the phenomena occurring in the interface regions and 

associated with the non-homogeneity, diffusion processes or stresses in heterogeneous systems 

[28,29]. Our aim in the present work is to find a relatively simple equivalent circuit that best fits 

the experimental results in the entire range of frequency.  
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Figure 5.8 Equivalent electrical circuit used to model impedance data for MWCNT/EOC 

composites. 

 

Specifically, the equivalent circuit used to fit the experimental data has two parallel 

circuits in series, and each parallel circuit consists of a constant phase element (CPE1 or CPE2) 

and a resistance (R1 or R2). The advantage of this method of analysis is the distribution of the 

measured properties between the different phases (in this case, the conductive filler and their 

interface with the matrix) of the composites. The impedance, corresponding to this equivalent 

circuit shown in Figure 5.8 is represented by the expression below: 

 

!∗ =   !! − !" =
!

!
!! + !! !"

!"
+

!
!
!! + !! !"

!"
     

(5.5) 

 

where, A and n are constants; ω is the angular frequency; j is the imaginary unit; when n = 1, –1, 

or 0, CPE is equivalent to an ideal capacitor, an inductance, or a pure resistance, respectively. R1 

and CPE1 correspond to the resistance and capacitance produced by the polarization of 
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MWCNTs, while R2 and CPE2 represent the polarization of the interfacial layer of MWCNTs and 

matrix [27].  

Figure 5.9 presents a Nyquist plot of the real and imaginary impedance of the electrified, 

annealed and 3.0 wt% compounded composites fitted with the model represented by the 

equivalent circuit in Figure 5.8. Very good agreement between experimental data and the model 

can be seen for all samples using the fitted values of the elements shown in Table 5.2. In general, 

the filler-rich region of the composite is more conductive and has better storage capacity than the 

interfacial region. The trend of electrical properties seen in Table 5.2 agrees with the discussion 

in previous sections, as it reveals that electrified samples are more conducting than the annealed 

samples treated for the same amount of time. Moreover, all treatment methods yield substantially 

better results in comparison to the untreated sample containing 3.0 wt% MWCNT, in spite of the 

fact that the latter contains three times higher filler levels. The properties ascribed to the 

conductive filler appear to vary greatly with respect to the treatment method. The R1 (resistance) 

and A1 (capacitance) values decrease dramatically with electrification. The annealing process also 

produces the same effect, albeit to a lesser degree. The R1 and A1 values for 212 kV/m 6 h, for 

example, indicate that a more ordered structural arrangement of MWCNTs within the matrix is 

achieved compared to the annealed 6 h. Additionally, irrespective of the treatment method, long 

processing times result in the reduction of resistance and capacitance. These changes can be 

related to the characteristics of the filler network inside the polymer matrix, as lower resistivity  
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Figure 0.9  Fitting of the complex impedance plots (Nyquist plots) for 1.0 wt% HBPE-

modified MWCNT/EOC composites showing the effects of annealing, electric field (1 kHz), 

and time of application at 160 °C: a) 212 kV/m 6 h, b) annealed 6 h, c) 212 kV/m 20 min, d) 

annealed at 20 min, e) 3.0 wt% compounded for comparison. 

  

  

 
 

(a) (b) 

(c) (d) 

 
 
 
(e) 
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and capacitance values typically mean that a shorter mean path length is available for charge 

carriers to transport in the transverse direction.  

Table 5.2 Fitting parameters for complex impedance plots for 1.0 wt% HBPE-modified 

MWCNT/EOC composites showing the effects of annealing, electric field, and time of 

application and 3.0 wt% compounded at 160 °C. 

 

Sample 

Conductive filler Interfacial layer 

R1 (Ω) CPE1 R2 (Ω) CPE2 

A1 (F) A2 (F) 

212 kV/m 6 h 1961 3.32E-06 4262 5.98E-09 

Annealed 6 h 21618 1.66E-07 60597 2.73E-09 

212 kV/m 20 min 377119 1.11E-08 418203 7.68E-08 

Annealed 20 min 1.15E+06 6.33E-08 3.37E+06 4.10E-09 

3.0 wt% 2.59E+07 1.24E-09 3.87E+08 3.66E-10 

 

 

Similar trends also exist in the property values assigned to the interfacial layer. Dramatic 

drops in resistance (R2) compared with the control sample can be observed. Obviously, shorter 

overall mean path lengths involve fewer MWCNTs; hence fewer interfaces through which 

electron hopping or tunneling can take place. The changes in the capacitance values (A2), 

although significantly higher than that of the control sample, do not vary dramatically among the 

treated samples. Interestingly, the sample electrified for a short time exhibits the highest 

interfacial capacitance. The latter phenomenon may have its origin in the end-to end polarization 

forces that are strong at earlier times (while the bulk conductivity is still low) and can pull the 

MWCNTs closer. At this time, the connectivity among nanocapacitors is still developing and 
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more charges are stored since fewer charges are conducted. Validation of this hypothesis requires 

further experimentation; however, such a physical behavior creates the enticing possibility of 

making polymer composites with improved capacitance and lower charge dissipation 

characteristics through a short electric field treatment.  

 

5.5 Conclusions 

Dielectric spectroscopy was employed as a non-destructive tool to detect subtle 

differences in the structure of MWCNT/EOC composites subjected to annealing and 

electrification under an AC electric field. The formation of interconnected MWCNT structures 

upon annealing at high temperature resulted in substantial increases in the real and imaginary 

permittivity, as well as frequency dependent behavior, indicative of increased conductivity and 

storage capacity compared to the non-treated counterparts. The formation of aligned columnar 

structures along the direction of the electric field in electrified composites resulted in further 

increases in the permittivity values compared to their annealed counterparts, indicative of a more 

ordered MWCNT structure formation. 

Longer treatment times resulted in changes in the slope of the permittivity versus 

frequency plots, with the onset of a plateau at low frequencies, suggesting that maturation of the 

columnar structures is a long process that requires hours to complete. These trends were 

confirmed quantitatively by fitting of an equivalent circuit model to experimentally obtained 

impedance data. 
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Chapter 6 

Preparation and electrification of Poly(ethylene succinate)/MWCNT 

composites 

6.1 Introduction 

Aliphatic polyesters are members of a family of polymers that are derived either from 

natural sources [bacterial poly- (β-hydroxy acid)s], or have chemical origin (poly- condensation 

of hydroxy acids or diacids with dialcohols, or polymerization of lactone-type heterocycles) [1]. 

These polymers have attracted considerable attention in the last two decades, due to their 

potential applications in the biomedical and environmental fields [2]. Investigations of aliphatic 

polyesters increased after the 90’s, due to environmental demands for biodegradable polymers. 

Prior to this, these polymers received scarce attention because their mechanical properties were 

not good enough for engineering applications and their production cost far outweighed those of 

traditional plastics. Recently, the use of high efficiency transesterification catalysts, the 

development of chain extenders and high vacuum technology have enabled the synthesis of high 

molecular weight aliphatic polyesters with improved mechanical properties [3].  

Poly (ethylene succinate) (PESu) is the most extensively studied commercially produced 

biodegradable, synthetic, semi-crystalline aliphatic polyester. It has a high melting point (103 – 

106 oC) and presents controllable biodegradation rate and good processability. Its mechanical 

properties, such as elongation at break and tensile strength are comparable with those of 

polypropylene (PP) and low density polyethylene (LDPE) while its crystallization behavior is 



 

 

 

113 

similar to that of polyethylene with well-formed lamellar morphologies [4]. The chemical 

structure of PESu is shown in Scheme 1:  

 

Scheme 6.1 Chemical structure of PESu 

 

The crystal structure, biodegradability, crystallization kinetics, and melting behavior of PESu 

have been studied in detail [5]. The overall properties of PESu may be improved significantly by 

modifying the crystallization and morphology of PESu [5].  

The use of carbon nanotubes in polyesters is promising as potential reinforcing fillers and 

nucleating agents. A heterogeneous nucleating effect of multi-wall carbon nanotubes 

(MWCNTs), leading to increased crystallization rate and altered crystal morphology, has been 

observed in polyester nanocomposites with MWCNTs [7-8]. Some biodegradable polymer/CNTs 

nanocomposites have been reported in the literature [9-11], however studies on PESu/ MWCNTs 

nanocomposites are relatively scarce.  

 In chapter 4, the effect of the application of AC electric field on the electrical properties 

of polyolefin-based carbon nanotube composites was studied. The effects of field intensity 

(applied voltage), polymer viscosity, and filler concentration on the time required for an 

insulator-to-conductor transition during the electrification were investigated. A selection criterion 

was developed to identify conditions of carbon nanotube assembly under the influence of 

Brownian motion, as opposed to conditions that allow MWCNT assembly to occur under an 

electric field controlled regime. The objective of this chapter is to extend a similar electrification 

study to polyester-based carbon nanotube composites in order to explore its applicability in this 
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important class of materials. Specifically, PESu/MWCNT composites synthesized by in-situ 

polymerization were characterized and the effect of AC electric field on the electrical properties 

of the composites examined. 

 

6.2 Experimental 

6.2.1 Materials  

Succinic acid (Su) (purum 99+ %), 1,2-ethanediol (Et) (Purity:>99.8 %) and titanium 

(IV) butoxide (≥97%) (TBT)  were obtained from Sigma-Aldrich and used as received. 

Triphenylphosphate (TPP) (95%) was purchased from Fluka. MWCNTs (purity ≥98%, diameter 

10 ± 1 nm and length 3- 5 µm) were purchased from Sigma-Aldrich and used as received.  All 

other materials and solvents used in the analytical methods were of analytical grade. 

 

6.2.2 In situ preparation of nanocomposites 

PESu/MWCNT nanocomposites were prepared in situ according to Scheme 6.2, by the 

two-stage melt polycondensation of succinic acid and 1,2-ethanediol in a glass batch reactor. Two 

series were prepared, at a mol ratio of 1:1.2 Su:Et for the low molecular weight series, and 1:1.1 

Su:Et, for the high molecular weight series 

The MWCNTs were pre-dried at 110 oC under vacuum for 24 h. Appropriate amount of 

MWCNTs was first dispersed in 1,2-ethanediol by intense stirring with a magnetic stirrer (300 

rpm) for 15 min prior to polymerization. The polymerization mixture, after being placed in a 250 

cm3 round bottomed flask, was degassed and purged with dry argon three times. Thereupon, the 

mixture was heated under an argon atmosphere for 3 h at 190 °C under constant stirring (350 

rpm), with water removed as the reaction by-product of esterification. 



 

 

 

115 

For the second reaction stage of polycondensation, 0.3 wt% of TPP as heat stabilizer and 

1.0×10-3 mol per mole of succinic acid of TBT as polycondensation catalyst were added.  The 

reaction was continued under increased mechanical stirring (700 rpm) and high vacuum (~2.0 

Pa), which was applied slowly over a period of time of about 30 min, to avoid excessive foaming 

and to minimize oligomer sublimation, at 220 and 240 °C for 1.5 and 1 h intervals, respectively. 

The polymerization was stopped by fast cooling to room temperature.  

 

 

Scheme 6.2 Reaction scheme depicting the esterification and polycondensation reactions  
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6.3 Characterizations 

Intrinsic viscosity measurements of the prepared PESu and the nanocomposites were performed 

using an Ubbelohde viscometer 0C at 25 oC in chloroform at a solution concentration of 1 wt%. 

The intrinsic viscosities [η] were calculated using the Solomon-Ciutâ equation: 

 

                                [η] =                                                                 (6.1) 

 

where C is the concentration of the solution, t the flow time of the solution and t0 the flow time of 

the solvent. Each sample was filtered through a nylon microfilter with a pore size of 0.2 µm 

before the measurements. Corrections were made to the concentration value used for the 

calculation of the intrinsic viscosities due to the presence of the filler. Number average molecular 

weights were estimated from the intrinsic viscosity values using the Berkowitz equation. 

Ultra-thin films of the composites for TEM characterization were prepared using a Leica 

ultra-microtome. A FEI Tecnai 20 instrument at an operating voltage of 200 keV was used for 

TEM imaging. The composite melts were also observed using an Olympus BX 51 optical 

microscope (Tokyo, Japan). Composite films were loaded on a Linkam SCC 450 Hot Stage 

(Surrey, UK) at 160 oC and pressed to a thickness of 25 µm. Images were recorded immediately 

once the desired thickness was reached (5 min), using transmitted light. 

Volume resistivity was measured under DC current at room temperature. Samples were 

prepared by compression molding the melt-compounded composites in a Carver press at 140 oC 

and 10 MPa to get a thin film of 2.0 mm. Thin composite films with a diameter of 6 cm were 

placed inside the measuring chamber (Keithley 8009 Resistivity Test Fixture) of the Keithley 

C
t
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t
t )1ln(2

00

−−×



 

 

 

117 

6517B Electrometer/High Resistance Meter (Keithley Instruments, Inc., Cleveland, Ohio, USA) 

for an electrification time of 1 minute. An Agilent 34401A 6 ½ Digit multimeter was used for 

resistivities lower than 107 Ω·cm. Sample preparation included cutting test specimens with a 

dimension of 1 cm2 and thickness of 0.2 cm and gold sputtering the surface to reduce contact 

resistance between the sample and the electrodes of the multimeter. The edges of the samples 

were trimmed after gold sputtering to prevent short-circuit during the measurement of the 

resistance (R). The conductivity of the samples was determined from the inverse of resistivity, ρ: 

 

! =
!  !  !
!  

                                                                  (6.2) 

where A the contact surface area and l the average sample thickness. 

 Rheological characterization was carried out on a Reologica ViscoTech oscillatory 

rheometer using 20 mm parallel plate fixtures, with a gap of 1 mm at 110 oC. Compression 

molded disks with a diameter of 20 mm were prepared using the Carver press as described above. 

Stress sweep experiments were carried out from 1 to 103 Pa at a frequency of 0.1 Hz and 

temperature of 110 oC to identify the limits of linear viscoelasticity.  

Film electrification was performed as described in chapter 4, using the setup shown in 

detail in Appendix A. In this case, electrification was carried out at 90 oC with field intensity 

ranging from 35 – 176 kV/m, 1 kHz. 
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6.4 Results 

6.4.1 Molecular weight  

The number average molecular weights of the prepared PESu and PESu/MWCNT 

composites were estimated from the intrinsic viscosity values using the Berkowitz equation [1]. 

Depending on the ratio of succinic acid and 1,2-ethanediol, two series of samples were prepared, 

having molecular weights of 31800 and 11500 g/mol and are denoted as PESu(HMW) and 

PESu(LMW), respectively. The intrinsic viscosities and molecular weights of low and high 

molecular weight PESu/MWCNT composites as a function of filler concentration are presented 

Figure 6.1. The trend for both series shows slight increment in intrinsic viscosity and MW up to 

the mid-range of filler concentration and then a decline in the same manner up to the maximum 

filler concentration recorded.  The molecular weight of the HMW series ranged between 28100 

and 39200 g/mol while that of the LMW series ranged between 11500 and 14700 g/mol. 
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Figure 6.1 Intrinsic viscosity and molecular weight of (a) high and (b) low molecular weight 

pure PESu and composites. 

 

Figure 6.2 shows the frequency dependence of complex viscosity for PESu composites at 110 oC. 

Both materials display a nearly Newtonian behavior, with minimal shear thinning. The zero shear 

viscosity of PESu(HMW) is 167 Pa.s, more than five times that of PESu(LMW) (zero shear 

viscosity of 29.4 Pa.s). This agrees with the trend already established in Figure 6.1, where the 

intrinsic viscosity of the HMW series is nearly twice that of the LMW series. 
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Figure 6.2 Frequency dependence of complex viscosity, η* for PESu samples. 

 

6.4.2 Morphology characterization  

The optical microscope (OM) and transmission electron microscope (TEM) images presented in 

Figures 6.3 and 6.4, respectively show the effect of matrix viscosity on the dispersion of the 

fillers in the matrix. The high viscosity polymer matrix composites (Fig. 6.3a and b) have more 

homogeneously dispersed MWCNTs whereas the low viscosity polymer matrix composites 

contain micron-size aggregates, and areas without nanofillers, as seen in Fig. 6.3c and d. This 

highlights the inability to disperse the MWCNT aggregates effectively in the low viscosity 

polymer matrix, probably due to insufficient shear stresses generated by the stirring action during 

the in-situ polymerization process. The effect of viscosity on filler dispersion is also depicted in 

the TEM images (Fig. 6.4a and b). The high molecular weight matrix (Fig. 6.4a) contained 

individually dispersed nanotubes in addition to some swollen aggregates, while poor dispersion 

and large aggregates are present in the low molecular weight matrix (Fig. 6.4b).  
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Figure 6.3 Representative OM images of (a-b) PESu(HMW) / 0.1 wt% MWCNTs, and (c-d) 

PESu(LMW) / 0.1 wt.% MWCNTs (Scale bars: 25 and 100 microns). 
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Figure 6.4 Representative TEM images of (a) PESu(HMW) / 1.0 wt% MWCNTs, and (b) 

PESu(LMW) / 1.0 wt.% MWCNTs (Scale bar: 500 nm). 

 

6.4.3 Electrical conductivity  

Figure 6.5 shows the conductivity of PESu(HMW)/MWCNT and PESu(LMW)/MWCNT 

composites as a function of the filler concentration. An increase of 10 to 11 orders of magnitude 

was recorded for low and high molecular weight samples compared to the conductivity of the 

unfilled polymers. The maximum conductivities achieved were in the order of 10-4 - 10-5 S/m for 

1.0 wt% MWCNT composites, in the range of static dissipative materials [13,14]. Even though 

the maximum conductivity was similar, the percolation threshold, defined as the value of the filler 

content above, which the electrical properties increase in an exponential manner [14], varied 

significantly depending on the type of the matrix. The percolation threshold concentration for 

each composite was estimated by fitting the conductivity data, using power-law relations above 

and below the critical concentration for percolation [14].  
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                                          (6.3b) 

 

where ! is the electrical conductivity of the composite, !!"#$%& is the conductivity of the matrix, 

! is volume fraction of the filler, !! is critical volume fraction at percolation, s and t are the 

critical exponents below and above percolation, respectively and m is a constant.  

 

 

Figure 6.5 Volume conductivity as a function of MWCNT concentration. Solid lines denote 

fits obtained by using Eqns. (6.3a) and (6.3b). 
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The best fits of the experimental data are summarized in Table 6.1. The data summarized in Table 

6.1 show that the electrical percolation threshold was the lowest in the low molecular weight 

matrix, which exhibited the worse dispersion and the largest number of aggregates.  

 

Table 6.1 Electrical percolation thresholds, obtained by fitting power-law equations below 

and above the percolation threshold. 

 

Sample ϕ!  
(vol.%) 

w!  
(wt.%) 

PESu(HMW) 0.35 0.63 
PESu(LMW ) 0.11 0.20 

 

6.4.4 Effect of electric field 

A representative dynamic response of the composites’ electrical resistivity upon 

electrification is illustrated in Fig. 6.6, where the results are displayed in terms of the potential 

drop across the electrode cell for PESu(HMW) / 0.1 wt% MWCNT. PESu(LMW) could not be 

electrified because the very low viscosity made handling impossible under the experimental 

conditions used in the electrification process. 

This graph illustrates a typical response among electrified composites, where a second 

gradual drop results in a plateau phase following a sharp first drop in resistivity. The percolation 

time is defined as the time span between the first moment an electric field is applied to the 

composite film and the time point at which the first sharp drop in the composite’s resistivity (or, 

equivalently, electrical potential difference across the cell) is estimated as described in chapter 4. 
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Figure 6.6 Voltage drop observed across the electrode cell as a function of time for 

PESu(HMW) / 0.1 wt% MWCNT composite melts at 176 kV/m. 

 

The effect of applied voltage on the percolation time for composites with MWCNT 

concentrations ranging for 0.1 and 0.25 wt% is summarized in Figure 6.7a (percolation times 

could not be recorded for composites with higher MWCNT concentrations due to the extremely 

fast (< 1  !) response to the electric field). The electric field intensity values correspond to the 

range of applied voltages between 100 and 500 Vpp, which translate to 35 and 176 kV/m. The 

plotted data show a power law relation of the type tp ∝ Ea (a<0), i.e., the percolation time 

decreases with increasing electric field intensity. These data do not obey a single power law 

relation with respect to the field intensity; rather, the value of the exponent is decreasing with 

increasing filler concentration.  Data regression yields an exponent value of -1.03 for the 0.1 wt% 

sample, which is far from the theoretically expected value of a = -2.0 and -1.94 for the 0.25 wt% 

sample [15]. Since the value of -2.0 represents an electric field controlled MWCNT assembly 

process (i.e., negligible Brownian motion effect), the assumption can be made that, for samples 
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containing 0.1 wt% MWCNTs, the process of assembly takes place under a mixed regime, where 

both electric field effects and Brownian motion are significant. From the analysis presented in 

chapter 4, it can be assumed that at 0.25 wt%, the electrification process is in the electric field-

controlled regime. Taking this analysis further, the selection criterion developed in Eqn. 4.11 was 

applied to data points in Figure 6.7 to determine the combinations of concentration/electric field 

that produced electric field controlled assembly or not. Each of the points corresponds to a set of 

(!, T, E) conditions (! in volume fraction, T in Kelvin, E in V/m) and forms the right hand side 

of equation 4.11. The resulting values are compared to that of 3.7x106, which is the RHS of Eqn. 

4.11 multiplied by a factor of 10.  

The points with values less than 3.7x106 correspond to points that, according to the 

theory in Chapter 4, exist under a mixed regime and these points are circled in Figure 6.7a. 

Eliminating the circled data points and fitting the remaining points delivered exponents of -1.9 

and -2.1 for 0.1 wt% and 0.25 wt%, respectively. This is a confirmation that the selection 

criterion developed for polyolefin-based MWCNT composites is also valid for polyester-based 

MWCNT composites. In Figure 6.7b, the validity of the selection criterion was tested by plotting 

separately the two groups of data (non-circled and circled data points) from Figure 6.7a vs. the 

expression that illustrates the theoretical dependence of percolation time on E, ϕ, η(T) under 

conditions of electric field controlled assembly (t!   ∝   ηE!!ϕ!!.!; Equation 4.6). In a log-log 

plot the first group of data should result in a straight line with slope equal to 1.0. In Figure 6.7b, 

the solid markers denote data that did meet the selection criterion, whereas the open symbols 

include all E, ϕ, η(T) conditions that did not. 
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Figure 6.7 (a) Log-log plot of percolation time vs. field intensity (1 kHz, 90 oC) for 

PESu(HMW) / 0.1 wt% and 0.25 wt% MWCNT composite melts over a range of filler 

content. Solid lines represent the power law equation and circles the conditions under which 

MWCNT assembly occur under a mixed regime, (b) Experimentally measured electric field 

induced percolation times vs. their theoretical dependence on (η , E, φ) conditions. The solid 

markers correspond to data sets that are obtained under an electric-field controlled regime. 
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Linear regression of these data captured by the solid markers produces a trendline with a slope 

equal to 1.19, which indicates a very good agreement with the theoretical model (Equation 4.6) 

and therefore supports the validity of Expression 4.11. The data sets that did not meet the 

selection criterion are also plotted as open symbols in Figure 6.7b. Their departure from 

theoretical predictions is evident. 

 

6.4.5 Solid-state conductivity 

It is noteworthy that all electrified composites maintained higher conductivities compared 

to the non-electrified counterparts, upon solidification.  The conductivity attained by the process 

of electrification represents an increase of up to 10 orders of magnitude compared to that of the 

non-electrified composites. This can be seen in Figure 6.8, where the conductivity of an 

electrified sample containing 0.5 wt% MWCNT is comparable to that of the non-electrified 

composite, which is well above the percolation threshold at 2.0 wt% MWCNT. It can thus be 

concluded that the solid state conductivity can be maintained at very high levels in the solidified 

electrified composites. 

Figure 6.9 summarizes the conductivity of the solidified electrified composites as a 

function of filler concentration and field intensities. It should be noted that these compositions 

originally lied below the percolation threshold (Fig. 6.5). As expected, the solid-state conductivity 

improved with increasing filler concentration and field intensities. The maximum conductivities 

obtained using this methodology were in the order of 10-2 – 10-3 S/m in the range of static 

dissipative materials. 
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Figure 6.8 Solid state conductivity as a function of filler concentration for electrified (1 kHz, 

90 oC) and non-electrified PESu(HMW)/MWCNT composites.  

 

 

 
Figure 0.9 Solid state conductivity as a function of filler concentration and field intensities 

(1 kHz, 90 oC) for electrified PESu(HMW)/MWCNT composite melts. 
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Figure 6.10 shows conductivity data for PESu(HMW) before and after electrification in 

comparison with that of PESu(LMW), which, as mentioned earlier, could not be electrified. As 

mentioned before, although the low molecular weight polymer composite was characterized by 

large aggregates and poor filler dispersion, this actually helped in conferring lower percolation 

threshold on it when compared to that of the better dispersed high molecular weight polymer 

composite (Table 6.1). Results from the fit of equation 6.3 to conductivity data in Figure 6.10 

produced a percolation threshold of 0.26 wt% for the electrified PESu(HMW) composites which 

is less than half that of the as-compounded PESu(HMW) composites (0.63 wt%). A dramatic 

improvement in conductivity in the PESu(HMW)-based composites can be seen in Figure 6.10 

where the conductivity of PESu(HMW) / 0.5 wt% MWCNT that were originally below the 

percolation threshold improved by as much as 11 - 12 orders of magnitude upon electrification. 

This makes it about 2 orders of magnitude higher than the conductivity of non-electrified 

PESu(LMW) / 0.5 wt% MWCNT. In addition to the very good filler dispersion in the HMW 

series, electrification helped to improve the electrical conductivity from that of insulating to 

conducting composites for 0.5 wt% and 0.6 wt% MWCNTs samples.  
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Figure 6.10 Solid state conductivity as a function of filler concentration for electrified (176 

kV/m, 90 oC) PESu(HMW)/MWCNT and non-electrified PESu(HMW)/MWCNT and 

PESu(LMW)/MWCNT composite melts. 

 

6.5 Conclusions 

In this chapter polyester-based PESu(LMW)/MWCNT and PESu(HMW)/MWCNT 

composites having PESu matrices of high and low molecular weight (31800 and 11500 g/mol, 

respectively) were synthesized by in-situ polymerization. The low molecular weight 

PESu(LMW)/MWCNT composites had lower percolation threshold, attributed to poor filler 

dispersion and to the presence of large interconnected aggregates in the matrix, whereas the 

PESu(HMW)/MWCNT composites had better filler dispersion and higher percolation threshold. 

Treatment of the PESu(HMW)/MWCNT composite with AC electric fields resulted in an 

increase in conductivity by as much as 12 orders of magnitude, due to filler orientation.. The 
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selection criterion based on the scaling law presented in Chapter 4, was applied to identify the 

conditions under which filler assembly took place under an electric field controlled regime.  

A major finding of this chapter is that the electrified composites maintained high 

conductivity in the solidified state, and that this method of preparation and electrification of the 

PESu/MWCNT composites produced electrically conductive composites at very low levels of 

filler concentration, by lowering the percolation threshold by more than a half.  
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Chapter 7 

Thesis overview, conclusions, contributions and recommendations for 

future work 

7.1 Thesis overview  

Polymer/carbon nanotube composites are expected to be of tremendous technological and 

commercial importance because of their potential practical applications. Due to their high aspect 

ratio, and electrical, mechanical and thermal properties compared to carbon black and fibres, 

carbon nanotubes are becoming a preferred filler in polymer composites when electrical/thermal 

conductivity and mechanical efficiency are desired material properties.  

 In spite of the potential of these materials, fine CNT dispersion in thermoplastics presents 

a major challenge due to filler-matrix incompatibility, which results in weak adhesion at the 

filler-matrix interface, nanotube aggregation and inconsistent composite properties. This thesis 

has demonstrated that good dispersion of carbon nanotubes in a polyolefin matrix is feasible with 

non-covalent compatibilization of the carbon nanotubes with a hyperbranched polyethylene 

(HBPE) molecule. Contrary to many chemical functionalization methods that disrupt the 

electronic conductivity of the MWCNTs surface, HBPE emerged as an ideal compatibilizer for 

use in electrically conductive polyolefin-based composites. It was also demonstrated that good 

MWCNT dispersion in polyester-based matrices produced by polycondensation can be obtained 

by an in-situ polymerization technique, provided that the molecular weight of the polyester is 

high enough (> 30,000 g/mol). 
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 In order to achieve improved electrical conductivity at minimal filler loading in the 

composites, carbon nanotube alignment that results in a continuous filler network structure within 

the matrix is desirable. In this thesis, this was accomplished under the action of external electric 

fields, which induced formation of long-range, interconnected, conducting filler networks inside 

the thermoplastic polymer matrix. A cell designed and constructed in-house was used for the 

electrification process. Process conditions (time, temperature), material properties (matrix 

viscosity) and electric field parameter values (field intensity, frequency) were investigated. The 

structure and resulting properties of the resulting composites were characterized. The solid state 

electrical conductivity of the electrified composites improved by as much as 11 – 12 orders of 

magnitude in comparison to the as-compounded composites and a significant increase in the 

dielectric permittivity was also noted. In order to extend the applicability of this study to a wide 

range of industrially relevant composites, an empirical correlation, which involves a scaling rule 

between processing parameters (field characteristics, matrix viscosity, filler concentration, etc.) 

and percolation times was developed. This criterion was validated in composites based on 

industrially relevant materials, including a polyolefin elastomer matrix, and an aliphatic 

biodegradable polyester. 

 

 
7.2 Conclusions 

Non-covalent, non-specific functionalization of MWCNT with HBPE was used to 

improve the state of dispersion of MWCNTs in an ethylene-octene copolymer matrix. Dynamic 

light scattering characterization and optical microscopy revealed that the size of MWCNT 

aggregates is reduced upon functionalization. TEM images show that functionalized nanotubes 

are better dispersed in suspension and also in the polymer matrix. This functionalization 
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procedure reduced the size and number of MWCNT aggregates in polyolefin elastomer-based 

composites, while maintaining a low percolation threshold and not affecting adversely the 

electrical conductivity of the composite. In addition to the expected modulus increase, the 

functionalized MWCNT /EOC composites maintained better ductility, because of the improved 

dispersion, suggesting that this approach can be utilized to obtain composites with good 

conductivity, without compromising mechanical properties. The results of this study demonstrate 

that physically adsorbed compatibilizing molecules can provide an easy means for achieving 

good nanotube dispersion. Moreover, this method of functionalization has a small impact on the 

filler’s surface properties by virtue of the fact that physical adsorption can result only in partial 

surface coverage. 

The influence of AC electric fields on the electrical conductivity of melt compounded 

MWCNT/polyolefin-based composites was studied. It was found that, upon electrification, these 

composites demonstrated an impressive increase in transverse electrical conductivity by up to 

eight orders of magnitude at filler concentrations much below their percolation threshold. SEM 

imaging showed that the filler was assembled into columnar structures with orientation parallel to 

the applied field direction. Electrical anisotropy and improved electrical conductivity at low filler 

loadings due to the presence of ordered filler networks, can be a desirable attribute for a number 

of MWCNT-filled polymer composites and may bring about new applications in electrostatic 

dissipation and electrostatic painting. 

The effects of field intensity (applied voltage), polymer viscosity, and filler concentration 

on the time required for an insulator-to-conductor transition during the electrification of 

MWCNT/EOC composite melts was also studied. Using first order approximations for the effects 

that cause nanotube translation under an electric field, a selection criterion was developed for 



 

 

 

138 

separating conditions of carbon nanotube assembly under the influence of Brownian motion and 

conditions that allow MWCNT assembly to occur under an electric field controlled regime. Using 

this criterion, it was possible to show that, under electric field-controlled conditions, the 

experimentally measured percolation times for these composites correlate very well with 

theoretically derived expressions that capture the effects of viscosity (temperature), electric field 

intensity, and filler concentration.   

Dielectric spectroscopy was employed as a non-destructive tool to detect subtle 

differences in the structure of MWCNT/EOC composites subjected to annealing and 

electrification under AC current. The formation of interconnected MWCNT structures upon 

annealing at high temperature resulted in substantial increases in the real and imaginary 

permittivity, as well as frequency dependent behavior, indicative of increased conductivity and 

storage capacity compared to the non-treated counterparts. The formation of aligned columnar 

structures along the direction of the electric field in electrified composites resulted in further 

increases in the permittivity values compared to their annealed counterparts, indicative of a more 

ordered MWCNT structure formation. 

 Finally, PESu(HMW)/MWCNT and PESu(LMW)/MWCNT composites containing PESu 

matrices of high and low molecular weight (31800 and 11500 g/mol, respectively) were 

synthesized by in-situ polymerization. The PESu(LMW)/MWCNT composites had lower 

electrical percolation threshold, which was attributed to the poor filler dispersion and to the 

presence of large aggregates. The PESu(HMW)/MWCNT composite was treated with AC electric 

field to induce filler re-orientation in the matrix and ultimately resulted in better conductivity, by 

as much as 12 orders of magnitude. The electrification process was Brownian motion-controlled 

for the 0.1 wt% MWCNT, and electric field-controlled regime at 0.25 wt% MWCNT. The 
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selection criterion, initially developed for polyolefin-based composites, was used to identify the 

exact combination of conditions that facilitated the different regimes in the conductive network 

formation process. Most notably, the electrified composites maintained high conductivity in the 

solidified state, and this method of preparation and electrification of the PESu/MWCNT 

composites rendered well-dispersed composites containing very low levels of filler conductive. 

 

7.3 Significant contributions 

 This research has made significant contributions to knowledge in the field of 

thermoplastic/MWCNT composites that will be of immense benefit in academic research and 

industrial processing of these materials. First of all, a non-covalent, non-specific functionalization 

method was developed and employed successfully to improve filler dispersion in the 

thermoplastic matrix. The advantage of this method is that the surface properties of the fillers 

remain unaltered and therefore there are no adverse effects on the properties of the resulting 

composites. 

 In this thesis, electrification of composites containing MWCNT dispersed within 

polyolefin and polyester-based matrices was investigated thoroughly for the first time. In order to 

study the effect of AC electric field parameters on the electrification process, a specialized cell 

was designed and fabricated and suitable experimental procedures were developed. As a result, 

electrically conducting composites containing aligned carbon nanotubes were produced at very 

low filler concentrations. This involved the reduction of the percolation threshold of the 

composite system by more than half and improvement in electrical conductivity by as much as 12 

orders of magnitude.  
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Dielectric spectroscopy characterization was implemented for the first time to compare 

composites that were annealed and treated under external electric fields. This technique proved to 

be a very useful non-destructive tool to differentiate between treatments.  Increases in by more 

than 2 and 5 orders of magnitude for the real and imaginary permittivity respectively, compared 

to the non-electrified materials were noted. 

 Furthermore, a selection criterion was developed to determine the combination of 

material property and processing conditions that allow composite electrification under an electric 

field-controlled regime. This criterion was used successfully as a method of analysis in the study 

of the electrification of polyolefin- and polyester-based MWCNT composites and holds the 

possibility of use as a predictive tool in a wide range of polymer/carbon nanotube composite 

systems. 

 

7.4 Recommendations for future work 

 The selection criterion that was developed for determining conditions that favor 

composite electrification under an electric field-controlled regime has been used successfully in 

two different composite systems. The validity of this criterion should be tested in a range of other 

polymer composites to determine the extent to which it is applicable. Thus far, electrification has 

been carried out in the quiescent melt with Brownian motion being the only force opposing the 

electric force. It will be interesting to study the effect of shear on electric field-induced structure 

formation and conductivity in various commercially relevant polymer/MWCNT composites. 

Also, the use of electrorheology as a means for monitoring the dynamics of structure formation in 

MWCNT/molten polymer composites with and without application of an electric field may also 
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be a subject for further investigation. This will help in evaluating the relative importance of 

viscous vs. electric forces acting on these structures. 

The design of a cell for the electrification process that incorporates the heating and 

electrical systems into a single unit should be done. This will allow for ease of operation and 

better control of the process. 
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Appendix A                                                                                       

Standard operating procedure for electric field alignment 

General Information 

The information contained here outlines the set-up and operating procedure for the 

electric field alignment of conductive fillers in polymer composites using a custom-made electric 

field chamber. It also contains basic information about other equipment and devices used and 

their roles in the experimental procedure (for detailed information about each equipment or 

device, refer to the manual provided by the supplier or original equipment manufacturer). Before 

operating the equipment, it is advisable to read and understand this guide and the respective  

manual for each instrument. Be advised that the operating conditions involve high temperature 

and voltage and therefore necessary precaution must be observed.  

 

The Electric Field Chamber 

This consists of a steel top plate, Teflon plate, steel top electrode and a steel bottom plate 

that serves as the bottom electrode. The device under test (DUT) is placed in Teflon well that 

serves as a spacer between the electrodes. The rationale in the design of the chamber is to avoid 

direct contact between the top and bottom electrodes. All components are stacked and held 

together using screws in the following order: 

 

(a) Top plate 

(b) Teflon plate 

(c) Top electrode 

(d) Teflon well plus the device under test (DUT) 
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(e) Bottom electrode (plate) 

 

Two-dimensional mechanical drawings of the electric field chamber are presented with all 

dimensions in inches. 

 

Figure A.1a – Top plate 
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Figure A.1b – Teflon plate 

 

Figure A.1c – Top electrode 
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Figure A.1d – Teflon well 

 

Figure A.1e – Top electrode (plate) 
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Corning PC-400D Hot Plates and 6795PR Temperature Controller 

The electric field chamber is placed on the hotplate to heat up the solid polymer composite (DUT) 

to a molten state. The temperature controller is connected to the hotplate and the tip of the 

controller probe must be in contact with the surface of the hotplate to ensure that the actual 

temperature corresponds to the set temperature. See the instruction manual for further instructions 

and information. 

 

B&K Precision 4040 20MHz Sweep/Function Generator 

This is a versatile signal source that combines several functions into one unit – waveform 

generation, pulse generation, and frequency sweep. The former is, however, relevant for our 

purpose. Voltage generation is in the range 75mV to 750mV while frequency range is 0.2 Hz to 

20MHz. 

 

Trek 623B High Voltage Amplifier 

The Trek Model 623B high voltage amplifier is designed to provide precise control of output 

voltages in the range of 0 to 2 kV DC or peak AC with an output current capability of 40 mA DC 

or peak AC. The instrument is configured with a fixed gain of 1000 V/V. 

 

Tektronix TDS 1000 Series Oscilloscope 

This is a digital storage oscilloscope that can be used to take ground-referenced measurements. It 

has two channels, a bandwidth of 60 MHz and sample rate 1.0 GS/s. This is connected to the 

computer for data acquisition. Two oscilloscopes are used: In oscilloscope 1, channel 1 measures 

voltage generated by the function generator and oscilloscope 2 measures output voltage from the 
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amplifier. In oscilloscope 2, channel 1 measures the voltage across the DUT while channel 2 

measures the current through the circuit. NOTE: Oscilloscope 2 delivers current in volts (V) and 

this must be converted into Ampere (A) using the relation, 0.25 V = 1 mA. Refer to the Trek 

623B high voltage amplifier manual for more information. 

 

WaveStar for Oscilloscopes 

This computer software is a WaveStar 2.8.1 version from Tektronix, Inc. used for the acquisition 

of the voltage across the DUT and current from the current monitor with time. The data is from 

oscilloscope 2’s channels 1 and 2, respectively which is connected to the computer. 

 

Agilent 34401A 61/2 Digit Multimeter 

The multimeter is used to confirm data measured by the oscilloscope. This instrument can be used 

at any point during the experiment to compare data with the readings on the oscilloscopes. 

 

Digi-Sense Thermometer 

The thermocouple is used to record the actual temperature at the bottom electrode and so serves 

as a check for the accuracy of the hot plate-temperature controller system. 
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The Electrical Circuit 

 

 

Figure A.2. The electrical circuit diagram  

 

The diagram above describes the connection of the various instruments to the DUT.  

 

Procedure 

1. Turn ON the B&K Precision function generator and set the required voltage output level and 

frequency using the knobs on the front instrument panel. Switch ON the oscilloscopes. 

2. Turn ON the hotplate, set the required temperature and make sure that the temperature 

controller is properly installed. Place the bottom plate (electrode) of the electric field chamber on 

the hotplate. 

3. Log on to the computer, open the WaveStar for Oscilloscopes software, open new datasheet, 

Datalog Tabular, ok. On the right hand side menu, click local, Tek TDS 1000 Series, Data, and 

then Measurements. Drag and drop V Meas.1 and V Meas. 3 onto the new datasheet. These 

correspond to channels 1 and 2 in oscilloscope 2. Default sample rate is 0.5 S/s. 
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4. Use the auto clicker installed on the computer to refresh the sheet automatically every second 

to ensure data acquisition. Unplug the mouse from the computer during data acquisition to avoid 

cursor displacement from the ‘Refresh Sheet’ button. 

5. After set temperature is attained, place the Teflon well on the bottom electrode, load the DUT, 

and place the top electrode, Teflon plate and the top plate in that order to complete the electric 

field chamber assembly before tightening the screw. (Optional: apply mold release agent on 

surface of the top and bottom electrodes before loading the DUT to ensure easy removal after 

test). 

6. Connect the DUT to the amplifier as shown in the circuit diagram. Connect the probes of the 

oscilloscopes, and then complete the circuit by turning the amplifier ON. Use the controls on the 

front panel of the oscilloscope to set the signals to fit the oscilloscope window. Note the readings 

on the oscilloscopes at steady state for phase angle calculations and data analysis. 

7. At the end of the experiment turn OFF auto clicker, save data by exporting as .csv file to 

designated folder. 

8. Turn OFF the amplifier, remove all connections to the chamber, remove top plates and quench 

the DUT in cool water with the top and bottom electrodes still in place.  

9. Turn OFF the hot plate, the function generator, close the WaveStar for Oscilloscope, turn OFF 

the oscilloscopes and unplug the hot plate. 

10. Remove DUT from the Teflon well, dry and clean every component and store in a safe place. 

 

Data Analysis 

4.1 Calculating the phase angle using the Lissajous method 
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Figure A.3 The Lissajous Method [1] 

 

In this method, measure Vx, V1 and Vy, V2 and use sinδ = Vy / V2 and Vx / V1 corresponding to Vx 

and Vy = 0 (intercept) to determine |δ|.  

 1. http://physics.tehbrosta.com/phase-measurements.pdf.  

 
 

 
 

 

 

 


