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1 Introduction 

The investigation and application of nanomaterials stands for a 

prevalent trend in nowadays research, which trend was adhered by 

innovative developments of polymer science and technology [1]. Since 

the discovery of multiwall carbon nanotubes (MWCNT), than later 

single wall carbon nanotubes (SWCNT), the nanotube filled polymer 

composites outgrew as the polymer science and technology’s most 

researched area of the past 16 years [2–4]. The number of more than 

13000 published papers in the field clearly highlights the interest of the 

nanotube filled polymer composites. 

The headway of nanotubes as fillers in polymer technology is not 

surprising due to their exceptional properties. Various studies performed 

on SWCNTs and MWCNTs unfold that carbon nanotubes (CNT) might 

have moduli and strength levels between 200-1000 GPa and 200-

900 GPa, respectively [5–7]. Additional investigations detail the 

observed electrical properties of CNTs, which according to four-probe 

measurements are in range of 103 Scm-1 at 300K [8–12].  

The electrical: five times better conductor than steel; thermal: eight 

times better heat conductor than copper; mechanical: fifteen times 

stronger than steel; their ability to produce very high current density at 

low operating voltages, and their electromagnetic properties, observed 

in several studies [13–16] make CNTs outstanding candidates to replace 

conventional fillers: like carbon black, carbon fibres, metals, clays or 

glass fibres etc [17].  

This work was accomplished in the framework of a Marie Curie FP7 

project entitled “Initial Training Network for the tailored supply-chain 
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development of CNT-filled composites with improved mechanical and 

electrical properties”, abbreviated as CONTACT. This involved the 

optimisation of CNT synthesis and dispersion, and the processing of 

CNT compounds, as well as the modelling and characterisation of CNTs 

and CNT composites. The new technologies were upscaled for 

applications in four industrial case studies: construction, wind blades, 

electrically conducting parts and electrodes for redox-flow batteries. 

My role in CONTACT was particularly to find a microscopy based 

method, which could facilitate the cognition of the microstructure of 

materials used in the framework of CONTACT project. With the newly 

garnered knowledge, the process parameters could be optimized and 

products with the desired properties could be produced.  

One of the most important topics covered by this thesis will be the 

enhancement of electrical properties of polymer composites via 

reinforcement by MWCNTs.  

The dispersion of MWCNTs in the polymer plays a key role in the 

raw materials expenses, in spite of a proper dispersion does not waste 

MWCNTs by causing unwanted cluster formation. What research might 

aid in this respect is to improve the dispersion of the tubes within the 

polymer matrix, and to provide cheaper, but effective characterization 

methods. A price threshold defines the economic large-scale production 

of these extraordinary composites, below which a huge increase should 

come in their production.  

The samples used for this thesis were produced by me with the aid 

of consortium partners. All of my work presented in this thesis was 

related to CONTACT project, during which I have covered three main 

topics. As the first challenge I report on the TOM and transmission 
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electron microscopy (TEM) study of tree roll milled samples with 0.01 

and 0.1 wt. % MWCNT loadings in epoxy suspension, which I have 

completed with image analysis and agglomerate statistics.  

As my second topic, was to optimize the processing parameters of 

the extrusion of MWCNT-polystyrene composites of different filler 

content. In order to settle with the suitable parameters I have performed 

transmission optical microscopy (TOM) investigation beside volume 

resistivity measurements. Additionally I have completed statistical 

evaluation and image analysis on the obtained micrographs and on the 

related volume resistivity data. Therefore, I have revealed the level of 

dispersion and we had the process parameters optimized. 

Finally, I covered the microscopic investigation of a series of 

injection moulded 3 wt. % MWCNT/polycarbonate composites, 

produced by varying the injection velocity and melt temperature in order 

to obtain the best achievable electrical conductivity. Due to the 

negligible differences in agglomerate size and number under TOM 

investigation, we not only measured the volume resistivity; but I have 

executed TEM and conductive tip atomic force microscopy (C-AFM) 

investigation as well. Here the C-AFM was the most crucial method to 

discern the distribution of MWCNT’s among the produced parts. 

2 Literature survey 

The following brief will cover solely the literature and basic 

concepts needed for the understanding of the research described by this 

thesis. 

Polymers are macromolecular compositions formed through the 
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connection of monomers. The process, which connects the monomers, 

is called polymerization. The ionic, the radical polymerization reaction, 

the stereoselective and copolymerization reactions are completed by 

industrial polymerization methods not detailed here [18]. For 

classification of polymers, a wide aspect is applicable. Plasticity 

considers the core of synthetic polymers classification, therefore two 

main groups could be distinguished, namely thermoplastics and 

thermosets. 

A thermoplastic polymer considers a material malleable by 

heating, which solidifies by cooling. Thermoplastics could be both 

crystalline (e.g. LDPE, HDPE, LLDPE, PP, PA, POM, PET) and 

amorphous (e.g. PVC, PS, SAN, ABS, PMMA, PC) polymers. 

Thermosets however are liquids which through a curing process 

become solids. The curing process could take place either by heating or 

through a chemical reaction or irradiation, while cross-links the polymer 

chains. Loose cross-linked thermosets (e.g. NR, SR, and PUR) and 

dense cross-linked thermosets (e.g. PF, UF, and MF, UP, EP) reflect the 

divisions of thermosets group. 

Polymer composites are defined as any one or more component 

plastic blend reinforced by filler. The motivation behind polymer 

composite productions is to endow them by advanced mechanical, 

electrical, and/or optical properties. Distinctive separation in polymer 

composite’s processing of the two main groups occurs. A simple plastic 

moulding is appropriate for thermoplastics processing through injection 

moulding, extrusion, compression moulding, calandering, 

thermoforming, or plastic welding, etc.[18]. 

Thermosets’ processing is a reactive technology, where usually 
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the irreversible chemical reaction of the desired density of cross-links 

develops inside the mould during processing [19]. Even though it is an 

interesting topic to discuss the polymers’ processing methods, it is rather 

practical in this case to detail only the used ones, which will be 

completed in section 2.4. 

2.1 Materials 

2.1.1 Polystyrene 

Polystyrene (PS) [C8H8]n, an amorphous thermoplastic polymer (for 

monomer structure see Figure 1), which was one of the most used 

injection moulding materials dating back from the early 1930s. 

Nowadays its significance is decreased due to its low impact-crack 

resistance. However it could be polymerized by all known 

polymerization methods, but industrially it is produced by radical 

polymerization and manufactured through injection moulding. It is a 

brittle transparent material. Among its well-known domestic role, 

applications as optical elements, decorative materials, and office 

appliances are counted. Its foamed version is used in packaging for 

electronics [19].  
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Figure 1. Monomers of the used polymers: A: styrene for polystyrene composites, B: 

bisphenol-A-diphenyl carbonate for polycarbonate composites and C: bisphenol-A- 

diglycidyl-ether for epoxy composites. 

2.1.2 Polycarbonate  

Polycarbonate (PC), [C16H14O3]n is a truly special engineering 

polymer (for its monomer see Figure 1) appeared in the 1970’s. It 

maintains its outstanding toughness even at 125 Cº, possessing a 2.4 GPa 

Young modulus. PC is known to combine two conflicting properties, i.e. 

shock and breakage resistance. Comparing the Izod impact strength test 

results of polymers PC is three times better than the best ABS polymers. 

The gathering of excellent properties does not end without mentioning 

the water-clean, transparent, glossy surface, eminent in optical 

properties and unballasted peculiarities of this organic glass. 

PC is not only popular as raw material for CD-s and as unbreakable 

glasses, but pioneers as reinforced composite as well [18,19]. Due to the 

delocalized π-electrons on the aromatic ring of PC it could be applied 

for energy-excess dissipation. Its main drawback considers by its high 

price and processing challenges, i.e. needs proper drying before 

injection-moulding; the high temperature injection moulding requires 

high temperature heating, and thermal post-treatment could be 
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necessary. 

2.1.3 Epoxy 

Epoxy [C21H18O4]n is a versatile thermoset building block widely 

used as engineering polymer. Epoxies are known by their three-member 

ring containing oxygen. They could easily polymerized by several kinds 

of nucleotides. However the most common precursor is diglycidyl ether 

of bisphenol A (for its chemical structural see Figure 1), which is cross-

linked by a curing agent, mostly diamines [20]. Their reinforcement is 

quite challenging due to their high viscosity.  

Epoxy resins have superior mechanical performance and fatigue 

resistance, and wherever these properties are required, epoxy resins 

dominate. Example applications include filament wound pipe for oil 

industry service and windmill blades, performance boats, leaf springs 

and sports equipment [21]. 

2.1.4 Carbon nanotubes  

2.1.4.1 Structure 

The interest on CNT structures come from the inherent structural 

strength due to the covalent in-plane carbon bonds in graphite, 

considered as the strongest in nature. The material is extremely light, 

highly electrically and thermally conductive, and corrosion resistant. It 

is regarded as an ideal reinforcement in composite structures one 

example of many are the fibre–epoxy composites which are used as 

components in aircraft structures [22]. 

The origin behind these impressive properties lays in the sp2 
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hybridization of the carbon atoms of the rolled up and seamless 

graphene sheet. Most important structures are SWCNTs and MWCNTs 

with their well-defined atomic structure, their high length to diameter 

ratio, and their chemical stability, that constitute one-dimension 

molecules [23–25].  

 

 
Graphite Models for different types of 

single-shell nanotubes: (a) 

Armchair tube. (b) Zigzag 
tube. (c) Chiral tube. 

Construction of the general type of carbon 

nanotube by wrapping up a graphene sheet 

on a cylinder in such a way that AB and 
A0B0 coincide. The chiral angle θ is 

indicated. 

Figure 2. I. Illustration of graphite’s structure due to sp2 hybridization, II. schematic 

representation of the various types of SWCNT, III. wrapping possibilities of a 

graphites sheet; I, II and III [26]. 

CNTs exhibit specific electronic properties and can be either 

metallic or semiconducting depending on their geometry (see Figure 2). 

A SWCNT appears as a cylinder with only one wrapped graphene sheet. 

MWCNTs are similar to a collection of concentric SWCNTs. The length 

and diameter of these structures deviate significantly from those of 

SWCNTs and, of course their properties are very different as well [26]. 

The coaxial cylindrical model is widely accepted for CNTs, however 

polygonised tubes are also observed [22].  

2.1.4.2 Growth 

The growth methods for carbon nanotubes are grouped in three 
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main parts, which are the electric-arc discharge, the laser ablation, and 

the various chemical vapour deposition (CVD) methods. The first 

method, the electric-arc discharge, produces nanotubes with varied 

yields. As an example and the catalytic decomposition of acetylene gas 

on the surface of Co particles is one of the well-researched production 

methods for MWCNTs, however it results in catalyst particles often seen 

left behind at the tips of tubes that have acted as the growing end [22]. 

Modified versions of the arc-discharge method is used for doped 

MWCNT preparations [27–29]. 

Laser ablation method was used during the discovery of 

nanotubes. Another efficient way of producing SWCNTs nanotubes has 

also been demonstrated by using direct laser vaporization of transition 

metal-graphite (e.g. Co–Ni, 1%) composite electrode targets in He 

atmosphere in an oven heated to about 1200 °C, which has resulted in 

SWCNTs with a far better yield (>80%) [10,29]. 

Iron nanoparticles catalysed CVD growth of MWCNTs 

embedded in mesoporous silica is one of the well-known examples for 

CVD preparation method [31]. Using composite anodes of graphite with 

B or h-BN (hexagonal boron-nitride) in He or N2 atmospheres calls 

doping. The advantage of boron doping is that it assists in the 

graphitization process and helps to increase the average length of 

nanotubes, resulting in a few tens of microns length [22]. 

 

2.1.4.3 Properties 

Concerning MWCNTs electrical characteristics in Langer et 

al.’s report on electric transport properties of MWCNTs were consistent 
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with quantum transport in a weakly disordered low-dimensional 

conductor. Logarithmic decrease in resistance with temperature was 

explained by two-dimensional weak localization which appears when 

the probability for inelastic scattering by static lattice defects is much 

larger than the inelastic carrier–carrier or carrier–phonon scattering [32]. 

Systematic four-probe measurements of many individual nanotubes 

revealed that they fall into two categories: metallic and non-metallic 

[12]. The metallic nanotubes have a very small decrease in resistance 

with increasing temperature (10% decrease between 4 and 300 K), 

probably reflecting the influence of defects. The weak magneto-

resistance in these tubes also indicates a very short mean-free path for 

the conduction electrons, most likely due to scattering by defects. The 

temperature dependence of the metallic nanotubes is in agreement with 

that reported for aligned nanotubes in the bulk [33]. The non-metallic 

tubes go unobserved in the bulk due to their high resistivities. Measured 

individually, the conductivity of these tubes has a very strong 

dependence on temperature but it does not fit to a standard R versus 1/T 

(expected for semiconductors) over a large scale [22]. According to 

four-probe measurements the electrical conductivity of CNTs is in range 

of 103 Scm-1 at 300K [8–12]. 

The mechanical properties of carbon nanotubes (strength, 

stiffness) are outstanding; they might have moduli and strength levels 

between 200-1000 GPa and 200-900 GPa, due to the perfect orientation 

for graphene layers in the axial direction and a negligible number of 

structural defects. Since the in-plane C–C covalent bond in graphite is 

one of the strongest bonds in nature, the axial strength of the nanotubes 

would surpass that of most known materials [5–7,34,35].  
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Deformation experiments, however, suggest that bending in 

nanotubes depend on various parameters such as the size of the inside 

hollow, number of layers on the nanotube wall and tube size [36–38]. It 

is generally considered that single-shell nanotubes are more flexible and 

less prone to buckling compared to their multiwall counterparts [35].  

Oxidation studies done in gas phase first pointed out that the 

nanotube tips are much more reactive compared to the tube body 

[39,40]. Oxidation in solution, in the presence of strong acids, shows 

this effect clearly since the reaction proceeds slowly. It is observed that 

in the process various functional groups such as carboxylic (–COOH), 

carbonyl (–CO) and hydroxyl (–COH) are formed on the surface of the 

multiwall nanotubes [41] which is typical of carbon materials [42]. The 

functionalization of tubes changes their reactivity and modifies their 

wetting characteristics [12]. Highly functionalized nanotubes containing 

acid groups of density greater than 1021 sites g−1 of nanotubes have been 

prepared by chemical oxidation techniques [43]. It has been 

demonstrated that nanotubes decorated with certain metals can show 

high selectivity in heterogeneous catalysis compared with the same 

metals attached to other carbon substrates [44]. 

The literature reports numerous results on different 

CNT/polymer composite processing, but here solely those will be cited 

which were relevant concerning this thesis’ scope.  

2.2 Conductive polymer composites (CPCs) 

The polymer composites’ mechanical, electrical, thermal, gas 

barrier etc. properties improvements required notable research efforts 
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[48–61]. Two categories of electrically conductive polymers are 

distinguished, i.e. the intrinsically conductive polymers (ICPs), and the 

conductive polymer composites (CPC). In former case the electronic 

structure of these polymers is responsible for their conductivity [62], 

while in the latter case conductive filler reinforcement is imperious for 

CPSs production due to the inherent insulating nature of most polymers. 

By increasing conductive filler loadings in the polymer matrix to 

the critical filler content, a sudden conductivity jump is observed. This 

is termed the electrical percolation threshold (ϕc). The ϕc is demonstrated 

by both theoretical and experimental studies, to generally decrease with 

increasing filler aspect ratio [45,46]. Therefore seems practical to build 

conductive networks in a polymer matrix by large aspect ratio 

conductive filler addition, therefore the outstanding electrical, 

mechanical, thermal properties of CNTs and their high-aspect ratio 

predestine them as fillers for polymer based composites. The electrical 

properties of CPCs show crucial dependence on the conductive fillers’ 

aspect ratio and orientation [45]. 

The analytical model called as the excluded volume theory 

investigates these effects [47,48]. An object’s excluded volume is 

defined as the region of space that another similar object’s centre cannot 

enter in order to ensure that these two objects do not overlap. CPCs’ Φc 

can be predicted by such a theory that consists of high-aspect-ratio 

cylinder-shaped particles and a non-interacting matrix. It has been 

widely used for description of both micro- and nanocomposite systems 

[45,48]. Figure 3 shows a comparison between experimental and 

theoretical calculation results. The Φc is predicted to decrease with 

increasing filler aspect ratio, confirmed by a number of reported studies 
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in the literature [46,49]. Regarding the fillers’ orientation effect on the 

percolation threshold, a perfectly aligned conductive network not only 

has a very high percolation threshold, but it is constant with increasing 

aspect ratio. 

 

Figure 3. Theoretical electrical percolation threshold versus conductive filler aspect 

ratio for aligned and isotropic composite systems according to calculation using 

excluded volume theory together with experimental data reported by various 

references cited in the work of Deng et al. [45]. 

Paramount attention has been given to nowadays’ 

multifunctional conductive fillers, such as CNTs and graphene. A 

particular type of CPCs are the CNT reinforced CPCs. Their most 

important and interesting status is gained through their ease of 

processing, tuneablility and wide applications’ range [46,50,51]. CPCs 

achieve their conductivity through the thin layer of non-conducting 

polymer separated conductive fillers (in the range of a few nm) 

therefore, most of the overall resistance occurs by tunnelling between 

nearby conductive fillers [46,50,52,53]. This transition has been 

investigated extensively since one of the first reported studies by 
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Gurland [54]. Ajayan et al. reported the first attempt to combine 

nanotubes with polymer matrix [10]. Even though by the increase of 

CNT loadings, the composites electrical properties enhancement 

occurs, whilst the processability decreases and degradation of the 

mechanical properties was observed.  

Denoting endeavour has been conducted to reduce ϕc via the 

morphological control of the conductive networks in the polymer 

matrix, and it was concluded that neither higher filler content nor better 

dispersion of the conductive filler leads to necessary results for higher 

conductivity. The conductivity enhancement could be achieved by a 

small amount of filler addition and by distribution and network 

formation control in the matrix. Considering the above subjects, it is 

reasonable to anticipate that the electrical properties of CPCs can vary 

significantly due to processing conditions [54–58]. 

According to classical percolation theory the conductivity 

(1/resistivity) of the composites with increasing amount of conductive 

filler can be described by the scaling law: 

𝜎 = 𝜎0(𝑝 − 𝜙𝑐)
𝜏, 

where ϕc is the percolation threshold of the CPC, p is the filler 

content in the CPC, σ0 is a scaling factor and σ is the conductivity of the 

CPC, τ is an exponent that is related to the dimensionality of the 

conductive network within CPCs. In models, τ ≈ 1.3 and τ ≈ 2.0 are used 

for two- and three-dimensional networks [59]. 

The rheological percolation has been described by a sudden 

change in rheological properties on account of the onset of solid-like 

viscoelastic behaviour, which is triggered by network formation in 

CNT/ polymer composites [60]. 
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The insulator-conductor transition in CPCs was initially thought 

to be associated with the formation of networks with electrically 

connected filler particles extending throughout the whole sample. 

Among the many possible models to describe conduction mechanisms 

in CNT networks, fluctuation induced tunnelling (FIT) model is the 

most commonly used [61]. Currently, it is widely thought that electrons 

can flow through an insulating barrier via quantum mechanical 

tunnelling between adjacent conductive regions. Thus, conductive 

networks consist of tunnelling between local conductive fillers 

[48,57,59,62]. Such a model takes into account tunnelling through 

potential barriers of varying height due to local temperature fluctuations. 

For the width of the tunnelling junction 𝑤, the conductivity of 

composites at a constant temperature can be expressed as: 

𝜎 = 𝜎0𝑒𝑥𝑝 [
−𝑇1

(𝑇+𝑇0)
], 

𝑇1 =
𝜔𝐴𝜀0

2

8𝜋𝑘
, 

𝑇0 =
𝐴𝜀0

2

4𝜋2𝜒𝑘
, 

where σ is the conductivity, T is the temperature, ω is the 

tunnelling gap’s width, A is the area of the capacitance formed by the 

tunnel junction, k is the Boltzmann constant,  

휀0 =
4𝑉0

𝑒𝑤
, 

where V0 is the potential barrier’s height, e is the electron charge 

and 

𝜒 = √
2𝑚𝑉0

ℎ2
, 

where χ is the tunnelling constant, m is the electron mass, and h 
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is the Plank constant [49,59,62]. As it could be noted, the charge transfer 

is dominated by the tunnelling distance between the electrons of nearby 

conductive regions, thus most of the system’s resistance comes from the 

tunnelling resistance between these local conductive networks [50].  

Inverse proportionality was observed between the percolation 

threshold (Φc), and the maximum reachable electrical conductivity of 

MWCNT polymer composites. Resistivity values below 2.00 ·10-03Φ 

Ωcm indicate polymer tunnelling barriers between nanotubes. 

Concerning statistical percolation of homogeneously dispersed filler, 

polymers reportedly reproduce the theoretically predicted dependence 

of the percolation threshold on the aspect ratio Φc≈1/η [46]. Deviating 

results with higher Φc suggest that the filler particles were not dispersed 

homogeneously, while lower Φc indicates the flocculation of 

homogeneously dispersed particles (termed as kinetic percolation) [46]. 

Above the electrical percolation threshold, the injection velocity was 

identified to significantly affect the electrical conductivity of injection 

moulded MWCNT/polymer composites [11]. 

Movement and re-agglomeration of particles, observed in systems with 

a relatively low viscosity, induce conductive network formation. Kinetic 

percolation theory defines such a percolation behaviour, while the 

conductive phase formed by randomly dispersed particles is described 

by statistical percolation threshold [46]. 

 

 

 

 



29 

 

 

2.3 Production of Conductive Polymer Composites (CPCs) 

The production of polymer composites considers the incorporation of 

filler in a chosen polymer, tailored according to one’s needs. 

Reinforcement of polymers is a practical choice in order to improve its 

either mechanical, electrical or other else properties. Confining our 

attention to the previously detailed exceptional properties of CNTs 

(section 2.1.4) and their use as filler materials seems promising for 

achieving our goal, i.e. to produce electrically conducting 

MWCNT/polymer composites at the lowest possible MWCNT content. 

Selection of a suitable mixing method for conductive filler and polymer 

matrix blending which will disperse the inherently entangled CNTs 

considers the CPCs production tailoring. Technical reasons explain 

which production technology is the most suited for the given issue, but 

the main concept is to blend the fillers in a liquid phase host polymer. 

Plenty of options are available, but the most common ones are the melt 

compounding, in-situ polymerisation and solution mixing.  

Blending of polymers and CNTs is performed in a viscous liquid 

phase of the polymer, which is termed as matrix. This blending supposes 

the melting of a solid phase polymer or the use of a thermoset, which is 

liquid before curing. The advantage of using thermosets as matrix 

material is that it is in liquid phase before the curing process, i.e. there 

is no need for melting to reinforce them by carbon nanotubes. 

Obviously, loading thermoplastics with nanotubes needs the melting of 

it due to their solid state at room temperature. The entangled nanotubes 

while in agglomerates decrease the effective loading and worsen the 

composite’s mechanical properties. While high shear during composite 
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production breaks the tubes decreasing the originally desired high aspect 

ratio. For the improvement of the electrical properties is not a benign 

situation to have a good dispersion consisting of unconnected 

nanotubes.  

2.3.1 Melt compounding 

Compounding is a process of melt blending plastics with other 

additives, during which the physical, thermal, electrical, or aesthetic 

characteristics of the plastic is changed. The final product is called a 

compound or composite. 

A viscous polymer melt is combined directly with the conductive 

filler through a process termed as melt compounding. This method fits 

best with current industrial practices. The success of CNT dispersion in 

diverse polymer matrices are reported by many papers [46,63–67]. 

Huang et al. [68] studied the melt compounding of 

polydimethylsiloxane (PDMS) with MWCNTs, while the quantitative 

CNT dispersion was understood by measuring the viscosity changes as 

a function of the CNT/polymer mixing time. A plateau in the viscosity 

response indicated good dispersion; while for its practical achievement, 

the mixing time and filler concentration’s direct proportionality has to 

be considered.  

Villmow et al. [69] conducted a systematic study on the melt 

processing of CNT/polymer composites investigating the effect of 

different processing parameters on the final properties, particularly on 

the electrical properties of the composites. 

It was found that the filler dispersion was significantly influenced by 

the processing conditions. The residence time of the polymer melt 
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during twin-screw extrusion is a complex function of rotation speed, 

throughput, and screw configuration. When dispersing any kind of filler 

in a polymeric matrix, mixing time is a crucial factor to control the filler 

dispersion. 

Due to the statement that the dispersion step is the most decisive one 

it is beneficial to detail what kinetics can control such a process. Two 

mechanisms were proved to be suitable for the explanation of the 

dispersion process, i.e. the erosion and the rupture mechanisms. Initially 

the dispersion mechanism was investigated for fillers like carbon black 

(CB), silica, calcium carbonate (CaCO3), and it was observed dispersion 

by erosion mechanism and proposed a model, stating that the rate at 

which particles leave the surface of the cluster is proportional to the 

surface area of the cluster. An “onion peeling model” of CB dispersion 

in rubber which seems to be similar to erosion mechanism was 

expressing that aggregates could be dispersed by either individually or 

collectively scrapping from the surface of agglomerates. The dispersion 

of agglomerates by “rupture” mechanism, was explained that it occurs 

when shearing stresses exceed a certain threshold value dependent on 

the properties of filler. It was also revealed that in the course of CB 

dispersion, rupture mechanism generates a lower number of coarse 

fragments than erosion. Moreover, it was found that the critical shear 

stress required for dispersion by erosion process is much lower than the 

one required for the rupture process and the ratio of applied shear stress 

and cohesive strength of agglomerates could be decisive in agglomerate 

dispersion. This ratio was named as fragmentation number (Fa), it was 

revealed that the mechanism of agglomerate dispersion is dependent on 

a certain critical value of applied shear stress. If Fa is smaller than 
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Facritical, particles undergo dispersion by erosion and if Fa is larger than 

Facritical, particles undergo dispersion by rupture [70].  

Moreover further investigations disclosed that the ‘‘erosion 

mechanism” described for carbon black in a Newtonian fluid is time 

dependent and follows a first order rate [71], as erosion takes place from 

the agglomerate surface and is relatively slow compared to the ‘‘rupture 

mechanism”, where big agglomerates are fragmented into a small 

number of relatively large agglomerates. Based on this model, Kasaliwal 

et al. developed a new model for CNT based composites, which enables 

the calculation of the share of erosion or rupture contributing to the 

dispersion process of CNT [70].  

However, in most of the studies, the same mixing time was used for 

composites with different filler contents, and these mixing procedures 

might be too short to achieve good filler dispersion. In addition to the 

mixing time, other processing parameters also play important roles in 

the filler dispersion quality and the resulting conductive network’s 

structure [57].  

The residence time was observed to decrease with increasing rotation 

speed and decreases exponentially with increasing throughput for all 

investigated screw configurations. The use of back-conveying elements 

and an extension of the processing length had opposite effects. Not only 

the machine parameters, but also the screw profiles’ design improved 

the filler dispersion, e.g., the use of mixing elements containing 

distributive screw configurations.  

The filler dispersion’s another aspect during melt compounding is 

considered by the filler-polymer interactions. Chemical polarities of the 

polymer matrix and the filler were identified as crucial influence on the 
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filler dispersion’s final quality. Dispersing CNTs in polypropylene (PP) 

by melt compounding showed large agglomerates due to PP chain’s non-

polarity [45,72,73]. Strong interaction was noticed between the 

polyamide 6 (PA6) polymer chains and the CNTs through the filler’s 

easy dispersion [74]. Often use of compatibilisers or surfactants was 

reported to improve the filler-polymer interaction thus, the filler 

dispersion in a non-polar polymer matrix [57,73,75,76].  

Melt compounding was demonstrated as an effective way to 

disperse conductive fillers in polymers, but special attention is needed 

for the mixing time and the shear stress inside the mixer. Immense 

reduction of the filler’s aspect ratio was detected through processing 

with too high shear forces, therefore an optimum of parameters needs to 

be found for production of the nanocomposites with the desired 

properties [57,73]. 

2.3.2 In-situ polymerization 

Through this polymerization method, the CNTs are dispersed in 

monomer before polymerization. In-situ polymerization stands for an 

easier dispersion of a higher percentage of CNTs, so CNTs could have 

interaction with the polymer matrix. 

This method is useful for the preparation of composites with 

polymers that cannot be processed by solution or melt mixing, e.g., 

insoluble and thermally unstable polymers [77]. 

Another in-situ polymerisation technique for dispersing conductive 

fillers in polymers is discussed during which the polymer chain and the 

fillers can be dispersed and grafted on the molecular scale, offering 

excellent filler dispersion and potentially good interfacial strength 
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between the filler and the polymer matrix [78–83]. Both mechanical and 

electrical properties were improved by the uniform filler dispersion.  

Contrary to melt compounding in-situ polymerisation is more 

difficult to adapt for the preparation of CPCs to industry. It is an 

essential method for thermoset and rubber-based CPCs preparation, 

especially it is known as the most investigated epoxy based CPC 

processing [84–87]. 

Kumar et al attempted to disperse 10 wt.% SWCNTs in p-phenilene 

benzoxobisazole (PBO) using in-situ polymerization, and found that the 

addition of 10 wt. % SWCNT increased PBO fibre tensile strength by 

about 50% and reduced shrinkage and high-temperature creep [88]. 

Realization of better control on the conductive network’s structure 

and, thus the electrical properties, were reported due to the special 

preparation methods applied before polymerisation such as vacuum bag 

or fibre lay-up [85,89]. Special electrical properties were shown by the 

similarly prepared silicone rubber-based CPCs [45,90–92].  

2.3.3 Solution mixing 

In this approach, a dispersion of CNTs in a suitable solvent and 

polymers are mixed in solution. The CNT/polymer composite is formed 

by precipitation or by evaporation of the solvent [58]. During the 

examination of solution mixing method one should reflect on the CNTs’ 

sp2 hybridised structure, which is responsible for their insolubility in 

common organic solvents, and for their ability to form entangled 

agglomerates.  

Scalable dispersions were achieved by melt compounding but locally 

homogeneous dispersion states are difficult to achieve without breaking 
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down the entangled fillers. CNT functionalization entrusted them with 

solubility and strengthened the filler-polymer interaction. Hence the 

right functionalization level ensured its crucial role in composite 

tailoring. However during the conductive filler’s surface modifications, 

the electrical conductivity in CPCs is reportedly often destroyed [67,77]. 

Solution mixing is a proper method for thin film preparation by 

CPCs; however, for bulk materials the solvent evaporation is a 

challenge. Therefore, after solution mixing, film casting is frequently 

used to prepare CPCs, however it takes more than 24h. 

Compared to melt processing, which has less than a few minutes 

solidification time, film-casting gives an adequate amount of time for 

the conductive network’s build-up. Therefore a lower ϕc is observed for 

solution mixing compared to melt compounding [46,57]. 

2.4 Processing technologies 

2.4.1 Extrusion  

Extrusion designed for continuous processing of polymers, which is 

the base for other processing methods like injection moulding, 

compression moulding, and melt mixing or composite processing. An 

extruder has a hopper to feed the polymer and additives, a barrel with a 

continuous feed screw (or twin screws), a heating element, and a die 

holder. In detail an engine, a gearshift, a coupling, a spout, a plasticizer 

and transportation elements, kneading elements, a cooling bath 

constitutes the main parts of an extruder. Two main divisions form the 

extrusion process. Due the material’s cork-like progress in the first part 

of the screw, the solid material’s transportation from hopper is the basic 
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requirement for a continuous process. During this, the material 

successively packs, while the air leaves the system in the hopper’s 

direction. If the material clogs in the hopper, or overly packs and lodges, 

the material transportation throbs resulting in varied size products [18]. 

The melting part of the extrusion process considers that the cold solid 

granule touches the warm barrel’s surface, which is molten by it and 

stuck on its surface. The screw rubs the molten material off its surface 

and transports it, which exit through the die [18]. 

Extrusion offers a continuous compounding with high production 

volumes and low cost per pound. It could provide efficient melting and 

good compounding for divers material types as well. Limited 

complexity of parts and uniform cross-section shapes are the very few 

disadvantages of the extrusion process. 

2.4.2 Injection moulding  

Injection moulding is the most common manufacturing process for 

production of parts both by thermoplastic and thermoset polymers. An 

injection-, a clamping unit, a machine base with hydraulics, and a 

control unit constitute a conventional injection-moulding machine. 

The rear part of the injection screw, tailored to encompass the 

pelletized, granulated or powder form of polymer blend or composite 

raw materials. The rotation of the screw towards the nozzle of the 

injection unit transfers the material, during which, the material’s 

heating, plasticizing, pressurising and the metering of its dosage takes 

place. The melted material injected into the mould, dissipates the heat 

rapidly [93]. Ejecting the rigid part is the end of the process, which cycle 

restarts afterwards. 
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During the melt’s flow through the mould, it dissipates heat, resulting 

in a lower melt temperature at the end of the part, leading to faster 

solidification. By cooling the mould, the heat dissipation enhances. The 

shear experienced by the mould increases as the melt cools down [94]. 

 

Figure 4. Schematic representation of an injection moulding process [95]. 

Polymers commonly used for injection moulding include PS, 

ABS, PA, PP, PE, PVC, and other short fibre reinforced plastics. 

Insufficient resin and pressure to fill the mould completely, 

inadequate injection stroke, low injection rate-, and pressure, too high 

resin viscosity, and exotic mould geometry consider challenges in 

extrusion processes. Surface imperfections occur in case of the presence 

of moisture or air bubbles in the resin and due to unclean mould, while 

too high temperature causes the mould’s decomposition. Overheating 

occurs not only because of polymer trapped and degraded in the nozzle, 

but a slow chilling cycle could also cause burned parts. Uneven mould 

surface temperature, design flaws, parts removed from the mould too 

early aid the development of warped parts. 

Injection moulding obtains routinely complex parts, i.e. geometries 

only limited by mould manufacturability with low costs in mass 
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production and with high precision. High initial setup cost is the sole 

known drawback. 

2.4.3 Compression moulding  

Compression moulding is the manufacturing process used for both 

thermoplastics and thermosets, but it is more frequent for thermoset 

parts production. The raw materials for compression moulding are 

usually in the form of granules, putty-like masses, or preforms, placing 

them in an open, heated mould cavity. By closing the mould and 

applying pressure on it, will force the material to fill up the cavity.  

There are four primary factors in a successful compression moulding 

process: the amount of material; heating time and technique; force 

applied to the mould; cooling time and technique. Common plastics used 

in compression moulding processes include PE, PI, PAI, PPS, PEEK, 

fibre reinforced plastics. 

Routine employment of compression moulding include the 

manufacturing of e.g. electrical parts, flatware, gears, buttons, buckles, 

knobs, handles, electronic device cases, appliance housings, and large 

containers, etc.  

Low initial setup costs, fast setup time, the capability of large size 

parts production beyond the capacity of extrusion techniques number 

among the advantages of compression moulding. It allows the 

manufacturing of intricate parts, generally with good surface finish and 

relatively small material waste. Compression moulding produces fewer 

knit lines and less fibre-length degradation than injection moulding. 

Slower production speed compared to injection moulding, with 

producible pieces limited largely to flat or moderately curved parts with 
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no undercuts, and less-than-ideal product consistency considers the 

process’ disadvantages [19]. 

2.4.4 Three-roll mill  

Three-roll milling is used to homogenize thermosetting polymers, 

which are compounded by curing and their homogenization is as 

important as the previously described methods for thermoplastics 

processing. In three-roll mill three horizontally positioned rolls rotating 

in opposite directions with different speeds, create shear forces aiding to 

mix, refine, disperse, or homogenize viscous materials fed into it [96]. 

 

Figure 5. Schematic of the three-roll milling process employed for the preparation of 

the MWCNT/epoxy suspensions. The ratio of roll speeds, feed:center:apron h 1:3:9 

[96]. 

The three adjacent rolls of a three-roll mill (see Figure 5) rotate 

at progressively higher speeds. The material fed between the feed roll 

and the centre roll, due to the narrowing space between the rolls, initially 

remains in the feed region. The part that traverses through the first in-

running nip experiences very high shear force in spite of the different 

rotation speeds of the two rolls. Upon exiting, the material moves 

through the second nip between the centre roll and apron roll. This 

subjects it to an even higher shear force, due to the higher speed of the 
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apron roll and typically, a smaller gap than between the feed and centre 

rolls. A knife blade then scraps the processed material off the apron roll. 

This milling cycle can be repeated several times to maximize dispersion. 

The gaps between the rolls can be mechanically or hydraulically 

adjusted and maintained. Typically, the gap distance is far greater than 

the particle size. In some operations, the gap distance gradually 

decreases to achieve the desired level of dispersion. The rollers are 

normally internally water-cooled [58,96].  

Three-roll mills are widely used to mix printing inks, electronic 

thick film inks, high performance ceramics, cosmetics, carbon/graphite, 

paints, pharmaceuticals, chemicals, glass coatings, dental composites, 

pigment, coatings, adhesives, sealants, and foods. With the recent 

development in technology, they are also utilized in the production of 

cable cover, electronics, soap, and artificial plastics. Small bench 

models were used for bench-top development work, laboratory work, 

and low volume production. Larger bench and floor models are built to 

meet different production needs from pilot plants to large volume 

productions [58,96]. 

Particular advantages of this process are that it allows high-

viscosity pastes to be milled, and that the high surface contact with the 

cooled rollers allows the temperature to remain low despite the high 

amount of dispersion work added. A notable disadvantage is that the 

large open area of paste on the rollers causes loss of volatiles [58]. 
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2.5 Characterisation of conductive network formation in CPCs 

The important influence of the conductive network’s morphology 

on the electrical properties of CPCs makes the characterization of these 

network’s morphological details decisive. Researchers have 

demonstrated that various direct and indirect methods are applicable to 

characterise the morphologies of nanofillers and their conductive 

networks in CPCs.  

The simplest way to evaluate the presence of conductivity in CPCs 

production is performing a conductivity measurement. As a general 

method for monitoring a conductive network during processing, in-situ 

electrical measurements have been widely used to record the resistivity 

of CPCs [97–101]. This method can provide information on the 

formation and destruction of a conductive network during different 

processes, including extrusion [102,103], thermal annealing [100,101] 

and shearing [50]. 

Raman spectroscopy offers information about the deformation and 

orientation of CNTs in CPCs besides tensile stress observable in 

CNT/polymer composites. When combined with rheological 

investigation it is able to characterise the morphology of conductive 

networks [77,85,101,103–113].  

Polarized Raman spectroscopy on MWCNT/PC composites 

indicated that the D/D and G/G ratios parallel/perpendicular to the fibre 

axis increase for both MWCNT bands in a similar manner with the take-

up velocity. It is possible to quantify the degree of orientation of the 

MWCNT in the polymer fibre [114].  
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Brownlow et al. illustrated that in-situ FTIR can be used to study 

load partitioning in neat epoxy matrix and CNT/epoxy composites. The 

experiments on the neat epoxy show that the C–O–C bonds that lie on 

the epoxy backbone are most sensitive to the applied stress. Raman 

measurements showed a tensile stress induced negative shift of the G’ 

peak. The G’ peak shift for the DWCNT was found to be 37  cm-1/GPa 

compared to 5 cm-1/GPa reported for carbon fibres [115]. 

Raman spectroscopy results on PC/MWCNT nanocomposites 

indicate that the lowest values of DII/D┴ and GII/G┴ ratios were obtained 

for the compression moulded samples while the highest values were 

related to the microinjected dog-bone samples. Interestingly, the 

nanotube alignment strongly affected the rheological properties and the 

electrical conductivity of the nanocomposites. The percolation 

thresholds rose significantly in both cases with increasing orientation 

level. Further analysis showed that for a given nanotube loading, the 

nanocomposite electrical conductivity level could be controlled by 

controlling the nanotube alignment. Moreover, by fitting a power-law 

equation to the storage modulus and electrical conductivity data de Wolf 

et al determined reasonably accurate values of percolation thresholds as 

well as the post - percolation behaviour of the nanocomposites [116]. 

Furthermore, rheology has also been used to investigate the 

formation of a network within a polymer matrix [102,116–118]. It was 

demonstrated that the detection of a polymer-filler network with 

rheology can be strongly correlated to the detection of a filler-filler 

conductive network with an electrical conductivity measurement 

[107,117]. 

DMA is the most recent materials investigation tool, which shows 
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the most important peculiarities of polymers dual, viscoelastic facade. 

Functional properties such as Young modulus, glass transition 

temperature, etc. are routinely measured. Countless studies were 

conducted on the subject matter due to the versatile application 

possibility and useful information obtained. Some of the many papers 

appeared are cited here without the wholeness’ demand 

[67,108,110,113,119–125]. 

Dynamic mechanical analysis (DMA) is a technique where a 

sinusoidal deformation is applied to a sample in a cyclic manner. A force 

motor is used to generate the sinusoidal wave and this is transmitted to 

the sample via a drive shaft. This allows the materials response to stress, 

temperature, frequency and other values to be studied. For a known 

stress, the sample will then deform a certain amount, and the 

deformation’s amount is related to stiffness. 

DMA not only measures stiffness, but damping is also evaluated, 

which is the dissipation of energy in a material under cyclic load, and is 

reported as the tangent of the phase angle. Damping varies with the state 

of the material, its temperature, and with the frequency, and is reported 

as modulus and tan(δ), the tangent of the phase angle and the ratio of 

E”/E’ (loss modulus/storage modulus), which includes not only the glass 

transition and the melt, but also other transitions that occur in the glassy 

or rubbery plateau. Due to the applied sinusoidal force, the modulus can 

be expressed as an in-phase component, the storage modulus, and an out 

of phase component, the loss modulus. The storage modulus, either E’ 

or G’ (shear storage modulus), is the measure of the sample’s elastic 

behaviour [126].  

A range of microscopic methods, including optical microscopy 
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(OM); detailed in section 3.2 [69], scanning electron microscopy 

(SEM); see section 3.4 [49,101,127–131], transmission electron 

microscopy (TEM); discussed in section 3.3 [75–77], and atomic force 

microscopy (AFM), described in section 3.5 [78,79], were reportedly 

utilized for the direct observation of conductive networks in 

nanocomposites. A repeated use of OM for a few microns or above 

ranged morphological features observation is found expansively 

[57,58,70,73,96,132–136], but for anything below this range, SEM, 

AFM or TEM is needed. 

Due to the relatively shallow escape depth (5–50 nm) of secondary 

electrons (SE) in SEM, information solely near the specimen’s surface 

is captured [71]. Chung et al. first reported the exception considered by 

the voltage contrast imaging in SEM, which allows for the observation 

of deeply embedded CNTs in CNT/polymer composites [37,47,53–

57,137]. Loos et al. used conventional SEM in the charge contrast 

imaging (CCI) mode to investigate the morphology of networks that 

were constructed with single-wall carbon nanotubes (SWCNTs) [80] 

and graphene sheets [82] embedded in PS matrices. The authors reported 

that the CCI of the conductive networks under high acceleration voltages 

could provide three-dimensional information on the structure of the 

conductive networks. Section 3.4 discusses in detail the CCI method. 

Loos et al. reported that using high acceleration voltage while 

investigating their SWCNT/PS composites by charge contrast SEM 

improved the visualization of SWNTs in the composite from a few tens 

of nanometres to 2µm penetration depth [138]. 

Li et al. conducted studies to obtain detailed information on the 

visualisation of CNTs in insulating matrices, and on important effects of 
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the CNTs’ visibility in CNT/epoxy composites. Further, it was revealed 

that CNTs are still visible below 1 kV and exhibit a bright contrast to 

the dark epoxy matrix, which result was of high importance due to the 

possibility to avoid the charging of the specimens at such a low voltage. 

Key requirements to CCI are detection of SE that are excited in the 

electron beam impact area and the use of an appropriate detector that is 

sensitive to slight charges on the sample surfaces [130].  

Valuable information on the morphologies of nanofillers and their 

conductive networks are offered by SEM, but the nanofiller’s actual size 

is not very accurate due to local charging of the polymer matrix around 

the nanofillers [57]. 

A special setting of TEM (its working principle is detailed in 

section 3.3), the high-angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) proved itself as a useful tool to 

obtain reliable quantification for images, and to enhance the 

characterisation of the conductive network morphology. For carbon-

nanoparticle-filled systems, HAADF-STEM can create excellent 

contrast between different components [75].  

AFM is a powerful method for the characterisation of the 

topography and properties of solid materials; a special setting of AFM, 

the conductive-tip atomic force microscopy (C-AFM) is meticulously 

portrayed in section 3.5. C-AFM was formerly used for the 

characterization of CPCs by Wang et al, visualizing carbon fibres in 

polymer composites [139]. Furthermore Tkalya et al. [140] and 

Alekseev et al [141] used C-AFM to investigate the local morphology 

of graphene in CPCs. Reportedly, the conductivity distribution and the 

detection of percolating paths can also be obtained with nanometre 
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resolution [142].  

Park et al synthesized a polypyrrole (PPy) nanotube in the pores 

of a PC membrane and they measured its mechanical and electrical 

properties using conductive SPM. From the force–distance curve, the 

elastic modulus of PPy nanotube E ~1 GPa was obtained. The force 

controlled I–V measurement reveals that its resistivity, ρ ~1 Ωcm, is 

similar to that of bulk PPy film [143]. 

Alexeev et al were first to report spatially resolved variations of 

the local electrical properties of a photovoltaic blend of two semi-

conducting polymers, the electron donor MDMO–PPV, poly[2-

methoxy-5-(3,7-dimethyloctyloxy)-1, 4-phenylenevinylene], and 

acceptor PCNEPV, poly[oxa-1,4-phenylene-(1-cyano-1, 2-vinylene)-

(2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene)-1,2-(2-

cyanovinylene)-1,4-phenylene], by current–distance and current–

voltage measurements applying C-AFM [144]. Andrejs et al. studied the 

localization and visualization of highly conductive paths of lead-

zirconate-titanate layers by C-AFM [145]. 

Lang et al studied the nanometre-scale electrical properties of 

tunnel junction oxide barriers by C-AFM [146]. Their study highlighted 

the need of a careful interpretation of the images in the appropriate 

physical context since under usual imaging conditions C-AFM gives 

pinhole susceptibility rather than intrinsic conductance. In addition, by 

controlling the imaging force more consistent and valid inter-

comparisons of data will be possible. Considering the published C-AFM 

topographies and their produced current maps as repeatable and 

dissimilar measurement results for samples produced in different ways. 

Waddle et al illustrated the advantages of using both EFM and C-
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AFM modes on carbon black (CB)/PMMA composites in order to 

discriminate between features that are isolated versus those that are part 

of a percolated path. Evidence has been provided showing that the 

percolating paths occur at extremely low volume fraction of fillers due 

to nanowire like interconnected networks along the edges of polyhedral 

polymer particles [142]. 

It was found that the topographical images did not depend on 

either the imaging force or the particular cantilever used. The 

dependence of current on imaging force has been observed in C-AFM 

studies of many materials [143,147–151] and was investigated 

extensively by Lantz et al [148], and it was suggested that the 

dependence arises from a change in the effective tip-sample contact 

area. Given the uncertainties in cantilever spring constants, it may be 

nonetheless difficult to compare absolute results between groups [146]. 

C-AFM was not reported to be used previously for MWCNT/polymer 

composite investigation. 

All conventional microscopy techniques have their specific 

disadvantages in term of imaging the dispersion of nanofillers within a 

polymer matrix, i.e. optical microscopy only characterises very large 

agglomerates of nanofillers. However, surface-based methods, such as 

SEM or AFM, only characterise the surface or cross-section of the 3D 

arrangement of nanofillers, and it is difficult to draw conclusions on the 

bulk organisation of the composite from the TEM images of thin 

sections (thickness of ∼100 nm). Therefore, auxiliary methods are 

needed to provide more information on conductive networks, such as 

the orientation of the conductive filler and the formation of the 

conductive networks.  
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3 Characterization methods 

3.1 Volume resistivity measurements 

The first go to method is the electrical volume resistivity 

measurement of the injection/compression-moulded parts. Electrical 

volume resistivity (ρD) (Ωcm), interpreted as the reciprocal value of 

electrical volume conductivity (σD) (S/cm), is the geometrical factor 

(A/h) normalized value of electrical volume resistance (RD). The 

geometrical factor is given by dividing the magnitude of the applied 

electric field (E = U/h) (V/cm) by the induced magnitude of the current 

density (JD = I/A) (A/cm2). 

𝜌𝐷 =
𝐸

𝐽𝐷
=

𝑈
ℎ⁄

𝐼
𝐴⁄

=
𝑈

𝐼
∗

𝐴

ℎ
. 

Thus, the volume resistivity can be calculated as the resistance of the 

sample multiplied by the geometrical factor. The resulting unit of 

electrical volume resistivity is Ωcm. A rectangular electrode (Figure 6) 

could form by applying silver paint on either a fracture surface or an 

intact surface of a rectangular shape part. In case of a rectangular 

electrode, the area through which the current has flown (A) is calculated 

conform to the below equation: 

𝐴 = 𝑤 ∗ 𝑙, 

where w is the rectangular electrode’s length, and l is its width, while 

h is the distance between the two electrodes [94]. 
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Figure 6. Dimensions h, w and l of the rectangular electrode, and the measurement 

setup for volume resistivity [94]. 

3.2 Optical microscopy (OM)  

The working principle of the light microscopy might be summed 

up as a lighting source illuminates the sample thus its virtual image is 

visible through the lenses of the eyepieces. The requirements an optical 

microscope must accomplish (which requirements must be fulfilled by 

all kinds of microscopes) are magnifying the studied object by visibly 

resolving its details. Optical microscopy of two types could be 

mentioned, i.e. reflexion and transmission OM.  

The former uses the reflected light by studied bulk material’s 

surface, while the later relies on the transmitted light for imaging. 

Transmission OM (further TOM) is better suited for the analysis of thin 

sections, which are transparent for the visible light (few microns thick). 

Henceforward TOM method will be detailed, but the slightly modified 

description reported here could be applied to reflexion OM as well. 

Figure 7 below shows a schematic overview of TOM. The features of a 

microscopic image are influenced by the drawing-, picturing-, 

resolving-, magnifying, penetration capabilities and lens defects of the 

objective [152].  
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Figure 7. The path of the light from illuminator to the eyepieces; 1- lamp filament, 2- 

aperture diaphragm, 3- objective, 4- pupil of the observer; A- luminous field 

diaphragm, B- specimen plane, C- intermediate image in the eyepiece, D- retina of 

the observer’s eye [153]. 

An optical microscope has an illuminating source, here in TOM 

it is beneath the aperture diaphragm. The light passes through the thin 

sample, and the objective gathers the information and transmits it to the 

eye of the observer or to a camera. The objective is the optical element 

that gathers light from the object being observed and focuses the light 

rays to produce a real image. Here optical lenses are used. 

By surveying the requirements a microscope must accomplish, 

first it’s the drawing abilities should be overviewed. This is known as 

the sharpness of the image, which depends on the nature of the light and 

lenses, as well as aberrations: first on chromatic and spherical 

aberrations, in addition depends on astigmatism. To unfold how the 

sharpness of the image depends on the nature of light and on lenses, the 

explanation of the resolution seems imminent.  

Namely the resolution means the smallest structural feature or 

distance which can be distinguished and observed as separate entities. 

In order to reveal how this is possible Abbe’s studies on the resolution 
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of the objective are reviewed. Due to the structural properties of the 

objects are close in magnitude to the wavelength of light, they behave 

as optical grid inducing diffraction. Therefore different angle light 

waves start from each point of the aperture (Figure 8). 

 

Figure 8. Abbe’s theory for image formation. The object AB (which acts as a 

diffraction grating) is illuminated with coherent light. The light is diffracted into 

orders, shown with different colors. Some orders are collected by the lens. In the 

back focal plane, the orders are separated; in the image plane, diffracted orders 

interfere to form the image B'A' [154]. 

Conform to Abbe’s theories the resolution related to the optical 

grating and to the lattice constant is:  

𝑑 =
𝜆

𝑠𝑖𝑛𝛼
, 

Thus the smallest unit, from which the first diffracted ray light 

reaches the objective, could be expressed. In order to define the lower 

limit of the resolution power of the objective, the lattice constant should 

be considered as the object’s size, while the α angle could be replaced 

by u the open angle of the objective, the lower limit of the resolution 

power will be: 

𝑑 =
𝜆

𝑛∗𝑠𝑖𝑛𝑢
=

𝜆

𝐴
, 

where d is the smallest structural portion which can be resolved using a 

λ wavelength light passing through the u half open angle objective and 

an n refraction index medium; A=n*sinu is the numerical aperture 

(Figure 9:A and B.) which is meant to characterize the resolution of the 
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microscope. 

 

Figure 9. A: The angle closed by the most oblique ray entering the objective and the 

ray incident light parallel to the optical axis; F-focal point, u=α, the half open-angle 

of the objective. B: The relation between the diffraction and the half open angle of 

the objective; I-first order diffraction maximum, II. second order diffraction 

maximum, T-object, O-objective. The first order diffraction maximum is the last 

entering the objective [152]. 

The microscopic image of the object is formed through the 

interference of the differently diffracted rays. The object is imaged only 

when at least the first diffracted ray of light reaches the objective. The 

values of the numerical aperture express the resolution of the given lens 

system, and it could be ranging between 0.08-1.4. Using dry objectives, 

due to the air between the front lens and cover plate (n=1) the maximum 

value of the numerical aperture is 0.95 (the half open angle of the 

objective can be increased only to 72°, due to total reflexion, sin 72°= 

0.95). 

In order to determine this range a closer examination of the 

intensity of the distribution within the diffraction disks is necessary. 

Improving Abbe’s theory, Rayleigh stated that: two point sources are 

considered to be just separated after imaging when the principal 

diffraction maximum of the diffraction disk from the first source 

coincides with the first minimum of the second one [155], known as the 

Rayleigh criterion and could be summed up by the following equation: 
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𝛿 = 𝛿𝐷 =
0.61∗𝜆

𝑛∗𝑠𝑖𝑛𝛼
, 

where δ is the Rayleigh-criterion, and in case of δD the addition 

of D as an index to δ indicates the limitation caused by diffraction. The 

resolution limit therefore will look like the wavelength of the visible 

light, amounts to about 0.5 µm, the refractive index of the air, commonly 

the surrounding medium, is equal to 1 (with the aid of special immersion 

oils 1.4 might be reached) and sinα is 1 at most. Using the Rayleigh 

criterion, values a 0.2 µm resolution limit might be obtained for the light 

optical microscopes [155,156]. 

Furthermore, there are some other factors, which affect the 

proper works of a microscope, called aberrations i.e. chromatic 

aberration, astigmatism, spherical aberration, distortions and these days 

there are technological solutions for their correction and here I will 

neither detail their occurrence nor describe them due to the volume 

constraints. 

In the particular case of MWCNT/polymer composite samples, 

when a number of agglomerates are present beyond the optical 

diffraction limit, TOM can conveniently be used to study their 

morphology. Agglomerates ranging below the optical diffraction limit 

should be investigated with a tool with increased resolution limit, i.e. 

something with the shorter wavelength illumination source than visible 

light.  
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3.3 Transmission electron microscopy (TEM)  

The TEM’s working principle bears close proximity to the 

TOM’s operation fundamentals, detailed in section 3.2, with the basic 

difference observed in the illumination source, i.e. TEM transmits a 

beam of electrons (instead of light) through an ultra-thin specimen, 

while interaction between them occurs during image formation. 

Technological solutions made it possible to increase the resolution by 

the replacement of light by electrons having shorter wavelength than 

light; resulting in a microscope with other beam source and resolving 

system than that encountered at light optical microscope. Lens 

aberrations are found in case of TEM as well, but in certain cases their 

significance is increased. First and foremost a brief overview on the 

main components of TEM column, shown on Figure 10, would be 

helpful.  
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Figure 10. Layout of a basic TEM column. 

Starting from top down: an emission source, which in my case 

was a lanthanum hexaboride gun (LaB6) connected to a high voltage 

source (our Philips CM 20 works at 200 kV) will emit electrons either 

by thermionic or field electron emission into the vacuum (a standard 

TEM is evacuated to low pressures, in the interval of 10−4 to 10−7 Pa, 

depending on TEM setup) [156]. TEM components such as specimen 

holders and film cartridges must be routinely inserted and replaced 

requiring a system with the ability to re-evacuate on a regular basis. As 

such, TEMs are equipped with multiple pumping systems and airlocks 

and are not permanently vacuum sealed [157]. 

The drawing abilities of the lenses are determined by the three 

stages of lensing, which are: the condenser lens, the objective lenses, 

and the projector lenses. The condenser lenses are responsible for 
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primary beam formation, while the objective lenses focus the beam that 

comes through the sample itself. The projector lenses are used to expand 

the beam on a phosphor screen, which may be made of fine, 10–100 μm, 

particulate zinc sulphide for direct observation by the operator, and it 

can be removed or inserted into the beam path as required [156,158]. 

Imaging methods in TEM use the information contained in the 

electron waves exiting from the sample to form an image. The projector 

lenses allow the correct positioning of this electron wave distribution on 

the viewing system. The observed image depends not only on the 

amplitude of beam, but also on the phase of the electrons. 

Image contrast in TEM at lower magnifications is the result of 

the electron’s absorption by the thickness and composition of the studied 

material; while at higher magnifications complex wave interactions 

modulate the intensity of the image.  

Plenty of operation modes are available while using TEM in 

order to discern information of a particular interest, however for the 

CNT/polymer composite investigation bright field mode was sufficient. 

It is formed directly by occlusion and absorption of electrons in the 

sample. Thicker regions of the sample, or regions with a higher atomic 

number will appear dark, whilst regions with no sample in the beam path 

will appear bright – hence the term "bright field". The image is in effect 

assumed to be a simple two dimensional projection of the sample down 

the optic axis [159]. Indeed other imaging methods are available in a 

common TEM setup, they are not reviewed here. 

Due to the fact that I used only small magnifications and the 

aberrations occurring in TEM are manifesting at higher magnifications, 

their details will not be described. Considering this thesis’s scope it is 
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not necessary. 

The resolution of the TEM could be discussed referring to the 

previously described resolution for optical microscopes. The TEM’s 

resolution is determined using the formula: 

𝛿 =
0.6∗𝜆

𝑛∗𝑠𝑖𝑛𝛼
+ 𝐶𝑠 ∗ 𝛼3, 

where rays are declined by an α angle; Cs is the spherical aberration 

coefficient (characteristic of the objective lens) and λ is the electron 

wavelength (a function of the accelerating voltage) [160]. This equation 

is complemented with the Cs coefficient due to its pronounced influence 

on resolution in electron optics, compared to light optics. Resolution 

directly depends on spherical aberration, and δ increases when Cs 

increases.[158].  

Microstructural investigations of materials using transmission 

electron microscopy involve two constraints due to the illumination 

source. Electrons displace only in a high vacuum, and even when highly 

accelerated they cross only a very small material thickness. The sample 

should treat of both issues: being stable under vacuum besides a tenuity 

of 50 nm for silicon or other stiff samples, and 70-100 nm for soft 

materials [156,158,161]. Overly thin sections lack contrast, while overly 

thick sections lack definition because several different structures are 

mixed in the observation plane [158]. Sample preparation in TEM might 

be a complex procedure. Preparation of TEM specimens is specific to 

the material under analysis and the desired information to obtain from 

the specimen.  

Several preparation techniques involve different interaction 

mechanisms for obtaining a suitable TEM sample [158]. Electron 
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transparent materials, which have a small diameter from the direction of 

the electron beam, like powders or nano-objects, are used to be prepared 

by the deposition of a dilute sample containing the specimen onto 

support grids or films. Sample types condition the use of TEM grids, i.e. 

self-supporting samples does not need any grid in order to be placed in 

the sample holder, requiring the sole condition to be sectioned to the 

sample holder bore’s size. Standard size of a 3.05 mm diameter ring, 

with a thickness and mesh size ranging from a few to 100 μm is used as 

TEM grid. Grid materials like Cu, Mo, Au and Pt are widely known, 

although I used Cu grids. The sample is placed on the inner meshed area 

having diameter of approximately 2.5 mm.  

Sample preparation like grinding, polishing, then ion beam 

thinning, or focused ion beam (FIB) thinning if it’s the case, is common 

for brittle materials [158]. This is the case for ceramics, minerals, a large 

number of vitreous thermoplastics above their glass transition 

temperatures (Tg), thermoset polymers, and elastomers with low cross-

linking rates. In the field of biology, materials such as bone, tooth, and 

siliceous or calcareous skeletons present this type of brittle structure 

[158]. Chemical and electrochemical thinning is also a prevalent sample 

preparation method for bulk metals [158]. 

 

Figure 11. A diamond knife blade used for cutting ultrathin sections (typically 70 to 

350 nm) for transmission electron microscopy [158]. 
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Ductile materials: polymer based or biological soft samples, due 

to their sensitivity to the ion beam and heat, could be easily 

ultramicrotomed either embedded or unintegrated. The ultramicrotome 

is the specially designed tool to prepare thin slices suiting TEM, by 

passing samples over a glass or diamond edge (see Figure 11) [162]. The 

crack is started by the cutting edge of the knife, which is in the shape of 

a prism. The increasing thickness of the knife opens the crack and acts 

as a stress on this crack, which propagates within the sample because of 

areas of low cohesion and material heterogeneities. The fracture is 

directional, corresponding to the introduction of the knife [158]. I used 

this method to obtain thin, minimally deformed samples that allow for 

observation of MWCNT/polymer composites. 

As such, many generic techniques have been used for the 

preparation of the required thin samples, which is defined by the size of 

the pit of the used TEM stage. During my research I used a Philips CM 

20 TEM, equipped with a side entry stage, where the specimen is placed 

near the tip of a long metal (brass or stainless steel) rod, with the 

specimen placed flat in a small bore. When inserted into the stage, along 

the rod several polymer vacuum rings were designed, thereby allow a 

vacuum seal formation of sufficient quality. The stage will thus 

accommodate the rod, placing the sample either in between or near the 

objective lens, dependent upon the objective design. Insertion 

procedures for side-entry TEM holders typically involve the rotation of 

the sample to trigger micro switches that initiate evacuation of the 

airlock before the sample is inserted into the TEM column [158].  

TEM is known as the best and most suitable analysis method to 
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investigate MWCNT dispersion in polymer composites [102,163]. 

However microtoming MWCNT/polymer composites is not considered 

as an expensive sample preparation tool, but the TEM analysis itself 

wedge in a cost increase, due to its expensive operation. The re-

evacuation of the TEM system after changing samples decrease the 

sample throughput. TEM itself carries the possibility that the studied 

region is not characteristic to the whole area of interest.  

3.4 Scanning electron microscopy (SEM)  

Scanning electron microscopy’s working principle might be 

summed up as: a properly focused electron beam scans point by point 

the surface of a bulk sample in vacuum while the detector continuously 

collects the scattered electrons. The recorded electron intensity can be 

displayed in the form of an image: the map of the recorded intensity as 

the function of the irradiated spot’s location coordinates is called simply 

the scanning electron microscopy (SEM) image of the selected area. 

SEM’s working mechanism could be approached by underlining 

the incident electron beam’s interaction with the sample’s surface. 

During the electron sample interaction the electron beam hits the 

sample’s surface imparts some of its energy to a lower energy electron 

in the sample causing an energy loss and its direction to change. Thus 

the bound electrons of the sample becomes 'ionized electrons' and cast 

out with a very small kinetic energy (~ 5eV), typically below 50 eV, and 

they are then termed as 'secondary electrons' (SE). A part of SE 

recombines with electron deficit locations (holes) inside the sample but 

depending on the depth of generation, some of them can reach the 
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surface. These electrons are captured by the detector’s electric field, 

which is called secondary electron imaging (SEI).  

Resolution in the SEM is dependent upon the primary beam’s 

spot size. The smaller the spot size, the better will be the image 

resolution assuming that all other factors remain unchanged.  

The detailed discussion of all the aberrations is not necessary due 

to the low magnification used for the images presented in this thesis. 

Charging phenomenon is observed in case of non-conductive 

specimen investigation due to electron accumulation in the sample 

followed by their uncontrolled discharge, producing unwanted artefacts, 

and particularly in secondary electron images. These appear sometimes 

as a bright flash on the screen, making the capture of a uniform image 

impossible.  

 SEM is indeed an excellent surface topography analysis method 

having its own defined role in CNT/polymer composite investigation. 

Contrary to its expanded use not only in materials science, for dispersion 

studies (particles are separated in a continuous phase of a different 

composition) the obtainable information is limited by its surface 

analytical nature.  

3.5 Atomic Force Microscopy 

Increasing demands on nanometre scale properties investigation 

call for a consistent means to assess them on smaller length scales then 

the natural light’s wavelength. Atomic force microscopy as a member 

of the scanning probe microscopy family is an outstanding candidate. 

Atomic force microscopy’s multiple operation modes allow for different 
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kinds of measurement strategies. 

Atomic force microscopy’s (AFM) working principle might be 

summed up as a sensor - typically a cantilever beam - bends in the 

presence of attractive or repulsive forces, while a detector measures the 

cantilever’s deflection, which afterwards by applying Hooke’s law can 

be converted to force [164]. The samples topography is scanned in X-Y 

direction, while the surface is examined.  

 

Figure 12. A common Atomic Force Microscopy setup. 

Figure 12 shows a schematic representation of a common AFM 

setup. The piezoelectric scanner is responsible for the atomic scale 

precision of the sample movements, toped by the sample holder and the 

sample itself. An AFM head accomodates the cantilever holder (which 

could be provided with different kinds of cantilevers), the laser, a mirror 

and a four-division photodiode. The heart of the AFM is the cantilever 

with a microfabricated tip that deflects when interacting with the sample 
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surface. The degree and direction of the cantilever’s deflection depends 

on the samples topography.  

The most common method to detect cantilever deflections is the 

optical lever method, which is incorporated in our Multimode 8 AFM 

(Bruker). Apart from this the interferometric method, and the electronic 

tunneling method could be mentioned, but will not be discussed here. 

The optical lever method is the most used one, since it is the simplest to 

implement. It consists of focusing a laser beam on the back side of the 

cantilever and in detecting the reflected beam by means of a position 

sensor, that is usually a quartered photodiode. Both cantilever deflection 

and torsion signals may be collected. In the interferometric method, a 

laser beam focused on the cantilever interferes with a reference beam 

and the deflections are revealed by the variation of the interfering 

beam’s intensity [165]. 

The electric signal gained from the photodiode is forwarded to 

the controller, which is used to transmit the commands of a dedicated 

PC software, immediately drawing the corresponding AFM image on its 

display. The controller regulates, collects, and processes the data, and 

drives the piezoscanner. The controller consists of a variable number of 

A/D converters that receive data from the detection system of cantilever 

deflections, some D/A converters that give signals to the piezo, and an 

interface with a computer that stores data [165]. The PC software is 

furthermore able to process the registred AFM image. 

The sample is scanned by means of a piezoactuator, that is able 

in X and Y directions to perform minimal displacements of the order of 

1 Å with high precision up to displacements of the order of 100µm, 

while in Z direction moving from sub-angstrom range to about 10 µm. 
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The piezoelectric actuators employed for atomic force microscopy are 

often cylindrical tubes of different dimensions with an inside electrode, 

usually grounded, and an outside electrode, usually segmented in four 

quadrants. Unfortunately, the dependence of the displacement of piezo 

on the applied voltage is hysteretic and affected by creep, that is a delay 

effect depending on temperature [165]. The sample holder is placed on 

the top of a piezoelectric scanner, which controls the precise x,y,z 

movements of the sample below a cantilever. 

The very same principle, mentioned at the beginning of the 

microscopy part’s discussion is valid here as well, i.e. a microscope is 

required to magnify the studied object by visibly resolving its details, 

the AFM (besides other members of the SPM family) accomplishies this 

requirement differently, being itself a surface investigation and 

manipulation tool. AFM does not include an illumination system, but its 

operation is based on the mechanical interaction of an atomically sharp 

tip at the end of a flexible cantilever beam with the sample’s surface. By 

raster scanning the sharp tip over the sample surface and recording its 

displacement, it bears plenty of resemblence to the SEM, but in this case 

there is no electron beam to interact with the sample. Here the tip’s apex 

will define the resolution of the microscope, indeed AFM provides 

atomic scale resolution and beyond that it can be employed in a variety 

of environments, such as air, vacuum and liquids, and over wide range 

of temperatures. The high resolution together with such versatility 

makes this microscopy technique applicable over a broad selection of 

problems in various disciplines from biology to materials science [166]. 

Insulators, such as photosensitive silver halides, could be characterized 

by AFM without exposure to radiation. Organic materials, such as 
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fragile Langmuir-Blodgett films, could be imaged from microns down 

to the molecular scale. Biological macromolecules, polymers, ceramics 

and glasses are other examples investigated by AFM [144,167]. 

The versatility of an AFM could be explored through its various 

operation techniques. Properly speaking, two operation modes could be 

distinguished, i.e. contact mode and dynamic mode, in spite of all the 

developed techniques are based on one or the other operation mode. 

In the contact mode AFM is operated in the so-called repulsive force 

regime between the tip and sample. The feedback system keeps the 

cantilever’s deflection constant, also keeping the tip-to-sample distance 

constant. Surface topographic information is obtained from the feedback 

signal which monitors the deflection of the cantilever as a result of its 

changing force due to surface height variations. The tip is usually 

attracted to the surface due to Van der Waals forces and the capillary 

forces when measuring in humid air [166,167]. 

In dynamic mode, the cantilever is driven to oscillate up and down 

at near its resonance frequency. The interaction forces acting on the 

cantilever when the tip comes close to the surface causes the amplitude 

of this oscillation to decrease. The electronic feedback system uses the 

piezoelectric actuator of Z direction to control the height of the 

cantilever above the sample. The feedback adjusts the height to maintain 

a set cantilever oscillation amplitude (or frequency) as the cantilever is 

scanned over the sample. Depending on the interaction’s strength i.e. the 

tip does not touch the surface at all, or it touches the surface; dynamic 

AFM modes are called either non contact or intermittent contact mode; 

(another term of intermittent contact is tapping mode). Formerly the 
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whole operation mode was called tapping mode, other authors use 

dynamic AFM denominations instead [166–169]. 

AFM is not only suitable for recording topographical informations 

based on mechnical contact forces but other interaction forces like 

magnetic-, electrostatic, chemical, etc. acting between the sample 

surface and a suitable tip can be used for imaging, too.  Besides, other 

properties can also be mapped in high resolution using the scanning 

system of AFM. Some of the most important techniques of this kind are 

conductive tip atomic force microscopy (C-AFM) which is used for 

mapping the electrical conductance in high resolution (discussed later in 

detail), scanning near field optical microscopy (SNOM) employed for 

mapping of local optical properties; thermal microscopy (SThM) for 

mapping of temperature distribution, etc.  

Several possibilties also exist regarding AFM setting to monitor the 

electronic features of a ceratin sample. Kelvin probe force microscopy 

(KPFM) is able to map electrostatic potential at sample surface. 

Electrochemical AFM (EC-AFM), electrostatic force AFM (EFM) are 

both tapping mode settings of the AFM. 

Apart from these methods is the scanning tunneling microscopy 

(STM), which lacks the cantilever, but measures the tunneling current 

and control the tip’s Z position modulations. The piezo scanner either 

keeps the tunneling current constant or the distance between the tip-

samples surface. For a few nm to few µm surface roughnesses keeping 

the tunneling current constant is favoured. Electron densities of the 

samples are measured, the image is formed from the height 

displacements of samples, and atomic resolution can be achieved. STM 

is applicable for conductive samples, due to tunneling current 
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constraints, therefore it is not suited for CNT filled polymer composites, 

as insulating polymer islands are present between conductive regions.  

Conductive tip AFM (C-AFM) is a particular setting of the contact 

mode AFM, in which a conductive tip is scanned in contact with the 

sample surface, while a voltage is applied between the tip and the 

sample, generating a current. Measuring the current as a function of X-

Y location, the surface conductivity is imaged. The displacements of the 

conductive tip are controlled by the AFM system, topographic and also 

friction images can be simultaneously recorded.  

All image types are taken from the same area of the sample, 

allowing the identification of features on the surface conducting more 

or less current. An electric circuit, with current amplifiers and filters, 

monitors the current, which can vary from a few pA up to 500 nA. The 

voltage is then ramped while the current is measured to generate local 

current versus voltage (I-V) curves. Plenty of suitable conductive tips 

are available for C-AFM investigations, from which I have used Pt-Ir 

coated silicon tips. The main advantage of C-AFM over standard 

electrical measurement techniques is its high spatial resolution.  
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4 Results 

4.1 Three-roll milled MWVNT/epoxy suspensions 

An attempt was made to explain the relationship between 

observed behaviour of the suspensions and the dispersion state of 

MWCNTs conferred by the prevalent dispersion mechanism of 

MWCNT agglomerates (i.e. exfoliation or rupture). Favourable 

parameters for the processing of MWCNT/epoxy suspensions are 

suggested [96].  

4.1.1 Used materials 

The epoxy resin used was: Araldite LY 556 (Diglycidyl ether of 

bisphenol A), specified as having a viscosity of 10,000 – 12,000 mPa at 

25oC and density in the range 1.15 – 1.2 g/cm3, was obtained from 

Huntsman Advanced Materials, Switzerland. 

MWCNT/epoxy suspensions with the specified MWCNT 

(Nanocyl NC7000) loading, were prepared by dispersing the MWCNTs 

in 100 g of epoxy resin using an EXAKT 80E, EXAKT GmbH three-

roll mill with a roll diameter of 80 mm and throughput capacity of 20 – 

20,000 cm3/hr. 

The gaps between roll surfaces, which were made of chemically 

neutral silicon carbide, were kept at 5 µm during all the runs. A fresh 

calibration of the roll speed and roll gap was carried out before every 

run.  

Three process factors, namely roll speed, number of passes and 

MWCNT content, were considered for these experiments. Two different 

speeds: 180 rpm (low) and 270 rpm (high) were chosen for the 
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investigations. Since epoxies have relatively low electrical and 

rheological percolation thresholds [46], two different MWCNT loadings 

0.01 (low) and 0.1 (high) wt. % were chosen. Also, since a small number 

of passes appears to be favourable for the electrical conductivity 

MWCNT/epoxy composites processed with a three-roll mill [58], two 

different number of passes: 1 (low) and 5 (high), were chosen. All 

samples were processed at room temperature (25 oC) and tested ca. 2 

hours after preparation. 

For easy referencing, the samples were labelled according to the 

process factors used for the dispersion of the sample (Table 1). For 

instance, the sample having a MWCNT content of 0.01 wt.%, processed 

at a roll speed, n, of 180 rpm at 1 pass (number of passes is designated 

as p) is labelled as follows: CNT0.01-n180-p1. Table 1 shows a list of 

all the samples prepared and the corresponding processing factors 

utilized. 

Sample 

number 

Sample name MWCNT 

content 

[wt.%] 

Roll 

speed 

[rpm] 

Number 

of 

passes 

D (%)± 

SD (%) 
A

f 
(%)± 

SD (%) 

1 CNT0.01-

n180-p1 

0.01 180 1 56.33±11.7 3.33±0.89 

2 CNT0.01-

n180-p5 

0.01 180 5 88.74±1.5 0.86±0.12 

3 CNT0.01-

n270-p1 

0.01 270 1 40.71±7.9 4.61±0.60 

4 CNT0.01-

n270-p5 

0.01 270 5 88.96±1,00 0.84±0.08 

5 CNT0.1-n180-

p1 

0.1 180 1 84.82±4.00 20.241±5.34 

6 CNT0.1-n180-

p5 

0.1 180 5 97.71±1.7 3.05±2.23 

7 CNT0.1-n270-

p1 

0.1 270 1 90.25±2.3 7.43±1.74 

8 CNT0.1-n270-

p5 

0.1 270 5 96.7±0.9 2.55±0.66 

Table 1 Three-roll mill parameters for various MWCNT containing epoxy 

composites and the corresponding macrodispersion indexes (D), area fraction values 

(Af) and their standard deviations (SD) calculated for five different optical 
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micrographs. 

4.1.1.1 Morphology of the epoxy/MWCNT suspensions 

The MWCNT agglomerate dispersion states in the suspensions 

were investigated using Bresser Science TRM-301 optical microscope 

(Meade Instruments Europe) operated in transmission mode. 

A single drop of each sample was deposited between two 

transparent, flat glass sample holders, which were pressed together 

giving a sample thickness of approximately 2 µm. The images were 

recorded with a microcamera using a 10x object magnification lens. 

Pre-processing of the images (i.e. colour desaturation as well as 

threshold adjustment) was carried out using the free software GIMP 2. 

5 micrographs from each sample, corresponding to a total area of ca. 2 

mm2, were analysed. At a first sight an optical micrograph has a greyish 

background colour with blackish oval, dot like objects, composing a 

black pattern. The greyish colour on the optical micrographs is due to 

the dispersed nanotubes, below the optical diffraction limit, so their 

presence cause a blurred background, while the distinctable solid black 

objects are the carbon nanotube agglomerations above the optical 

diffraction limit. It is practical to binarize the images by replacing the 

grey background below a certain value by a white one, and enhance the 

agglomerate’s appearance.  

From statistical evaluation of the agglomerates two values can 

be obtained from the optical images, one is the number of agglomerates 

(Na); the other is the area fraction (Af). The total number of undispersed 

agglomerates, as well as their area fraction, was recorded using ImageJ 

software, free to use. For this analysis, agglomerates with area less than 
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1 µm2 were not taken into consideration [70].  

The macrodispersion index (D), was introduced aiming to 

quantify the observed morphologies on a transmission optical 

micrograph. The importance of the macrodispersion index relies on its 

possibility to compare the grade of dispersion of samples with different 

filler content by correlating the overall included filler content to the 

dispersed filler content. It was first used in the rubber industry as 

“undispersed carbon black” or “undispersed silica white” measurement 

and was described by Stumpe and Railsback [170] than modified by Le 

et al. [171]. In order to evaluate the dispersion of MWCNTs, a similar 

method considering the area occupied by filler divided by the total 

investigated area on a bitmap of the transmission optical microscopy 

image, and was calculated using the below formula:  

𝐷 = [1 − 𝑓 (𝐴𝑀𝑊𝐶𝑁𝑇 𝐴0⁄ ) 𝑣⁄ ] ∗ 100% , 

where f is a factor keeping in view the density of MWCNT 

agglomerates, that’s value, was estimated by Kasaliwal to be 0.25. This 

may have inaccuracies due to inhomogeneity of the slice’ thickness 

[132,172] as well as the volume of the carbon nanotubes, which was 

considered by the notation v in the above formula. AMWCNT (with size 

‹1μm were neglected) is the area occupied by the carbon nanotube 

agglomerates visible by TOM, while A0 is the total investigated area. 

The density of MWCNTs 1.75 g/cm3 was assumed [70,132]. 

 During my investigations I have followed the variations in the 

macrodispersion index values, however, by comparing samples with the 

same filler loading the Af values carry the same information as the 

macrodispersion index. Therefore, the effect of the process parameters’ 

changes on the agglomerates breakdown is interesting, i.e. did the 
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parameters affect them by loosening their strength, or did they decrease 

the agglomerate’s size?  

In order to unravel such peculiarities the area fraction (Af) values 

were calculated and the effects were interpreted (see Table 1). With the 

Af’s aid the dispersion process mechanism were evaluated. 

Therefore, I have deeply immersed in the details of the 

agglomerate changes hoping to garner better understanding of the 

process parameter’s effect on MWCNT agglomerate dispersion. 

Process parameters like rotation speed and number of passes 

were investigated, and it is known that the rotation speed is responsible 

for shear changes in the material. Shear is a mechanical stress, which 

appears while a material is under strain. If we study a certain material, 

shear appears parallel to an imaginary cube cut out of the studied 

material, while usual strain is perpendicular to the surface of such cube. 

The number of passes, however is considered as a time factor prolonging 

the effect of shear changes through modification of rotation speed 

values. 

Influence of process parameters on suspension microstructural 

morphology was investigated by optical microscopy and the results 

obtained are shown in Figure 13. Table 1 summarize the area fraction 

(Af) and macrodispersion index (D) values obtained during statistical 

evaluation of the optical images.  

It can be seen that the higher shear intensity which result from 

processing at 5 passes (micrographs on the right) generally tends to lead 

to a reduction in total undispersed agglomerate area compared to 

suspensions processed at 1 pass. Besides, higher D values of each 

samples with higher filler content compared to its counterpart with lower 
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filler content were obtained, obviously because of the higher viscosity 

and consequently higher shear rates.  

The agglomerate area fractions are shown in Figure 14. Here, the 

relative differences in both agglomerate count and area fraction has been 

quantified and reveals the trends observed in the micrographs shown in 

Figure 13. 

Considering the effects of the passes on the sample’s 

agglomerates counts, I have found that samples produced at five passes 

showed decrease in agglomerate counts in all the cases. Their decrease 

could be expressed by a ≈ 13.7 % decrease in agglomerate counts for 

samples CNT0.01-n180-p1 and CNT0.01-n180-p5; ≈37.7% for samples 

CNT0.01-n270-p1 and CNT0.01-n270-p5; and ≈ 30% for samples 

CNT0.1-n270-p1 and CNT0.1-n270-p5. A ≈ 40% increase was observed 

for samples CNT0.1-n180-p1 and CNT0.1-n180-p5 (Figure 14). This 

increase could be attributed to the ten times more MWCNT content and 

to the slow roll speeds used. 

A visibly more prominent decrease could be witnessed, when 

examining the effect of the number of passes on the agglomerates area 

fractions. For CNT0.01-n180-p1 and CNT0.01-n180-p5 a ≈50.5% 

decrease was counted when the number of passes was increased from 1 

to 5. For samples CNT0.01-n270-p1 and CNT0.01-n270-p5 this 

decrease was ≈ 51.9%, which for samples CNT0.1-n180-p1 and 

CNT0.1-n180-p5 reached an impressive ≈ 82% decrease in agglomerate 

area fraction just by increasing the number of passes. In case of CNT0.1-

n270-p1 and CNT0.1-n270-p5 a ≈ 79% was achieved.  

Increasing the roll speed from 180 to 270 rpm in 1 pass 

(exemplified by Figure 13e and Figure 13g) seemed to decrease the 
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agglomerate counts by ~ 6% and ~7% for 0.1 and 0.01 wt.% MWCNT 

loadings, while the area fraction decreased by 30.5% and 13.6% 

respectively.  However the roll speed increase impacted the agglomerate 

counts and agglomerate area fraction of sample produced at five passes 

by a ~33% and a ~20 % decrease in agglomerate counts for 180 and 270 

rpm roll speed produced 0.1 MWCNT loaded samples and by a ~2.5 % 

and no change for 0.01 MWCNT loadings used in similar conditions. 
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Figure 13. Micrographs of MWCNT/epoxy suspensions prepared by three-roll 

milling using different process parameters (A-H). The suspension names, which also 

indicate the process parameters employed during preparation of the suspensions, are 

indicated on the top left hand corner of each micrograph.  

 

Figure 14. Agglomerate counts (a) and agglomerate area fraction (b) of the 

MWCNT/epoxy suspensions. 

An explanation for the calculated differences would serve the 

exfoliation and rupture mechanism of carbon nanotubes dispersion. The 

agglomerate strength is known to be inversely proportional with the 

surface area of the agglomerate [70]. At the early stage of processing, 

big agglomerates erode first quickly, then slower and slower by rupture 

until their size reaches a critical value at which agglomerate strength 

against rupture equals with the maximum shear present in the suspension 

during processing. The shear needed for exfoliation is much lower than 

that needing for rupture mechanism [70], therefore further erosion and 
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complete dispersion of agglomerates is possible by exfoliation. This is, 

however a slower process, consequently the concentration of small 

agglomerates is expected in the suspension. The observed slower 

decrease of agglomerate counts than area fractions after 5 passes of 

milling compared to 1 pass can be explained accordingly by the higher 

degree of small agglomerates. Comparing results of the samples 

processed with different roll speeds this effect is more pronounced in 

case of the lower roll speed: while the decrease of Af is e.g. 50.5 % in 

case of samples CNT0.1-n180p1 and CNT0.1n180p5 decrease of 

agglomerate counts is only 13.7 %. This is presumably the consequence 

of the lower shear in case of the 180 rpm roll speed samples. Critical 

agglomerate size, below which no further rupture of the agglomerate is 

expected, is higher in case of lower shear accordingly the size decrease 

below the optical detection limit is slower in lower roll speed samples. 

In this approach dispersion of MWCNTs is slower in case of 

lower roll speed processing but the rate of nanotubes dispersed by 

exfoliation is higher. In the case of exfoliation-dominated dispersion 

processes, MWCNTs are gradually peeled off like the leaves of an onion 

and are eventually broken off. This would be expected to lead to 

exfoliated MWCNTs with fairly large aspect ratios [70]. In addition to 

this, the smaller-sized undispersed agglomerates have a coarse 

morphology [173,174], as illustrated in the schematic of Figure 15a, 

with partially exfoliated MWCNTs ‘dangling’ from the undispersed 

agglomerate core. This sort of undispersed agglomerate morphology 

would be very favourable for the formation of the 3D network necessary 

for the enhancement of both rheological and dielectric properties of the 
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suspensions, since these coarse agglomerates may easily be connected 

by the relatively large aspect ratio exfoliated MWCNTs.  

A close examination of Figure 13f reveals that such a structure 

may indeed exist in sample 6, although electron microscopy was not 

performed. This undispersed agglomerate morphology, depicted in 

Figure 15A, which may be present in the 0.1 wt. % MWCNT-filled 

suspensions processed at 180 rpm. 

 

 

Figure 15. Schematic illustrating agglomerate morphology for exfoliation-dominated 

(A) and rupture-dominated (B) dispersion processes [96]. 

In the case of rupture-dominated dispersion processes, on the 

other hand, the resulting exfoliated MWCNTs are much shorter in length 

due to breakage, as illustrated in Figure 15B, and the undispersed 

agglomerates are smaller and smoother [173,174] in comparison to the 

exfoliation-dominated ones. Higher degree of shorter MWCNTs present 

in samples processed with 270 rpm roll speed has been supported by 

rheological and dielectric investigation of the samples [95]. This 

dispersion state is therefore likely to be much less favourable for the 

formation of a 3D network.  
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4.1.2 Thesis point [96,175,176] 

I have investigated the dispersion of carbon nanotubes in bisphenol-

A-digycidyl-ether epoxy resin processed through three-roll mill by 

transmission optical microscopy. I have determined that in the 

investigated parameter range the number of agglomerates observable 

by optical microscopy can be more effectively decreased in three roll 

milling by repeated processing than through higher roll speeds. 

I have observed, that in case of lower roll speed the multiple milling 

decreases more significantly the size of agglomerates, while their 

number decreases only moderately. Using higher roll speed, multiple 

milling decreases significantly not only the number of agglomerates, but 

their sizes as well. I have explained the difference by the change in the 

ratio of dispersion mechanisms which happens at different agglomerate 

sizes, due to different shear.  
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4.2 Extruded MWCNT/polystyrene composites 

A common target was the production of electrically conductive 

composites through extrusion by one of the most common polymers, i.e. 

polystyrene, at the lowest possible electrical percolation threshold.  

My particular role was to follow the MWCNT’s distribution by 

selecting and applying the most suited microscopic investigation 

methods, in order to settle with the suitable process parameters.  

4.2.1 Used materials 

The practical realization of my goals was achieved through using 

extrusion grade Polystyrene (PS) 158K with a specific gravity of 1.04 

(ASTM D792) and a Melt Mass-Flow Rate (MFR) of 3g/10min (ASTM 

D1238), purchased from BASF SE (Ludwigshafen, Germany). 

The matrix was reinforced by MWCNTs of Baytubes C150P type 

from Bayer Material Science AG (Leverkusen, Germany). These tubes 

had a carbon purity of 95 %, bulk density of 140-160 kg/m3, outer and 

inner mean diameters of 13-16 nm and 4 nm respectively and 3-15 nm 

walls. The materials were used as received.  

PS-MWCNT composites were compounded on a Leistritz ZSE 

27HP-52D extruder (Nurnberg, Germany) having an L/D ratio of 52. 

Composites with 1, 2, 3, 5 and 7.5wt. % MWCNT loadings were 

produced using varied processing conditions of screw configuration 

with kneading, and transportation elements with varying geometry 

arranged along the barrel length. 

The common parameters for the two sample types produced are 

summarized in Table 2; the first sample type was produced with 210°C 

melt temperature throughout the whole extruder, while the other with 
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varying melt temperature profile in the extruder, abbreviated in all the 

figures as “P” (settings are displayed in Table 3). The temperature 

profile was employed on the extruder with the expectation to increase 

shear rates, due to the viscosity increase in the colder mixing zones. 

Extruded strands collected after passing through a cooling bath were 

used for microscopic investigations. Granules from extruded strands 

were used for all other analyses. 

MWCNT (wt. %) Throughput (Kg/h) Screw speed (rpm) 

1 7,5 500 

1 7,5 1100 

1 10 500 

1 10 1100 

2 7,5 500 

2 7,5 1100 

2 10 500 

2 10 1100 

3 7,5 500 

3 7,5 1100 

3 10 500 

3 10 1100 

5 7,5 500 

5 7,5 1100 

5 10 500 

5 10 1100 

7,5 7,5 500 

7,5 7,5 1100 

7,5 10 500 

7,5 10 1100 

Table 2 Extrusion settings for PS MWCNT composite processing. 

Temperature profile in the extruder 

1 2 3 4 5 6 7 8 9 10 11 12 

230 230 190 160 160 160 160 190 210 210 210 210 

Table 3. Temperature profile in the extruder 

In course of composite processing the MWCNT condition depends 

on the internal shear, which is unambiguously defined, therefore it 

would be helpful to somehow quantify it. On the macro level, specific 
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mechanical energy (SME) is used for that reason, which is termed as a 

scale-independent measure of the mechanical energy conveyed to the 

extrudate. The basic concept behind SME is to measure the energy going 

into the extrusion system per unit mass in the form of work from the 

motor. That energy is put into the extrudate through viscous dissipation, 

which energy is converted primarily into heat in the extruder. Specific 

mechanical energy (SME) inputs were evaluated in kWh/Kg using 

expression: 

𝑆𝑀𝐸 =
2∗𝑀𝑚𝑎𝑥∗𝐼∗𝑁

9550∗𝐸∗𝑀
,  

where Mmax is the maximum torque in Nm, I is the motor current in %, 

N is the screw speed in rpm, E is the motor and gear efficiency in %, 

and M is the throughput in kg/h. 

The samples extruded using different settings (see Table 2 ) were 

compression moulded on a Collins Compression Press (Ebersberg, 

Germany) into bars of (60*10*2) mm, with the same setting, which 

parameters are listed in Table 4, and are detailed in five steps of one 

process cycle. Quenching in cold water was preferred as better sample 

surface quality and conductivity values were obtained compared to 

mould cooling. 

Stage 1 2 3 4 5 

T (°C) 220 220 220 220 Quenched in 

water Time (min) 5 1 1 4 

Pressure (bar) 15 35 145 210 

Table 4. Compression moulding parameters for MWCNT/PS composites. 

Electrical Resistivity measurements of the PS-MWCNT 

composites were made on compression-moulded bars (at least 5 

specimens) at 40 % relative humidity and 24 °C. As there was a 
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limitation of the measuring equipment to measure the entire range of 

volume resistivities, two different measuring sources were employed. 

Low resistivity measurements (< 106 Ω.cm) were carried out as a 4-

probe measurement on a FLUKE 8846A Digital Multimeter (Glottertal, 

Germany) while higher volume resistivities (> 106 Ω.cm) were 

measured using Agilent Technologies’ 4339B High Resistance Meter 

(Waldbronn, Germany) as 2-probe measurements. Contact points were 

created using RS Silver Conductive Paint (Northants, United Kingdom) 

and were allowed to dry for 24 hours before measurements. 

The microstructure and MWCNT dispersion of the extruded 

strands were investigated using transmission optical microscopy. Thin 

slices of 5 µm thickness were cut perpendicular to the direction of 

extrusion on at least 6 different strands at room temperature on an R. 

Jung Microtome, Heidelberg, Germany with a diamond knife. Imaging 

was done using 10x magnification objective lens of a BRESSER Science 

TRM-301 transmission optical microscope (Meade Instruments Europe 

GmBH & Co.KG, Germany) fitted with a BRESSER Microcam. A 

minimum of 6 mm2 micrograph area was investigated for every sample. 

Image analysis was performed using macros developed in Fraunhofer 

Institute for Chemical Technology, Image J software. The area fraction 

of undispersed MWCNT agglomerates (Af) defined as the area of the 

undispersed MWCNT to the overall micrograph area, as well as the 

number of agglomerates were quantified. Agglomerates having an area 

of less than 20 µm2 were ignored in the analysis according to ISO 18553 

standards. 

Transmission electron microscopy (TEM) investigation was 

carried out on a Philips CM20 transmission electron microscope fitted 
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with LaB6 electron gun and operated at 200 kV. Slices were cut from the 

middle of the bar shape samples by a Leica Ultracut ultramicrotome 

keeping the slice thickness between 70-100 nm. 

4.2.2 Volume resistivity of extruded PS/MWCNT composites 

In order to get an experience of how the conductivity 

improvement could be achieved volume resistivity measurements were 

carried out. Therefore, it was practical to measure volume resistivity of 

the pure PS, which was found to be 1019 Ωcm (Figure 16).  

Addition of 1wt. % MWCNT lowers the volume resistivity by 

three orders of magnitude independent of the processing conditions 

used. 

On incorporating 2wt. % MWCNT, a percolation threshold is 

observed with a strong dependence on the processing speed. Composites 

processed at 1100 rpm showed a volume resistivity drop of ten orders of 

magnitude. Volume resistivities of 104 Ωcm achieved by processing a 

2wt. % PS-MWCNT composite at 1100 rpm does not differ significantly 

than those achieved with higher MWCNT loadings. 

This observation could be explained by comparing the samples 

prepared by 500 rpm with different MWCNT loadings, where the 

electrical percolation threshold is between 2-3wt. % MWCNT content. 

However the electrical percolation threshold for samples produced by 

1100 rpm is below 2wt. % MWCNT content, resulted in a prominent 

volume resistivity jump. Above the electrical percolation threshold, 

significant volume resistivity change could not be observed. 

The variation in resistivities at 2wt. % MWCNT loadings can be 

attributed to improvements in the dispersion’s quality facilitated by 
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higher energy inputs at higher speeds. An interconnected network of 

anisometric MWCNTs (individual tubes and agglomerates) could have 

been formed and thus electrical percolation is anticipated at this loading.  

Further increase in the MWCNT content results in lowering the 

resistivity with a conductive network being formed by the 

conglomeration of agglomerates. When describing MWCNT 

percolation thresholds in terms of process parameters; attention should 

be confined to the fact that percolation threshold can solely be 

determined for samples produced using the same settings. Comparing 

samples produced by different process parameters could result in 

misleading interpretations. 

 

Figure 16. Variation of volume resistivities of PS-MWCNT composite with process 

parameters as a function of different MWCNT loadings. Temperature profile samples 

are abbreviated as P. 
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The reduction in the viscosity without shear during compression 

moulding facilitates the re-agglomeration of previously dispersed tubes. 

The reason for still lower resistivities of the extruded strands could be 

the orientation of the MWCNTs along the flow direction, which 

potentially prevents a 3-D percolation. 

It was very interesting to note that the electrical percolation 

occurred between 2wt. % and 3wt. % MWCNT loadings when measured 

on extruded strands (not shown here). In spite of achieving significantly 

enhanced dispersion qualities at 1100 rpm processing of 2wt. % 

MWCNT composites, resistivities were of the order of 1012 Ωcm 

achieved for all processing conditions. Increased dispersion effectively 

means a thicker polymer melt stream between distributed tubes.  

4.2.3 Morphology of the extruded PS/MWCNT composites 

The volume resistivity results call for a consistent means to 

visualize the nanotube dispersion responsible for the measured volume 

resistivity values. Transmission electron microscopy investigation was 

performed on some selected samples in order to evaluate the 

correspondence between nanotube dispersion and the measured volume 

resistivity.  

TEM images are shown for samples containing 1, 2 and 3wt. % 

MWCNT both with 500 rpm and 1100 rpm screw speeds on Figure 17. 

It is clearly visible that sample (see Table 2) processed with 1100 

rpm screw speed and 1wt. % MWCNT loadings showed uniform but 

small compact nanotube clusters well separated by empty polymer areas. 

At a first sight, it does not predict a significant conductivity, which by 

comparing the volume resistivity values seems to be confirmed, owning 
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a shy 1016 Ωcm (see Figure 16). 

  

  

  

Figure 17. TEM micrographs of PS-MWCNT composite samples processed at 210 

°C, 10 Kg/h; PS-1wt.% MWCNT at 1100 rpm; PS-2wt.% MWCNT at 500 rpm; PS-

2wt.% MWCNT at 1100 rpm; PS-3wt.% MWCNT at 1100 rpm. For Process 

parameters see Table 2. 

Samples with 2wt. % MWCNT loadings and 10 kg/h throughput 

were processed at 500 rpm, and at 1100 rpm, and their TEM images are 

presented. The sample prepared using lower 500 rpm screw speed shows 

apparently separated uniform distribution of looser clusters. The volume 
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resistivity of this sample was found to be 2*1014 Ωcm. The two darker 

parallel lines are defects of sample preparation; i.e. presumably, due to 

knife faults the deviation of slice’s thickness is visible on a few 

locations. The sample prepared by setting the higher 1100 rpm screw 

speed meant to aid the tubes’ dispersion, however showed distinctively 

dispersed nanotubes together with much less small CNT clusters. This 

higher degree of dispersion of the same CNT amount is apparently 

sufficient for forming a continuous conductive network as it is shown 

by the observed 103 Ωcm volume resistivity value. On the second TEM 

image of the same sample, a well-separated nanotube network is visible 

next to a large, elongated, dense agglomerate. An order of magnitude 

drop in volume resistivity values was achieved solely by changing the 

process parameters, instead of more nanotube addition.  

The sample comprising 3wt. % MWCNTs, processed as well at 

1100 rpm screw speed and 10 kg/h throughput, show the same 

uniformity of the nanotube clusters, with similar density as in the non-

conducting sample, processed with 2wt. % MWCNT, 10 kg/h 

throughput, and 500 rpm. However, these clusters are not separated by 

empty polymer matrix, but dispersed CNTs are present obviously 

connecting the clusters and forming a conductive network. Higher 

loading in this case enables the formation of conductive network in spite 

of the lower degree of CNT dispersion. A nanotube agglomerate was 

captured of this sample with higher magnification in order to get an 

insight of its dense morphology. Its volume resistivity value is 103 Ωcm. 

The 2wt. % sample produced with higher screw speed (1100 

rpm) shows on the TEM image mostly dispersed nanotubes and very 

small clusters on one part of the images, while the other part of the slice 
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showed the elongated dense nanotube agglomeration. Besides 

dispersion, electrical conductivity improvement was observed.  

The tubes’ separation is the ideal scenario if the MWCNT’s 

intrinsic peculiarities are effectively transferred to the composite, which 

is primarily dependent on the extent of MWCNT dispersion. This is 

hindered by the inherent agglomerate strength due to Van der Waals and 

electrostatic forces of attraction.  

The application of shear forces in the extruder to effectively 

break the agglomerates would depend on the agglomerate strength. For 

example, Baytubes C150 P agglomerates have a deformational stress of 

0.64 MPa at 25% deformation and require five times the energy input as 

Nanocyl NC7000 which has a deformational stress value of 0.39 MPa 

[177].  

The application of high shear has a two-fold effect on the nature 

of dispersion. The probability of formation of individual tubes is directly 

proportional to the extent of shear applied. Higher shear rates, on the 

other hand facilitate the migration of dispersed tubes or the remaining 

agglomerates towards each other. When the distance between the tubes 

or the agglomerates is within the range of intra-MWCNT attractive 

forces, re-agglomeration of the dispersed tubes cannot be excluded. 

Hence, an optimal amount of shear stress (i.e. a balance between 

individualization of tubes and their re-agglomeration) must be applied 

to the MWCNT to achieve required dispersion levels. It is to be noted 

that increased shear stresses would result in tube breakage and polymer 

degradation [136].  

Transmission optical microscopy (TOM) study of the MWCNT 

dispersion means the characterization of the same process on a larger 
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size scale. The dispersion progress can be followed by observing the 

decrease of the number and size of agglomerates, visible by TOM, being 

much less time consuming and costly method than TEM, enabling the 

acquisition and statistical evaluation of considerable number of images. 

The binarized micrographs of selected samples: all of them processed at 

210 ºC and 10 kg/h throughput, PS-3wt.% MWCNT samples with 500 

and 1100 rpm screw speed, and PS-5wt.% MWCNT samples 500 and 

1100 rpm screw speed are displayed on Figure 18. The binarized image 

has different size and shape black objects on a white background. The 

black objects are associated with the MWCNT agglomerates, while the 

white background is considered the polymer matrix. Visibly, by 

increasing the screw speed the agglomerates’ sizes and numbers at each 

MWCNT loading decreased. On the TOM images of sample with 3 wt. 

% MWCNT loading the two applied screw speed settings manifests in 

an obvious difference between the images, i.e. the image with higher 

screw speed shows visibly less agglomerates. This is also evident for 

samples with 5 wt. % MWCNT loading as well. Even though the two 

presented samples have different MWCNT loadings, apparent 

differences are hardly noticeable between their 1100 rpm binarized 

TOM images. For a more precise comparison a consistent statistical 

evaluation of the binarized optical micrographs was carried out. 
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Figure 18. Optical micrographs of PS-MWCNT composite samples processed at 210 

°C, 10 Kg/h; Top: PS-3wt.% MWCNT Samples 500 rpm (L), 1100 rpm (R); Bottom: 

PS-5wt.% MWCNT Samples 500 rpm (L), 1100 rpm (R), the mark on the image’s 

lower right corner is equal to a 100 µm scale bar. 

The mean value for Na and Af values were obtained according to 

the process described in section on five micrographs on each of the six 

investigated strands. 

Figure 19 shows the variation of area fraction of undispersed 

MWCNT agglomerates as a function of processing parameters for 

2wt.%, 3wt.% and 5wt.% MWCNT loadings along with their respective 

specific mechanical energy inputs (SME) in kWh/Kg. Figure 20 plots 

for Na values in function of the process parameters. 

Due to the electrical percolation threshold occurs between 2 and 

3wt. % MWCNT loading for polystyrene it was practical to detail the 

samples in question, and eventually the next sample, therefore, the 1wt. 

% and 7.5wt. % percent results were not included in the following 
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discussion. 

 

Figure 19. Variation of the area fraction of undispersed MWCNT agglomerates with 

process parameters at different MWCNT loadings. SME values in kWh/Kg are 

indicated [136]. Temperature profile samples are abbreviated as P. 

Figure 19 shows reverse correspondence between the Af values 

of all the MWCNT weight fractions and correlating SME inputs. 

The Af could be decreased by ≈40 % when increasing the SME 

by ≈45% through changing the screw speed from 500 rpm to 1100 rpm, 

besides 7.5 kg/h throughput and 210 ºC melt temperature for 2wt. % 

MWCNT loadings, while by using 10 kg/h throughput and ≈94 % SME 

increase caused ≈54 % Af decrease. Temperature profile samples for 

both 7.5 kg/h and 10 kg/h processing settings and with a screw speed 

increase from 500 to 1100 rpm manifested in a ≈91% SME increase 

causing ≈30% Af decrease. 

Examining the screw speed’s effect on the dispersion of 
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MWCNTs at 7.5 kg/h throughput with 3wt. % MWCNT loadings at 210 

˚C, a ≈42.6% decrease of Af value could be achieved, while an ≈104% 

SME increase was induced. Furthermore, if the throughput was 

increased from 7.5 Kg/h to 10 Kg/h and the screw speed was kept 

constant a ≈51.3 % decrease in Af was obtained, while an ≈82.5% SME 

value increase. For temperature profile samples an ≈80% SME increase 

led to an ≈38.5 % Af decrease, while for the increased throughput from 

7.5 kg/h to 10 kg/h a ≈100 % SME increase produced a ≈44.3% Af 

decrease. 

In case of samples with 5wt. % MWCNT loadings when using 

1100 rpm screw speed instead of 500 rpm at 7.5 Kg/h throughput at 210 

˚C, i.e. a ≈97.5 % SME boost draw to an ≈55% Af decrease. For 5wt. % 

MWCNT composite processed at 10 Kg/h, 210 °C and besides the 

increased screw speed from 500 to 1100 rpm, namely a ≈81.5 % SME 

grow shows ≈55% Af decrease. The temperature profile samples, 

showed a ≈ 75.3 % SME increase leading to ≈54% decrease in Af, which 

for samples produced with 10 kg/h instead of 7.5 kg/h, i.e. ≈104% SME 

boost resulted in ≈54% Af decrease.  

Comparing the samples produced at 210ºC and the temperature 

profile samples, the tendency of higher SME leading to smaller Af value 

is valid solely for larger screw speed. Temperature profile samples show 

larger Af values than expected. As mentioned earlier (Section 4.2.1) due 

to the temperature profile applied during the extrusion different shear 

rate could be formed caused by the different viscosity of the composites’ 

along the barrel. This could led to the difference in finding correlation 

solely in case of larger screw speed samples. Besides the Af of 

agglomerates for different samples the number of agglomerates had 
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been studied as well.  

 

Figure 20. Illustration of number of visible MWCNT agglomerates in the optical 

micrographs for different processing conditions. MWCNT loadings in wt. % are 

listed on top of the bars. Temperature profile samples are abbreviated as P. 

The number of agglomerates per mm2 of the optical micrographs 

was counted as described in section and is plotted as a function of 

MWCNT content for varying process parameters in Figure 20. This 

figure compares the number of agglomerates of composites extruded by 

500 rpm and 1100 rpm screw speed, taking into account the throughput 

7.5 and 10 kg/h used for both cases. It also included in comparison the 

2-; 3- and 5 wt. % MWCNT loadings for all the cases. Therefore the 

resulting complex figure is able to express the similarly between the 

observed change of Af, the number of agglomerates changes as well. 

The Na for samples produced by 500 rpm screw speed tends to increase 

showing a clear correlation with the increase of MWCNT loadings for 
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all the combination of throughput and temperature parameters. However 

in case of samples produced by 1100 rpm three sample sets from four 

deviate from the former tendency. We can see larger Na values for both 

7.5 kg/h throughput samples with 3 wt.% MWCNT/PS composition than 

their 5 wt.% counterparts, as well as sample with 2wt.% MWCNT/PS 

composition produced at 10 kg/h throughput and 210˚C temperature 

shows larger Na value than its counterpart with 3 wt.% composition.  

Comparing the samples in another approach, samples with 

2wt.% MWCNT loading show slight decrease in Na by a 120% increase 

in screw speed, while in case of 3 and even more 5 wt.% loading more 

significant decrease of Na is observed. 

The above described phenomenon could be explained akin to 

MWCNT/epoxy suspensions produced by three roll milling which was 

discussed and detailed in section 4.1.1.1. It is well known that the 

agglomerate strength is reversely proportional to its surface [70, 95]. A 

given shear can only disintegrate agglomerates by rupture mechanism 

being above a critical size. Below this size only the slower exfoliation 

mechanism operates. This leads to the concentration of smaller size 

agglomerates. Supposedly this is happening at slower screw speed in all 

three of compositions. The shear at one hand depends on the screw speed 

then again on the composition. The higher the MWCNT ratio and the 

viscosity, the higher the shear is. Accordingly, the samples with higher 

MWCNT loading produced at higher screw speed are expected to show 

smaller critical agglomerate size. Therefore the concentration of small 

size agglomerates is less probable in these samples.  
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4.2.4 Thesis points [136,175,176]: 

I was first to prove by transmission optical microscopy analysis that 

a reverse correlation exists between the so-called specific mechanical 

energy transmitted to mass unit of material and the total size of 

undispersed agglomerates in extruded MWCNT/polystyrene composites 

of different compositions produced by various combinations of process 

parameters. 

I have observed that in all the cases at lower screw speed both 

the total size and number of agglomerates increases with increased 

MWCNT loadings while for higher screw speed the increase of the 

agglomerate size is not followed by the increase of number of 

agglomerates. I have explained the phenomenon as the dispersion of 

smallest visible agglomerates happens not only through exfoliation, 

dominating at lower shear, but due to higher shear caused by higher 

screw speed, where the rupture mechanism is significant. 
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4.3 Injection moulded wt. % MWCNT/polycarbonate composites 

 

Polycarbonate as an exquisite engineering polymer by MWCNT 

reinforcement could gather esteem as an outstanding conducting 

engineering composite. By adjusting the processing parameters, 

composites of varied conductivity are resulted. Since it was aimed to 

produce conductive engineering composites the question arises how 

could be possible to study the developing conductive network’s 

morphology. Analysis methods galore are available to answer such 

questions, and by an intelligent combination of investigations, solution 

for the process’ optimization is obtained. 

The general experience showed that above the electrical 

percolation threshold the conductive properties of MWCNT/polymer 

composites were strongly dependent on the processing parameters.  

Through the basic TOM investigation of CONTACT project 

samples colleagues observed no morphological difference between the 

produced samples on the macro level. A detailed examination of this 

problem was needed; therefore, I have studied the effect of melt 

temperature (Tm) and injection velocity (iv) on the sample’s bulk volume 

resistivity by finding which microscopic structural effects could explain 

the differences.  

4.3.1 Used materials 

The nanocomposites were injection moulded from PC filled with 

3 wt. % of MWCNT (Nanocyl NC7000). The raw material was obtained 

diluting a PlaticylTM PC1501 masterbatch by Lexan 123R Resin 

Polycarbonate by melt compounding in a twin screw extruder, with a 
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screw speed of 590 rpm and a throughput of 11 kg/h and a cylinder 

temperature of 240 °C. The PC 1501 was produced by Nanocyl using 15 

wt. %  NC7000 type of multi-wall carbon nanotubes and PC [178]. The 

MWCNTs were produced by CVD by Nanocyl. They have reportedly 

an average diameter of 9.5 nm, average length of 1.5 μm and a surface 

area of 250-300 m2/g.  

Using an Engel ES 330/80 HLS horizontal injection moulding 

machine, 76 mm long and wide and 4 mm thick parts were injection 

moulded from the above described raw material. The mould had a 67.5 

mm wide film gate with 1mm opening. Six different process parameter 

settings were used to produce 25 plates of each, using different melt 

temperatures (Tm) and injection velocities (iv), see Table 5.  

Sample 

Name 

Melt 

Temperature 

(C⁰) 

Injection 

Velocity 

(mm/s) 

ρbulk 

(Ω*cm) 

±SDρbulk Acond 

% 

D(%)±SD 

F1 280 18 2.49x10+4 1.4x10+3 2.63 99.84±0.14 

F2 280 42 4.60x10+6 1.1x10+6 0.75 99.94±0.013 

F3 300 6 6.79x10+3 1.7x10+2 15.85 99.92±0.05 

F4 300 30 4.08x10+4 8.4x10+2 5.88 99.97±0.007 

F5 300 42 1.35x10+5 5.1x10+3 2.35 99.91±0.06 

F6 320 42 8.00x10+4 3.8x10+3 10.08 99.92±0.05 

Table 5. Injection moulding conditions of the investigated 97 wt.% PC matrix and 3 

wt.% of MWCNTs samples, the related volume resistivity data of the bulk sample 

(ρbulk kΩ cm), the area covered by conductive spots in % (Acond %) and the 

macrodispersion index (D) with its standard deviation (SD) calculated and averaged 

on ten images for each sample. 

Figure 21 shows an injection moulded plate and the steps of the 

sample preparation procedure. A bar was removed from the middle of 

the plate, and then further slices were microtomed by a diamond knife 
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in the direction perpendicular to the flow direction using a Leica 

Ultracut microtome, cutting 5 μm thick slices for optical microscopy and 

70-100 nm thin slices for TEM. 

The masterbatch and the raw material, available as granules was 

embedded in epoxy resin, and then cut as the injection moulded sample 

bars. A part of approx. 5 mm thickness with the mirror flat surface left 

over, that’s back side was fixed to a stainless steel sample holder by 

carbon paste. C-AFM and SEM investigations were performed using 

this sample. The composite piece was then removed from the sample 

holder, the carbon paint was cleaned away by sandpaper, and the two 

opposite sides perpendicular to the injection direction were contacted 

with silver paint for electrical measurements.  

 

Figure 21. Sample preparation method for electrical volume resistivity, transmission 

optical microscopy, SEM, TEM and C-AFM investigation of PC97MWCNT3 

composites. 
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Optical microscopy observation was completed using an 

Olympus BH2 transmission optical microscope with a Leica DFC 280 

digital camera. We determined the macrodispersion index of the samples 

following the method described by G. R. Kasaliwal et al [70,133] 

calculated and averaged of ten images for each sample.  

Scanning electron microscopy was performed by a LEO 

1540XB field emission scanning electron microscope (FESEM) 

equipped with InLens and Everhart-Thornley secondary electron 

detectors  used at 5 kV EHT. 

Conductive Atomic Force Microscopy (C-AFM) investigations 

were performed using a Multimode 8 AFM (Bruker) operated with 20 

nm Pt-Ir coated AFM probes in the C-AFM mode to capture the 

conductive AFM images, setting the following parameters under 

ambient conditions and room temperature: 100 pA current sensitivity 

and 100 mV DC sample bias voltage, in 10 μm scanning area, with 

512x512 pixel resolutions. The smallest current values measured started 

from 2.8 nA to the maximum of 0.51µA. In this case the size of one 

pixel is about 20 nm, which is commensurable with the diameter of the 

used MWCNTs and is in the order of magnitude of the probes radius of 

curvature. Regarding that C-AFM scans dangling tubes on the surface, 

pulled out during the sample preparation process, the tip contacts not 

only the tubes’ end but their length might also be imaged due to bending. 

These effects result in a blurred image of the individual tubes. 

Considering the fact that C-AFM images solely the surface 

without any insight, the image of an originally electrically connected 

MWCNT cluster may be displayed as separated but close spots. The 

investigations at the nano scale carry some difficulties, among them one 
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might take into account that the samples’ surface may be damaged, due 

to strong forces applied by the tip in contact mode [179], but the tip 

could abrade or might collect contamination from the samples surface, 

therefore fulfilling the requirement of a clean and flat surface will ensure 

proper AFM investigations. 

4.3.1.1 Volume resistivity measurements on injection 

moulded PC/MWCNT composites 

Surveying the injection moulding process (Section 2.4.2) one 

would consider that in case of reinforced composite production a 

quantity called shear has a prominent influence on the filler’s 

distribution in the matrix polymer. Namely, the shear’s extent could be 

modified by adjusting the process parameters, which is expected to 

affect the dispersion of MWCNT in the polymer composite. Therefore 

a composites’ electrical properties could be affected by the shear’s 

orientating and dissipative effects on the MWCNTs and the polymer 

molecules inside the mould, as well [97,102,180,181].  

Increasing the injection speed has a strong increasing effect on 

the electrical surface and volume resistivity. Likewise, increasing the 

mould temperature has slight increasing effect on the electrical surface 

and volume resistivity [94]. 

Increasing the melt temperature has a strong reducing effect on 

the electrical surface and volume resistivity. Increasing the injection 

speed reduces the parts’ conductivity through induced shear, while 

increasing the melt temperature strongly increases the parts’ electrical 

conductivity, that increases the mobility of the polymer molecules, 

which helps to reconstruct the conductive CNT network [94]. 
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The electrical volume (bulk) resistivity as measured from fracture 

surface (in-plane direction) reduces strongly with the increase of 

injection speed and it reduces marginally with the increase of the mould 

temperature [94]. 

Volume resistivity measurement of the samples were performed, 

and the results (Table 5) showed high variation of the values ranging 

between 6.79 x10+03 and 4.60 x10+06 Ωcm. Thus, the volume resistivity 

values vary between three orders of magnitude, and samples F2 stands 

out. 

In an attempt to compare my results to similarly injection 

moulded samples, the literature reports relatively scattering volume 

resistivity data. Villmow et al. found volume resistivity values in the 

range of 1x10+06-1 x10+08 using 10 mm/s injection velocity and 320⁰C 

melt temperature for injection moulded 2wt% MWCNT-PC composites, 

and 1x10+05 Ωcm values for similarly produced but 5wt% MWCNT 

containing PC composites [182]. Mack C. et al. however measured 

1x10+01 Ωcm volume resistivity values for injection moulded 3wt% 

MWCNT-PC composites [183]. Plenty of factors were identified to 

influence such measurements [94], and my results seems not to be 

contrasting.  

4.3.1.2 Morphology of the injection moulded PC/MWCNT 

composites 

Transmission optical microscopy was carried out following the 

usual analysis route mentioned above to brighten the morphological 

reasons of the significant differences found. Figure 22 shows two typical 

examples of micrographs. 
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The macrodispersion index (D) data of the investigated samples 

displayed in Table 5, showing values ranging between 99.84-99.97% of 

evenly distributed filler at the macro scale. Due to the macrodispersion 

index’s presence in any similar investigation procedure, it was practical 

to fulfil the professional requirements in my case as well. Besides, the 

values of the individual samples are fairly close to each other proving 

that the different applied processes have not modified the morphology 

distinctively at the macro scale. There is little wonder that my 

CONTACT colleagues did not find any difference between the samples. 

  

Figure 22. Transmission optical microscopy images of PC97MWCNT3 composites, 

sample F2 and F6. 

TEM investigations of the six injection moulding settings 

resulted samples and the masterbatch with 15 wt. % CNT content 

besides the raw material used for injection moulding containing 3 wt. % 

MWCNTs were also performed. On the TEM micrographs displayed in 

Figure 23 individual nanotubes, their clusters, and areas of neat polymer 

are clearly recognizable. Besides, a few irregular carbon particles are 

also visible in some of the images presumably they are impurities of the 

MWCNT masterbatch. All the images include parallel bands due to the 

common defects of the used diamond knife.  
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Figure 23. Transmission electron microscopy images of the injection moulded parts 

and the related raw material: samples F1; F2; F3; F4; F5; F6; Mb-TEM image of the 

masterbatch, containing 15 wt. % MWCNTs in PC; Rm-TEM image of the raw 

material (15 wt. % MWCNT–PC masterbatch diluted to a 3 wt. % MWCNT/PC ). 

Assessing the distribution of MWCNTs in the 15 wt. % 

masterbatch (Mb) sample is demanding due to their high density. The 

presence of neat polymer areas on the left side of the image however 

implies the non-uniform distribution of the filler. After dilution, the 3wt. 

% raw material sample shows a few microns size connected clusters 

separated by almost neat polymer. Due to the injection moulding, clear 

structural changes were noticed on all of the samples, which affected the 

distribution of the MWCNTs in different degrees.  

The image of sample F1 shows the most uniformly dispersed 

MWCNTs forming clusters scarcely. The volume fraction of neat 

polymer parts seems to be very low. Sample F2 has mainly evenly 

dispersed MWCNTs and loose clusters with neater polymer islands. 

Sample F3 has uniformly dispersed loose elongated shape MWCNT 

clusters being denser than in case of F2. In case of sample F4 compared 
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to F3, the MWCNTs form clusters but the areas between them contain 

individual nanotubes [165]. The image of sample F5 shows mainly small 

MWCNT clusters divided by areas containing individual tubes with 

varied density. Sample F6 displays elongated MWCNT clusters, located 

as interconnected parallel cluster groups. In general, these changes 

observed after injection moulding of the raw material, resulted in more 

uniform textures.  

Similar MWCNT cluster formation effects; depending on the 

used injection moulding settings might be observed in case of Villmow’s 

et al’s  TEM images. Reportedly strong orientation effects were found 

in 2 wt.% MWCNT PC injection moulded composites using 280 °C and 

150 mm/s, a relatively high injection velocity, which did not manifest in 

such a pronounced extent in our case [182]. 

SEM of the samples with the highest (F2) and lowest (F6) 

volume resistivity values has been performed and their SEM images are 

presented on Figure 24. The greyish background is considered as the 

matrix material, in this case PC, while the white stringy objects are the 

MWCNTs. Both samples present a porous, spongy structure with 

cavities of a few hundred nanometers size, which could be due to the 

MWCNT’s bad wetting by the used polymer. Sample F6 showed more 

uncovered nanotubes, while sample F2 proved better wetting of the 

tubes (compare Figure 24A and B).  
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Figure 24. Scanning electron microscopy images of samples F2 and F6. 

Figure 25 presents the C-AFM images of the investigated sample 

series. Regarding the peculiarity of the sample that the conductance is 

due to the presence of the nanotubes, while the polymer matrix is 

insulating, obviously even the smallest measured current indicates the 

presence of MWCNTs connected to the electrical percolation network. 

Therefore I found it practical to visualize the conductance of the 

samples on a black and white figure where the white parts belong to 

conductive paths, while the black ones are associated to the insulating 

parts of the sample. 

Information loss may occur due to this binarization but one 

should take notice of that C-AFM is not suitable for quantitative 

information retrieval anyway. This speciality of the method was verified 

e.g. by Andrejs et al. on investigating donor-doped lead-zirconate-

titanate layers [50], and Lang et al. when characterizing Al2O3 films 

[184]. 

My experiences confirmed that even though successive 

measurements are performed in the same area using the same probe with 

the same parameters, deviations by a factor of two in the current values 

were observed, still resulting in quite satisfactory qualitative 



107 

 

 

morphological similarities between the images (not shown here).  

Among the different factors responsible for the quantitative 

uncertainty of the method, a significant one is the unstable contact. At 

each pixel, the surface is pressed by the sharp probe exerting a finite 

force, which deforms the material to a certain extent. Two components 

might be distinguished during the probe-sample contact interaction; an 

elastic and a surface dominated one, the later originates e.g. from the 

van der Waals interactions [165]. 

Omitting all but the elastic interaction, we made an estimation of 

the contact area using Sneddon’s model [165,185]. Spherical tip shape 

with 40 nm radius and a perfectly elastic sample material with the 

macroscopic elastic parameters; E = 2.8 GPa Young’s modulus and ν = 

0.35 Poisson’s ratio were assumed. 

The spring constant of the cantilever was determined and 

calibrated in-situ from its vibration properties using the dedicated 

routine of the device. The interaction force can be determined for each 

scan as the relationship between the electric signal of the feedback 

system, dedicated to keep the cantilever bending constant and the real 

geometrical situation is well known. In our case it was F = 80 ±15 nN, 

that allowed the radius of the contact area to be calculated obtaining a = 

9 ± 3nm.  

The random distribution of MWCNTs and the spongy, porous 

morphology of the sample surfaces revealed by SEM study implies a 

pixel by pixel variation of the sample deformation, causing of the 

contact area and consequently the flowing current changes as well [184]. 

Instabilities between the feedback signal and the interaction force due to 

thermal drifts; nonlinearities of the piezoelectric actuators may induce 
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apparent changes. Even though the tip may keep conducting for several 

measurement hours its attrition occurs inevitably leading to the change 

of its shape.  

Another effect of the tip-sample interaction induced sample 

deformation is the relative shift of the MWCNTs within the sample, by 

modifying the resistance of the conductive path next to the investigated 

spot. One may note that the resistance of a CNT network is determined 

by the resistance of the CNT-CNT junctions [186]. Considering the 

above mentioned effects, quantitative assessments of C-AFM 

measurements is highly unadvised.  
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Figure 25. Conducting atomic force microscopy binarized images of cross sections of 

the injection moulded parts of samples F1; F2; F3; F4; F5; F6; Rm-TEM image of 

the raw material (15 wt. % MWCNT–PC masterbatch diluted to a 3 wt. % 

MWCNT/PC . 

Figure 25 image Rm displays the C-AFM image of the used raw 

material; featuring conductive spots exceeding typically the size of 150 

– 250 nm. These spots situated mostly in groups separated by insulating 

islands can be attributed to the dense parts of MWCNT clusters visible 

in the corresponding TEM image (Figure 23. Rm-Mb). 

The injection moulding settings of sample F1 was 280 C⁰ melt 
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temperature and 18 mm/s injection speed, i.e. medium shear was 

expected, which is known to enhance the dispersion of the nanotubes 

[94]. C-AFM image of the sample presents conductive spots with 

significantly smaller average size and increased dispersion, the average 

area of continuous insulating areas is reduced. The overall coverage by 

conductive spots is 2.63% of the imaged area. In agreement with the 

picture the C-AFM data indicates, TEM image of the same sample 

(Figure 23-F1) shows much more scattered MWCNT distribution with 

only smaller, low-density clusters.  

Sample F2 was produced using the same 280 C⁰ melt 

temperature as in case of sample F1 but it had a higher injection speed 

of 42 mm/s. Therefore, a higher shear is expected, dispersing and 

separating the nanotubes. What we see in the C-AFM image of this 

sample is that the overall coverage is low, only 0.75% of the imaged 

area. Scarce but relatively extended and grouped conductive areas 

separated by large insulating domains are present. Based on the 

corresponding TEM results we can suppose that most of the MWCNT 

clusters have been segregated to separated nanotubes or isolated from 

the conductive network, only a few of them remained in contact.  

Sample F3 was processed using 6 mm/s injection speed 

combined with a higher melt temperature 300 C⁰. C-AFM revealed that 

15.85% of the studied area is conductive, the conductive spots are 

smaller than in case of the raw material, but they form dense, elongated 

clusters in accord with the corresponding TEM image (Figure 23-F3). 

Here we can suppose that the nanotube clusters of the raw material have 

been loosen, expanded as a consequence of the higher mobility of 

polymer chains at elevated melt temperature, while the MWCNT-
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MWCNT contacts were not broken for lack of significant shear.  

Turning to samples F4 and F5 processed at the same temperature 

but with higher injection speeds, 30 and 42 mm/s, respectively, the 

individual conductive spots show similar shape and approximate size 

but the density and size of their groups are decreasing as injection speed 

increases. The coverage of the conductive spots is 5.88% and 2.35% for 

samples F4 and F5, respectively. Here we see how the morphology 

characteristic for sample F3 has been changed by the effect of moderate 

to high shear: a part of the MWCNT clusters have been dispersed and 

separated from the conducting network, higher extent in case of sample 

F5. TEM study of the F3, F4, and F5 samples confirms the previous 

picture: extended, loose MWCNT clusters are present in sample F3 with 

empty polymer areas between them. TEM image of sample F5 presents 

smaller clusters and significant decrease of the empty polymer islands. 

TEM of sample F4 shows an intermediate structure but this cannot easily 

be recognized because of the higher slice thickness. 

A very high 320 C⁰ melt temperature was linked to a 42 mm/s 

high injection speed in case of sample F6. Compared to F3, here we can 

notice also the presence of bigger conductive spots though most of them 

are still small and densely packed. They cover 10 % of the imaged area 

of sample F6. Despite the high injection speed, the shear in case of this 

high temperature combined with fast injection speed, results in a not so 

high shear, which visibly was not high enough to significantly disperse 

the nanotubes. On the contrary, the increased mobility of the PC chains 

eased the build-up of new, larger conductive spots with different shape 

compared to the raw material. Both elongated clusters and some dense 

areas can be recognized in the corresponding TEM image. 
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The coverage by conductive spots compared to the bulk 

electrical resistivity data (see Table 5) of samples produced using the 

same melt temperature prevails the tendency: the larger coverage 

matches a lower volume resistivity value. This tendency seems not to be 

valid for samples with different melt temperatures, which was claimed 

as a very strong influencing factor of the volume resistivity of the 

injection moulded MWCNT PC composites [182]. 

A possible explanation for this deviation from the tendency 

might be the most distinct structural feature in injection-moulded parts 

i.e. the macroscopic skin-core bilayer structure, which results from the 

difference in the thermal history between the outer layer and the inner 

layer. After the high-speed injection step, resulting in an oriented melt 

filling the entire cavity, the outer region, contacting the cold mould wall, 

is immediately frozen, thus forming a skin layer with a high degree of 

molecular orientation. The inner region, which is not in contact with the 

mould wall, cools down slowly during the subsequent packing step, in 

which the relaxation of oriented molecules can occur, thus yielding a 

core layer with a low molecular orientation. 

Because the skin is usually very thin, the mean orientation 

degree of the whole injection-moulded parts is often low. By 

determining the processing-structure-property relation in moulded parts, 

during the introduction of an intensive shear high molecular orientation, 

anisotropic morphology, ordered structure and, eventually, remarkable 

mechanical reinforcement is achieved [187,188]. 

The skin’s thickness might vary in case of samples injection moulded 

using different melt temperatures. Our ongoing research is investigating 

this skin-core structure visualization by C-AFM. During the volume 
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resistivity measurements on a bulk sample an average is found in the 

resistivity values of both the skin and core, due to their presence in the 

sample’s diameter (see the sample preparation process in section, Figure 

21), but the C-AFM measurement considers only the core of the sample. 

4.3.2 Thesis points [175,176,189]: 

I was first to apply conductive tip atomic force microscopy for 

characterization of local conductive properties of injection moulded 

MWCNT polycarbonate composites prepared with different injection 

speeds and melt temperatures. I have observed that in correlation with 

bulk conductivity, the average distance of conductive spots increases 

and their total area decreases with the growth of injection velocity in 

the samples produced at the same melt temperature. I have explained 

the phenomenon in correlation with TEM results that the higher shear 

caused by the increase in injection velocity separates nanotubes from 

each other, reducing the density of the conductive network. At the 

highest melt temperature the increase of the conductive spot sizes is 

interpreted as the reagglomeration of nanotubes due to the higher 

mobility of the polymer chains. 
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5 Summary 

In the past two decades, remarkable interest was given to the 

outstanding properties of carbon nanotubes (CNT) due to their unique 

electronic structure. This interest manifested in extensive research on 

carbon nanotube synthesis, characterization, and development of their 

application. The exploitation of such properties could mean their 

application as fillers for polymer composites by means of mechanical or 

electrical properties improvement. The mechanical reinforcement or the 

appearance for electrical conductivity in CNT filled polymer composites 

and its measure is a function of the CNT dispersion and distribution.  

The aim of my work was to effectively characterize the 

microstructure of nanotube filled polymer composites by microscopic 

methods, including the multiscale study of CNT dispersion, and 

interpret the effect of process parameters on the properties of such 

composites of three different, technologically relevant material groups.  

In case of three roll milled epoxy suspensions I have used 

transmission optical microscopy to observe what improvement could be 

obtained in nanotube dispersion by increasing the roll speed of the three 

roll mill and by increasing the number of passes in case of 0.01 and 0.1 

wt. % loadings. The samples were prepared by two roll speeds (180 and 

270 rpm) and with one or five passes. I have investigated the 

suspensions by transmission optical microscopy, and then I have 

converted the optical micrographs in bitmaps and I have evaluated them 

statistically. I have found that in case of the studied parameters the 

increase in number of passes decreased more significantly the MWCNT 

quantity in agglomerate state than the increase in roll speed.  
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The effect of the process parameters on the nanotube 

agglomerates dispersion was demonstrated through visualization of the 

significant decrease in the agglomerate area fraction by the increase in 

the number of passes for both compositions and roll speeds while the 

decrease of agglomerate counts seemed to be smaller. Furthermore, this 

agglomerate count decrease is more significant in case of higher rather 

than lower roll speed samples of both compositions. 

I have interpreted the above observations based on the different 

characteristics of the two possible dispersion mechanisms of MWCNT 

agglomerates. One of them, the exfoliation akin to dissolution: mobile 

polymer chains in the liquid intrude between the MWCNTs, wet them, 

and gradually peel them off the agglomerate. The other mechanism, 

rupture is a faster process, if the shear forces are high enough, the 

agglomerate breaks into smaller pieces on its weakest sites. 

 Considering that the agglomerate strength is reversely 

proportional to its surface area, obviously the larger agglomerates break 

into smaller pieces relatively fast. The surface area of individual 

agglomerates becomes smaller, therefore their strength increases and 

their further rupture is less and less probable. They achieve such a size, 

where at a given shear their rupture is not but only their exfoliation is 

possible, which is however a slower process. Therefore it is expected 

that the ratio of the smaller agglomerates will increase during 

processing. 

At higher shear forces, accordingly at higher roll speed the 

characteristic size (below which no further rupture of agglomerates 

takes place) will be smaller, so their size decreases faster below the 

optical diffraction limit. 
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The motivation for the second topic was to compare the effects of 

the screw speed and throughput used in a twin screw extruder on the 

dispersion of nanotubes in different MWCNT loading 

MWCNT/polystyrene composites.  

Statistical analysis of the TOM images of polystyrene composite 

sections with 2-, 3- and 5 wt. % nanotube content extruded with 500 and 

1100 rpm with 7.5 and 10 Kg/h throughput at extruder temperatures 

followed a special profile (P) and of uniform 210 ºC revealed that the 

CNT agglomerate area fraction depends strongly on nanotube loading, 

besides it decreases significantly with the growth of screw speed. An 

approximate reverse proportionality between the mechanical energy 

applied on the melt during extrusion (specific mechanical energy, SME) 

values and area fractions can be observed.  

Apparently in the case of lower, 500 rpm screw speed, the rise 

of MWCNT filler content involved not only the increase of the 

agglomerates area fraction, but their number has increased as well. This 

increase in agglomerate number is about proportional with the variation 

of nanotube loading. In case of the higher, 1100 rpm screw speed 

samples this tendency is not present, at higher loadings the number of 

agglomerates in most cases decreased more than expected. I have 

explained this phenomenon by the smaller shear in case of lower screw 

speed or lower loading samples. It makes larger the critical size below 

which rupture of agglomerates does not take place, but only the slower 

exfoliation mechanism can decrease their size. Consequently the 

proportion of smaller size agglomerates increases. In contrast with this, 

higher viscosity in case of the higher loading samples and higher screw 

speed makes shear high enough to decrease the critical size significantly. 
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Therefore rupture of smaller agglomerates is possible, so their 

proportion is smaller in these samples. 

The third presented topic concerned injection moulding with 

different melt temperature (280, 300, 320 ˚C) and the injection velocity 

(6, 18, 30, 30 mm/s) parameters of 3 wt. % MWCNT containing 

polycarbonate raw material.  

The motivation of the microscopic analysis was the 

interpretation of magnitude differences observed between the electrical 

resistivity values of the resulted parts. Transmission optical microscopy 

analysis shown no significant differences between the samples, 

therefore the application of higher resolution microscopic methods was 

needed.  

SEM results revealed that in case of some parameters the 

polymer chains were wetted in different grade. 

TEM investigation showed some differences in the morphology 

of formed nanotube networks, but these results did not explain the 

reason of such difference in electrical resistivity. 

Therefore I have used conductive tip AFM (C-AFM) to analyse the 

raw material used for injection moulding and the results of injection 

moulding. A clear display in the difference between the various injection 

moulding settings, and their effect on the morphology of conductive 

network could be shown.  

The conductive images can also be used as bitmaps and the area 

occupied by conductive spots can be calculated. I have demonstrated 

that this reflects well the differences in the morphology of conductive 

networks in the samples supposedly produced by the different injection 

moulding parameters, moreover they are in correlation with the bulk 
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volume resistivity results. Thus, by increasing the shear during injection 

moulding decrease in the conductive spot’s size and area fraction were 

found, due to the increase of nanotube separation. I have observed a 

contrasting effect at the highest melt temperature: the formation of larger 

conductive spots could be explained by the reagglomeration of the tubes 

due to the lower shear forces and the higher mobility of the polymer 

chains.  
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6 Outlook 

The expansively researched and produced carbon nanotube 

composites invaded the market with novel MWCNT reinforced polymer 

composite wind blades by Molded Fiber Glass Co, tennis rackets by 

Babolat and Nanoledge. Building industry, in addition was active in 

MWCNT-concrete development. Electricity storage manufacturers are 

also interested to promote the development of MWCNT based redox-

flow batteries. Applied Nanotech Holdings has plenty of commercially 

available MWCNT/composite products like CNTstickx®, an adhesive 

that is used in marine, construction, biomedical equipment’s, 

automotive, sporting goods, and recreational equipment, aerospace, and 

robotics. From gas sensing and enzymatic biosensors towards field 

emission displays (FED) based on carbon-related materials, to carbon 

nanotube (CNT) electron emission lamps, CNT composites managed to 

accommodate the needs of the large costumer markets. 

In order to expand the divisions using MWCNTs a decrease in the 

price of the products would seem imminent. However the ≈5 euro/gram 

general price (price found at cheaptubes.com on 14.11.2015, which 

hectically varies from one retailer to another) of the MWCNTs does not 

ease their prevalence. Either the decrease of the MWCNT price or the 

exploitation of the properties offered by nanotubes could help in 

decreasing the price of the products already available and of those under 

development. The better would be both criteria to be fulfilled. A 

product’s price is not only formed on the sole expense of the raw 

materials but the production and development costs need to be added as 

well. Decreasing the overall outlays of the part’s production would mean 
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not only using promising production tools, but also the development of 

trusted and effective characterization methods might provide the desired 

reduction of expenditures.  

The bulk properties of MWCNT filled polymer composites 

underwent extensive investigation recently, however the microscopic 

details of the electrical behaviour proved to be relatively unexplored 

until now. Tracking the structure-property relationship is a crucial step 

of a new product development. Nevertheless, the production process is 

obviously pivotal; the investigation methods play a key role in unveiling 

the morphology of the developed MWCNT network.  

Current research focused on the method development in order to offer 

support for the current industrial demands. The refinement of the 

MWCNT/polymer composite investigation methods and the 

characterization of the MWCNT dispersion are technologically decisive 

due to its help in producing composites with the desired properties, but 

with less MWCNT addition.  
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7 Thesis 

1. a.  I have investigated the dispersion of carbon nanotubes in 

bisphenol-A-digycidyl-ether epoxy resin processed through 

three-roll mill by transmission optical microscopy. I have 

determined that in the investigated parameter range the number 

of agglomerates observable by optical microscopy can be more 

effectively decreased in three roll milling by repeated processing 

than through higher roll speeds. 

1. b.  I have observed, that in case of lower roll speed the multiple 

milling decreases more significantly the size of agglomerates, 

while their number decreases only moderately. Using higher roll 

speed, multiple milling decreases significantly not only the 

number of agglomerates, but their sizes as well. I have explained 

the difference by the change in the ratio of dispersion 

mechanisms which happens at different agglomerate sizes, due 

to different shear.  

2. a.  I was first to prove by transmission optical microscopy 

analysis that a reverse correlation exists between the so-called 

specific mechanical energy transmitted to mass unit of material 

and the total size of undispersed agglomerates in extruded 

MWCNT/polystyrene composites of different compositions 

produced by various combinations of process parameters. 

2. b.  I have observed that in all the cases at lower screw speed both 

the total size and number of agglomerates increases with 

increased MWCNT loadings while for higher screw speed the 

increase of the agglomerate size is not followed by the increase 
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of number of agglomerates. I have explained the phenomenon as 

the dispersion of smallest visible agglomerates happens not only 

through exfoliation, dominating at lower shear, but due to higher 

sheer caused by higher screw speed, where the rupture 

mechanism is significant. 

3. I was first to apply conductive tip atomic force microscopy for 

characterization of local conductive properties of injection 

moulded MWCNT polycarbonate composites prepared with 

different injection speeds and melt temperatures. I have observed 

that in correlation with bulk conductivity, the average distance 

of conductive spots increases and their total area decreases with 

the growth of injection velocity in the samples produced at the 

same melt temperature. I have explained the phenomenon in 

correlation with TEM results that the higher shear caused by the 

injection velocity increase separates nanotubes from each other, 

reducing the density of the conductive network. At the highest 

melt temperature I have observed the increase of the conductive 

spot sizes. I have interpreted this as the reagglomeration of 

nanotubes due to the higher mobility of the polymer chains. 
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8.1 Scientific papers related to the thesis points 

1. Bernadeth Kiss-Pataki, Jyri Tiusanen, Gergely Dobrik, Zofia 

Vértesy, Zsolt Endre Horváth; Visualization of the conductive 

paths in injection moulded MWCNT/polycarbonate 

nanocomposites by conductive AFM; Composite Science and 

Technology, 90, 2014, 102-109. IF: 3.328 

2. Bernadeth Kiss-Pataki, Ganiu Olowojoba, Shyam 

Sathyanarayana, Jyri Tiusanen, Anita Papp, Zsolt Endre 

Horváth, Szén nanocsövek eloszlásának vizsgálata többfalú szén 

nanocsövekkel adalékolt polisztirol, epoxi és polikarbonát 

kompozitokban; Tavaszi Wind 2014 Proceeding, Volume V., 

ISBN 978-963-89560-9-5, pp. 274-288, (2014) Debrecen. No IF 

3. Ganiu Olowojoba, Shyam Sathyanarayana, Burak Caglar, 
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Elsner; Influence of process parameters on the morphology, 

rheological and dielectric properties of three-roll-milled 

multiwalled carbon nanotube/epoxy suspensions; Polymer, 54, 

pp. 188-198, (2013). IF: 3.379 

4. Bernadeth Kiss-Pataki, Zsolt Endre Horváth, Jyri Tiusanen, 

Burak Caglar, Zofia Vértesy, Többfalú szén nanocsövek 
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módszerekkel; XIII. RODOSz Proceedings, (2013) In Press. 

5. Shyam Sathyanarayana, Ganiu Olowojoba, Patrick Weiss, Burak 

Caglar, Bernadeth Pataki, Irma Mikonsaari, Christof Hübner, 

Frank Henning; Compounding of MWCNTs with PS in a Twin-

Screw Extruder with Varying Process Parameters: Morphology, 

Interfacial Behavior, Thermal Stability, Rheology, and Volume 

Resistivity; Macromolecular Materials and Engineering, 298, 

pp. 89–105, (2013). IF: 2.338 
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8.2 Scientific publications not related to the thesis points 

1. “Porolissum (Mojgrád, Zilah, Románia) római kori kerámiák 

kőzettani mikroszkópos vizsgálata”, Bernadeth Pataki, Enikő 

Bitay, György Szakmány, Irma Csifó, Lóránd Konyelicska, 

Erzsebet Veress, Fiatal Műszakiak Tudományos Ülésszaka 

XVIII, Cluj Napoca, Romania, Ed. Enikő Bitay, Publ. EME, 

ISSN 2067-6-808, 2013, 301-306. IF: None 

2. “Porolissum (Mojgrád, Zilah, Románia) római kori temető 

kerámialeletek ásványtani (FTIR, XRD) jellemzése”, Bernadeth 

Pataki, Enikő Bitay, Ioan Bratu, Emil Indrea, Irma Csifó, Lóránd 

Konyelicska, Erzsebet Veress, Fiatal Műszakiak Tudományos 

Ülésszaka XVIII, Cluj Napoca, Romania, Ed. Enikő Bitay, Publ. 

EME, ISSN 2067-6-808, 2013, 307-314. IF: None 

3. “Régészeti kerámiák multielem analitikai vizsgálata”, Bernadeth 

Pataki, Márta Ballók, László Kékedy Nagy, András Bartha, 

Enikő Bitay, Erzsebet Veress, Fiatal Műszakiak Tudományos 

Ülésszaka XVII, Cluj Napoca, Romania, Ed. Enikő Bitay, Publ. 

EME, ISSN 2067-6-808, 2012, 271-275. IF: None 

4. Applicability of FTIR Spectroscopy to Provenance Study of 

Ancient Ceramics,  Bernadeth Pataki, Ioan Bratu, Róbert 

Gindele, Erszébet Veress, Proceedings of the XVI. International 

Scientific Conference FMTÜ, Cluj Napoca, Ed., E. Bitay, EME 

(Cluj Napoca), 2011, ISSN 2067-6 808, pp. 239-242. IF: None 

5. Provenance Study Of Ceramic Artefacts From Tăşnad "Sere", 

Satu Mare County, Romania, Bernadeth Pataki, Emil Indrea, 

Erzsébet Veress, Proceedings Of The Spring Wind 2010 

Conference, March 2010, Ed., Zs. Zadravecz, Bornus 2009 Kft. 

(Pécs), ISBN 978-615-5001-05-5, pp. 452-458. 

6. XRF analysis based compositional classification of 

archaeological ceramics from Satu Mare county sites, Bernadeth 

Pataki, Ioan Bratu, Emil Indrea, Corina Ionescu, Róbert Gindele, 

Erzsébet Veress, Proceedings of the 16th Symposium on 

Analytical and Environmental Problems, SZAB, Szeged, 
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pp. 477-480. 

7. Arheometric analysis of some ancient pottery sherds from 

„Câmpia Transilvană”, Bernadeth Pataki, Corina Ionescu, Emil 

Indrea, Liviu Dărăban, Eugen Culea, Erzsébet Veress, RODOSZ 

IX Conference Volume, 2008. November 21-23, Cluj Napoca, 
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Ed. Ferencz Cs.L., Kovács Cs., Székely I., Székely T., Rodosz-

Dacia Cluj Napoca, ISBN 978-973-35-2438-3, pp. 357-370. 

9 Presentations 
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property relations: Application to electron transport in carbon 
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Bernadeth Kiss-Pataki, Marcin Wegrzyn, Anna Matveeva, 

Daniel Vlasveld, Jyrki Vuorinen, (EN, poster). 
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Study Of Ceramic Artefacts from Tăşnad "Sere", Satu Mare County, 

Romania, Bernadeth Pataki, Emil Indrea, Erzsebet Veress, (EN, oral 
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9. International Conference of the Chemical Societies of the South-
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2010. November, Complex Archaeometric Study of Ceramic 

Artifacts from Tăşnad, Romania, Bernadeth Pataki, Ioan Bratu, Emil 

Indrea, Petru Budrugeac, József Lingvay, Róbert Gindele, Erzsebet 
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(HU, oral presentation). 

12. The first 21 years of Reverse Monte Carlo Modelling, Budapest, 
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Erzsébet Veress, (HU, oral presentation). 
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Liviu Dărăban, Erzsébet Veress, (HU, poster). 
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Bratu, Emil Indrea, Irén Kacsó, Eugen Culea, Corina Ionescu, 

Bernadeth Pataki, Erzsebet Veress, (EN, poster).   
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