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Abstract 

This thesis analyses the network formation of CNT in epoxy matrices using 

scanning electron microscopic (SEM), electrical, Raman spectroscopic and 

rheological techniques. Investigations are focused on the improvement of the 

electrical properties of the CNT/epoxy composites. 

 

A non-destructive method called voltage (or charge) contrast SEM was 

developed for determining the real CNT shapes and distributions in a composite 

over several length scales. This knowledge is crucial for the interpretation of all 

upcoming experiments. 

 

Conductivity measurements revealed two percolation thresholds, the lower one 

attributed to a kinetic and the higher one to a statistic network formation process. 

The kinetic percolation threshold was found to be sensitive to temperature and 

the shear forces present in the liquid composite. CNT with higher aspect ratios 

were found to have lower statistic and kinetic percolation thresholds, meaning 

that the influence of the aspect ratio on the kinetic percolation threshold is 

dominating the influence of shearing. Processing of the CNT/epoxy suspension 

with a calender was found to be disadvantageous for both, the percolation 

threshold and the maximum achievable composite conductivity. 

 

Raman spectra were utilised to determine the temperature, orientation and 

stress state of CNT in epoxy resins. The waviness of some CNT types was 

shown to restrict determining the CNT orientation. Stresses induced by the 

thermal expansion coefficient of the matrix and their relief at the glass transition 

temperature could be monitored accurately by Raman spectroscopy. 

Simultaneous conductivity measurements revealed that the thermal stresses 

were not sufficiently high to affect the integrity of the established CNT network. 
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The CNT network formation in an epoxy liquid due to shear forces was studied 

under controlled conditions inside a rheometer. Rheological, electrical and 

optical parameters could be monitored and analysed simultaneously. Shearing 

with low shear rates was found to produce agglomerates while shearing with 

high shear rates destroyed them, both being reversible processes. The 

formation of electrically conductive networks was different for calendered and 

non-calendered CNT/epoxy suspensions. The calendered samples needed a 

pre-shearing step at high shear rates and a gradual lowering of the shear rate in 

order to establish a network. 

 

In conclusion, CNT are ideal fillers for polymer composites used in antistatic 

and electromagnetic shielding applications. They yield high conductivities at low 

filler concentrations without the need to be perfectly dispersed in the matrix. 

Their agglomeration can be controlled most effectively by adjusting the 

suspension temperature. 
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1 Introduction 

Nowadays, polymers are widespread in industrial applications due to the 

possibility to adjust their electrical, chemical and mechanical properties over a 

wide area. In most cases tailoring of material properties is achieved by blending 

the polymer with additives. For example, electrically conductive filler particles 

can increase the conductivity of a polymer from initially 1210−  S/m to 410  S/m. 

The resulting filler/polymer composites are used in aviation, packaging, 

construction and automotive engineering for antistatic and electromagnetic 

shielding applications. Problems in these applications arise from the high filler 

concentration which deteriorates the mechanical and optical properties and 

from particle sedimentation in the liquid polymer resulting in a filler (and thus 

composite property) gradient. In industry, the former problem is solved by using 

high aspect ratio fillers–such as fibres–because the filler concentration needed 

to reach a certain composite conductivity scales inversely with the particle 

aspect ratio. The latter problem is solved by using nanoscaled fillers–such as 

carbon black–because the sedimentation rate scales with the particle radius. An 

approach that gets rid of both problems at the same time is to use carbon 

nanotubes (CNT) as fillers. They possess aspect ratios as high as 10,000 and 

simultaneously are nanosized (diameters of 1-50 nm). 

 

This thesis deals with the formation, analysis and manipulation of CNT networks 

suspended in epoxy matrices. Investigations are focused on the improvement of 

the electrical properties of the CNT/epoxy composites. The goal is to 

understand the influence of various parameters–such as CNT type, synthesis 

method, treatment, dimensionality and concentration, as well as polymer type 

and suspension processing method–on the electrical properties of the 

composites. 
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The thesis spreads over various research fields which were first enhanced 

individually, tailored to CNT/epoxy composite requirements and then combined 

to improve the overall understanding of CNT network formation mechanisms. 

For this reason the thesis is structured in an unusual way. Each research field is 

discussed in an individual section including motivation, state-of-the-art of 

science and technology, description of experimental procedures, discussion of 

the results and conclusion. Details to the materials and their properties are 

presented in Section  2. 

 

Section  3 deals with the scanning electron microscopy (SEM) analysis of 

CNT/epoxy composites. Knowledge about the distribution and shape of the 

CNT within the epoxy is crucial for the interpretation of all upcoming 

experiments. Therefore, a special technique called voltage (or charge) contrast 

SEM is developed and applied to visualize CNT that are located inside the 

polymer. 

 

Section  4 covers the electrical characterisation of the produced composites and 

is the main section of this thesis. It comprises an extensive literature review 

which condenses a comprehensive collection of published data in order to 

extract general dependencies of the electrical characteristics on the above 

mentioned parameters. However, it is favourable to vary each parameter 

individually while keeping all others constant. This approach is followed in the 

presented experiments where the CNT type, synthesis method, dimensionality 

and concentration as well as the suspension processing method is successively 

varied. 

 

Raman spectroscopy on CNT and CNT/epoxy composites is discussed in 

Section  5. The idea is (a) to map the distribution and orientation of CNT within 

the polymer on the micro-scale and (b) to use the CNT as internal stress 

sensors during and after the polymer curing reaction. For both tasks, 

appropriate CNT types need to be identified that exhibit an intense Raman 
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signal and allow a vanishingly small amount of CNT to be monitored in a liquid 

or solid polymer matrix.  

 

Section  6 introduces a rheometer that allows applying controlled shear states to 

the CNT/epoxy suspension in order to analyse the influence of shear forces on 

the CNT network formation. The rheometer is unique in the sense that the 

CNT/epoxy suspension can be analysed rheologically, optically and electrically 

at same time. 

 

A summary and outlook is given in Sections  7 and  8. 
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2 Materials 

2.1 Epoxy resin systems 

Epoxy resins belong to the class of thermosetting plastics. The curing process 

transforms the epoxy resin into a plastic by forming a three dimensional network 

of covalent bonds. Curing is initiated through heat and/or curing agents 

(hardeners). A thermoset material cannot be melted and re-shaped after curing. 

 

Due to the three dimensional network, the mechanical properties of thermosets 

are generally superior to those of thermoplastic materials. Moreover, 

thermosets possess good insulating and adhesive properties, are resistant to 

most chemicals and have high thermal stability. Therefore, they are commonly 

used as adhesive, coating or matrix for structural composites for airplanes, 

boats, electronic devices and industrial floors. 

 

Four different epoxy systems were used in this thesis, all based on a bisphenol-

A epoxy resin (BPA) and an amine curing agent. The epoxy-amine chemistry 

was chosen because its curing mechanism is well known [1,2]. The 

characteristics of the studied systems are shown in Table  2-1. For the electrical 

conductivity and rheology analyses (Sections  4 and  6), only the LY556/XB3473 

system was used. The E20/XB3473 system was additionally used for the 

scanning electron microscopy analyses (Section  3), while the LY564/A2954 and 

L135/H137 systems were additionally used for the Raman spectroscopy 

analyses (Section  5). A polyether siloxane copolymer (Tego Wet 280) obtained 

from Degussa, Tego Coating & Ink Additives (Germany) was added to the 

epoxy systems used in Section  3 in order to improve the wettability of the glass 

substrates. 
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Table  2-1 Characteristics of the investigated epoxy systems. 

System LY556/XB3473 E20/XB3473 LY564/A2954 L135/H137 

Company 
Huntsman Advanced 
Materials, Belgium 

Cognis, Germany / 
Huntsman, Belgium 

Huntsman Advanced 
Materials, Belgium 

Bakelite MGS 
Kunstharzprodukte, 
Germany 

Chemical origin of 
epoxy/hardener 

BPA/aromatic amine BPA/aromatic amine 
BPA/cycloaliphatic 
amine 

BPA/linear aliphatic 
amine 

Mix ratio 
[parts by weight] 

100:23 100:24 100:35 100:30 

Initial viscosity at RT 
[ s mPa ] 

5,200-6,000 3,000-8,000 500-700 700-1,100 

Cure schedule 
2 h @ 120°C 
2 h @ 140°C 
2 h @ 180°C 

2 h @ 120°C 
2 h @ 140°C 
2 h @ 180°C 

1 h @ 80°C 
2 h @ 140°C 

24 h @ 23°C 

Thermal expansion 

coefficient [ -1K ] 
56-65 610−⋅   70-75 610−⋅   
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2.2 Carbon Nanotubes 

Carbon nanotubes (CNT) were observed already in 1953 by Davis et al.  [3], in 

1976 by Oberlin et al.  [4] and in 1982 by Nesterenko et al.  [5]. The breakthrough 

of this carbon allotrope however came with Iijima’s publication in 1991  [6]. CNT 

consists of sp2-hybridised carbon atoms, just like graphite. CNT can be thought 

of as a cylinder consisting of rolled-up graphite layers. One layer constitutes 

single-wall nanotubes, two layers double-wall nanotubes and multiple layers 

multi-wall nanotubes. The way how these layers are rolled up–characterised by 

the chiral vector–defines the electrical properties of CNT. On turn, their high 

aspect ratio and crystalline perfection are responsible for their exceptional 

mechanical strength. The high research effort on carbon nanotubes is motivated 

by these material properties, which are comparable with or even exceed those 

of the best performance materials known to date (Table  2-2). 

 

Chemical vapour deposition (CVD) is the most common production method for 

CNT. All CNT types used in this thesis were produced by the CVD process. 

This method comprises the decomposition of different hydrocarbons–such as 

benzene (C6H6), pentane (C5H12), acetylene (C2H2), methane (CH4)–over 

different catalysts–such as Fe, Co, Ni–at temperatures between 500 and 

1200°C. The CVD method can be varied with respect to the way the catalyst is 

introduced into the furnace: either deposited on a substrate (then called 

catalytic CVD, or CCVD) or as an aerosol/floating catalyst (then called aerosol 

CVD, or ACVD). Another variant referes to the way the produced CNT are 

collected and extracted from the furnace. If the catalyst was sputtered onto the 

substrate or the aerosol sediment to a substrate, a carpet of well-aligned CNT 

grows, sticks to the substrate and needs to be scratched off. If the catalyst is 

loosely deposited on the substrate in a fixed-bed or fluidized-bed reactor, the 

CNT grow entangled, but can be removed much easier from the bed which can 

be re-used. A vertical reactor does not need a substrate, the CNT simply move 

downwards with the gas stream and leave the reactor. They grow entangled. 
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Table  2-2 Comparison of experimentally determined carbon nanotube properties with other high-performance materials. 

Material property Carbon nanotube Reference Best performance known to date 

Dimension 1-10 nm  45 nm (Structure in Intel Core2 Duo processor) 

Electrical conductivity (room temperature) 6103 ⋅  S/m  [7] 7106 ⋅  S/m (Silver) 

Electrical current density 910 - 1010  A/cm2  [8] 710  A/cm2 (Copper) 

Thermal conductivity (room temperature) 3,000 W/m·K  [9] 3,320 W/m·K (Diamond) 

Elastic modulus 0.9-1.9 TPa  [10] 0.5 TPa (Tungsten carbide) 

Tensile strength 11-63 GPa  [11] 3.5 GPa (Kevlar) 

Specific surface area 948 m2/g  [12] 500 m2/g (Activated carbon) 

Density 1.4 g/cm3  2.7 g/cm3 (Aluminium) 
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2.2.1 Nanocyl CNT 

Nanocyl CNT are multi-wall carbon nanotubes that were produced by catalytic 

chemical vapour deposition (CCVD) in a fixed-bed reactor. They were supplied 

by Nanocyl S.A. (Belgium) and used as received. The average inner and outer 

diameter were specified as 4 and 15 nm, respectively, with lengths up to 50 µm 

and carbon purity exceeding 95% (<5% iron catalyst). The scanning electron 

microscopy image (Figure  2-1) shows a typical cluster of as-received CNT, 

which had to be broken up via shearing. This procedure tends to fracture the 

CNT due to their entanglement, thus an average length of 15 µm was assumed 

throughout these experiments. 

 

 

Figure  2-1 SEM images of a cluster of CCVD-grown multi-wall carbon 

nanotubes as supplied. Typical lengths / diameters / aspect ratios of the CNT 

are ~ 15 µm / 15 nm / ~ 1,000. 

2.2.2 ACVD-aligned-grown CNT 

ACVD-aligned-grown CNT are multi-wall carbon nanotubes that were produced 

in-house via aerosol chemical vapour deposition (ACVD)  [13]. Toluol (C7H8) 

was used as carbon feedstock and ferrocene (Fe(C5H5)2) as catalyst and 

carbon feedstock. They were injected into a gas stream of argon and hydrogen 
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which entered the furnace (heated to 760°C). Quartz plates were positioned 

inside the furnace and the CNT grew straight away from them forming carpets 

of well-aligned, non-entangled CNT (Figure  2-2). After 1 h of growth, the CNT 

had a typical length, diameter and aspect ratio of 50 µm, 80 nm and 625, 

respectively. 

 

 

Figure  2-2 SEM images ACVD-aligned-grown multi-wall carbon nanotubes. 

Typical lengths / diameters / aspect ratios of the CNT are 50 µm / 80 nm / 625. 

2.2.3 CCVD-aligned-grown CNT 

CCVD-aligned-grown CNT are multi-wall carbon nanotubes that were produced 

in-house via catalytic chemical vapour deposition (CCVD) [14,15]. The method 

comprises the evaporation of a 1 nm layer of iron catalysts onto a 3 µm silica 

layer situated on a silicon wafer. The wafer was then transferred to the furnace 

which was heated to 725°C. Subsequently, the catalyst layer was activated by a 

H2-plasma and growth of the CNT started as soon as acetylene (C2H2) was 

introduced into the furnace. The CNT grew straight away from the wafer forming 

carpets of well-aligned, non-entangled CNT (Figure  2-3). After 1 h of growth, the 
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CNT had a typical length, diameter and aspect ratio of 100 µm, 12 nm and 

8,300, respectively. 

 

 

Figure  2-3 SEM images CCVD-aligned-grown multi-wall carbon nanotubes. 

Typical lengths / diameters / aspect ratios of the CNT are 100 µm / 12 nm / 

8,300. 

2.2.4 Elicarb SWCNT 

Elicarb SWCNT are single-wall carbon nanotubes that were produced by 

chemical vapour deposition using a vertical reactor. They were supplied by 

Thomas Swan & Co. Ltd. (UK) and were used as-received. Carbon purity 

ranged between 70 and 90%. The average diameter of an individual SWCNT 

was specified to be 2 nm with lengths of some microns. However, the SWCNT 

were entangled, forming ropes of several tens to thousands of individual tubes. 
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3 Scanning electron microscopy analyses 

Polymer composites containing nanoscaled filler particles have been 

investigated for decades. However, since the discovery of carbon nanotubes 

(CNT) [3-6] the interest is growing considerably. Many theories and 

explanations on CNT properties and their transfer into the composite thereby 

rely on assumptions of certain particle shapes and distributions. These 

assumptions were supported–if at all–by optical micrographs [16-29], atomic 

force microscopy [30,31], scanning electron microscopy (SEM) studies 

restricted to sample surfaces (due to etching, conductive coating or choice of 

detector) [32-52] and transmission electron microscopy (TEM) images [53-67]. 

 

TEM usually examines samples on a sub-micron scale; the resolution of optical 

images (~ 0.2 µm) impedes the visualization of individual CNT. All other 

aforementioned methods analyse merely the surface of a sample. For non-

sputtered samples, and with the proper choice of electron detector, SEM can be 

effectively utilised to characterise CNT nanocomposites in nearly all length 

scales: from TEM to light microscopy. Moreover, it permits a simultaneous 

shallow insight into the sample [68,69]. The technique is based on sensing 

potential variations on the sample surface that were caused by electron 

charging. This contrast effect was known as early as 1957  [70] and was termed 

“voltage contrast”. A discussion on this technique was conducted by Chung et 

al.  [71] in 1983 who monitored carbon black fillers. It was continued by Loos et 

al.  [72] in 2005 and Dikin et al.  [73] in 2006, both of whom analysed CNT. 

Lillehei et al. contributed a NIST practice guide in 2005 on how to characterize 

the dispersion of CNT in a polymer matrix  [74]. Voltage contrast images of CNT 

were already published before 2005 [75-79] and also thereafter [80-82], 

unfortunately without going in depth into the procedure to obtain such images. 
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The first theoretical model that described time dependent charging phenomena 

in insulators irradiated by an electron beam was presented in 1995  [83]. It 

modelled the dynamics of a double-layer (one layer directly below the sample 

surface and one deeper inside the sample) as a sum of different currents to and 

from these layers. Other groups improved this model by taking into account 

elastic and inelastic scattering, diffusion, recombination and deposition for each 

electron impinging the sample [84-86]. This allowed the simulation of three 

dimensional charge distributions inside homogeneous insulators. 

 

This section intends to supply detailed information on the way to visualize CNT 

in insulating matrices. Subsequently, the effect of various SEM parameters as 

well as requirements on sample conductivity and SEM detector type are 

illustrated by imaging CNT/epoxy composites. The aim is to provide knowledge 

about this non-destructive technique for determining real particle shapes and 

distributions in a composite over several length scales. Recently introduced 

methods that could provide similar information–the automated nanotomography 

 [87] and focused-ion-beam  [88]–are destructive techniques. 

3.1 Principles of image generation 

This section briefly summarizes the basic principles of image generation in a 

scanning electron microscope [68,69]. The challenge in interpreting voltage 

contrast images is discussed in the following sub-sections. The electrons that 

contribute to image formation split up into two major classes. Backscattered 

electrons (BSE) are electrons of the incident beam that escape the specimen as 

a result of multiple elastic scattering and which frequently retain nearly all their 

initial energy. Secondary electrons (SE) are specimen electrons having a small 

amount of kinetic energy (< 50 eV, with the most probable energy of 3-5 eV) 

and are produced during the inelastic collisions of the beam electrons. The 

beam electrons pass through the specimen surface, scatter and thereby 

generate so-called SE1. Those beam electrons that are scattered back to the 

surface produce so-called SE2 before emerging as BSE. 
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The detector used throughout this thesis is situated inside the beam focusing 

lens and therefore is referred to as “through-the-lens” or InLens detector. Only 

secondary electrons leaving the sample near to the electron beam impact area 

are intercepted by the weak electrical field present at the sample surface, 

accelerated to a high energy by the electrostatic lens field (+8 kV) and focused 

on the annular InLens detector above the final lens [89,90]. SE1 and a few SE2 

are the only electrons that fulfil this conditions, thus, an InLens detector is 

monitoring mainly the SE1. 

 

The other detector used for comparison is the widespread Everhart-Thornley 

detector (in the following referred to as ET) which is placed beside the 

specimen. A positive bias of 400 V facilitates the collection of low energy 

electrons, no matter where and in which direction they are leaving the specimen. 

In addition, it also monitors all BSE that leave the sample with trajectories 

towards the ET. Thus, the ET signal is composed of different types of electrons 

which have various spatial distributions (influencing the signal resolution) and 

contribute with different intensities to the total signal (influencing the contrast). 

 

An image generated by SE represents a mix of topographic contrast (enhanced 

SE emission at tilted surfaces or at small particles and edges), material contrast 

(increasing BSE generation with increasing atomic number) and magnetic/ 

electric contrast. The contribution of electric and magnetic fields to the image 

contrast is very complex since interactions of the fields at the sample surface 

with all other fields present within the sample  [91] and in the specimen chamber 

 [92] have to be considered. These interactions were analysed long time ago for 

fields of the ET detector. However, comparable information for the InLens 

detector is not available in literature. 

 

The image resolution is determined by the SE emission area. For SE1 this area 

is simply the incident beam cross-sectional area, while for SE2 it is the area 

defined by the projection of the incident beam interaction volume onto the 
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surface. The incident beam electrons penetrate a volume which extends up to 

KO 6.0 R  laterally (for light element samples) and up to KOR  in depth. The 

electron range within a sample was derived by Kanaya and Okayama  [68] as 

 

[keV] 
]g/cm[

[g/mole]0276.0
]µm[ 67.1

389.0

r E
Z

A
RKO

ρ
=   Eq.  3-1 

 

where E  is the beam energy; rA  is the atomic weight, Z  the atomic number 

and ρ  the density of the specimen; the brackets indicate the respective units. 

Within the interaction volume, these electrons scatter and generate SE which, 

due to their low energy, not always leave the sample. In fact, only SE within a 

maximum depth of ~ 50 nm can be emitted and reach a detector [68,93]. 

However, this value could be altered if opposite charges are present inside and 

onto the sample through electric field enhanced SE emission [93,94]. The 

image resolution is determined by the sample area belonging to a single picture 

element size (pixel). The SE1 emission area (diameter of ~ 2 nm) equals one 

pixel at a magnification of approximately 200,000× while the SE2 emission area 

(radius µm 1 6.0 KO ≈R  for light element samples and 10 keV beam energy) 

equals one pixel already at ~ 200×. The respective SE emission area limits the 

image resolution at higher magnifications, while the respective pixel area limits 

the resolution at lower magnifications. 

3.2 Experimental procedure 

Samples containing 0.1-1 wt% Nanocyl CNT were prepared by mixing epoxy 

resin (LY556 or E20) and CNT primarily with a dissolver disk (2,000 rpm for 2 h) 

and then with a three roll calender (5 µm gap size) [95,96]. The suspension 

collected from the rolls was filled in small bottles and immediately stored in a 

refrigerator to prevent re-agglomeration of the CNT. Each bottle was 

consecutively removed from the refrigerator and heated to room temperature 

before 23 wt% of XB3473 hardener and 1 wt% of Tego Wet 280 wetting agent 



 17 

were added. The suspension was mixed manually and subsequently 

centrifuged (4,000 rpm) or exposed to vacuum (for 1 h) to remove the air 

bubbles. The dispersion was spin-coated onto glass substrates at 5,000-

9,000 rpm for 1 min using a Convac TSR 48 spin-coater. The samples were 

cured on a hot-plate or in an oven at 120-150°C for 6-48 h. Film thicknesses 

were then determined with a Sloan Dektak 3030 ST surface profilometer and 

ranged between 8 and 30 µm. Extensive scanning electron microscopy 

analyses were conducted on LEO 1530 FE-SEM using two detectors. One is 

situated inside the beam focusing lens (called InLens) and monitors only SE1 

[68,69] which are attracted by an electrostatic lens field of 8 kV [89,90]. The ET 

detector was operated with a positive bias of 400 V and is sensitive to both, 

SE1 and SE2. The films were analysed without applying surface etching or 

conductive layer coating techniques. The SEM parameters were as follows: 

working distance of 2-4 mm, aperture of 20-30 µm, acceleration voltage of 0.2-

20 kV, magnification of 500×-500,000× with respect to a 1024×768 pixel image 

and scanning speed of 20 sec/frame. 

3.3 Visualization of filler particles within a polymer 

matrix 

SEM images of Nanocyl CNT deposited on a glass substrate and covered with 

a thin gold layer are presented in Figure  3-1a,c. Bright structures attributed to 

the topographic contrast of the CNT are clearly visible. Spin-coated Nanocyl 

CNT/epoxy composites were covered with gold and analysed in Figure  3-1b,d. 

Areas where the gold layer was scratched away reveal bright structures. 

However, no bright structures are visible in regions where the gold layer is intact. 

The only possible conclusion is that in this case the bright structures are not 

due to topographic contrast, thus the CNT visible in Figure  3-1b,d are not 

located on top of the composite. Material and magnetic contrast can be 

excluded as CNT and epoxy mainly consist of carbon which is non-magnetic. It 

seems that different electrical conductivities of the CNT and the epoxy matrix 

produce an electrical contrast that can be monitored with SEM.  
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Figure  3-1 (a,c) Nanocyl CNT deposited on a glass substrate and covered with 

a gold layer. (b,d) The gold layer on top of a Nanocyl CNT/epoxy composite 

was scratched away and reveals the embedded CNT. SEM images were taken 

with the InLens detector at (a,b) 50,000× and (c,d) 25,000× magnification. 

 

Figure  3-2 presents two SEM images of the same area on a cryo fractured 

specimen (note the ditches that are visible in both pictures); one image 

recorded with the ET detector (Figure  3-2a) and the other with the InLens 

detector (Figure  3-2b). Bright structures are visible only in Figure  3-2b and are 

attributed to CNT. Figure  3-2a seems to be dominated by topographic contrast, 

but no CNT are visible here, meaning that they are inside of the polymer rather 
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than on the surface. It is important to note that the resolution of SE2 at 10 kV is 

around 2 µm (due to the large electron emission area with radius KO 6.0 R≈ ) 

while the ditch visible in Figure  3-2a is resolved on a sub-micron scale. This 

means that even with the ET detector mainly SE1 are monitored. This is not 

surprising when considering that the SE1:SE2 emission ratio in carbon element 

samples is 5:1  [68]. 

 

 

Figure  3-2 Cryo fractured surface of a composite containing 1 wt% Nanocyl 

CNT dispersed in LY556. Images were recorded with (a,c) the ET detector and 

(b,d) the InLens detector at 10 kV acceleration voltage and magnification of 

(a,b) 25,000× and (c,d) 2,000×. 
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But why are CNT visible in Figure  3-2b and not in Figure  3-2a (working 

distances up to 16 mm were examined) although SE1 are monitored in both 

cases? Besides topographic contrast, only voltage contrast is present due to 

potential differences between the insulating polymer and the metallic CNT. This 

contrast is present in both images, but it seems to influence only the SE1 signal 

recorded by the InLens detector. Dotan  [97] finds the same effect and uses it 

deliberately to avoid charge influences in the ET signal. However, this does not 

mean that ET detectors in general are not capable to sense these slight 

charges on a sample surface, as Loos et al. [72,78] demonstrated by using an 

Environmental SEM (ESEM) from FEI Company. We were able to take similar 

images with the ET detector of a JSM-840A SEM from Jeol. The InLens 

detector from Hitachi SEM devices is also sensitive to voltage contrast 

[76,77,81,82], but at the same time, it seems to be immune to excessive surface 

charging. Thus, as long as the electric field influence for new detector (InLens) 

or microscope types (ESEM, LVSEM) are not explored, attention has to be paid 

to the choice of the detector  [98]. 

3.4 Dispersion quality analyses by means of voltage 

contrast 

Three series of pictures recorded with the InLens detector are presented in 

Figure  3-3 to Figure  3-5. They show zooming out sequences from high to low 

magnification without changing the scanning position on the three samples (the 

white squares denote the area of the preceding zoom step). The first sample 

displays a homogeneous and dense CNT layer (Figure  3-3) while the second 

and third ones exhibit close-meshed (Figure  3-4) and wide-meshed (Figure  3-5) 

network structures (note that all pictures in Figure  3-5 are shifted by one 

zooming step when compared to Figure  3-3 and Figure  3-4). It should be also 

noted that all CNT visible in the figures are distributed within ~ 50 nm of sample 

depth, which is much smaller than the sample thicknesses. These series of 

images point out a new way for analysing the quality of CNT dispersions over 

several length scales, from tens of nanometres to some hundred micrometers. 
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Figure  3-3 Spin-coated composite (14 µm film thickness) containing 1 wt% 

Nanocyl CNT in E20 resin recorded at 10 kV acceleration voltage and different 

magnifications: (a) 50,000×, (b) 25,000×, (c) 10,000×, (d) 5,000×, (e) 2,000× 

and (f) 1,000×. 
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Figure  3-4 Spin-coated composite (26 µm film thickness) containing 1 wt% 

Nanocyl CNT in E20 resin recorded at 20 kV acceleration voltage and different 

magnifications: (a) 50,000×, (b) 25,000×, (c) 10,000×, (d) 5,000×, (e) 2,000× 

and (f) 1,000×. 
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Figure  3-5 Spin-coated composite (20 µm film thickness) containing 1 wt% 

Nanocyl CNT in LY556 resin recorded at 10 kV acceleration voltage and 

different magnifications: (a) 25,000×, (b) 10,000×, (c) 5,000×, (d) 2,000×, 

(e) 1,000× and (f) 500×. 
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The comparison of Figure  3-4 and Figure  3-5 suggests that increased charging 

of the matrix and subsequent image whitening take place in areas where the 

CNT concentration drops below a certain level. The influence of these charged 

areas can increase substantially and thereby outshine the signal of the CNT. 

Imaging of CNT at high acceleration voltages was possible down to a CNT 

concentration of 0.5 wt% (corresponding to a conductivity of S/m 10~ 2− ) for 

good dispersions. However, lower CNT concentrations and poorly dispersed 

CNT can also be analysed when low acceleration voltages are used, as will be 

reported in Section  3.6. 

3.5 The influence of SEM parameters on the voltage 

contrast 

Figure  3-6 shows high magnification SEM images of the same sample recorded 

at different acceleration voltages. For low acceleration voltages (0.2-0.7 kV) the 

CNT appear bright with the polymer being dark. The contrast nearly vanishes 

around 0.7 kV (not shown) and subsequently inverts, displaying dark CNT 

surrounded by bright polymer. It should be noted that the boundaries of contrast 

changing are not defined merely by the acceleration voltage, as dark CNT are 

visible at 1 kV and bright ones at 1.5 kV too. Interestingly, the CNT start 

changing contrast from edge to centre. The contrast reaches a maximum 

around 1.5 kV and then starts decreasing again until it vanishes at around 2 kV 

(not shown), inverts and again reveals bright CNT with a dark polymer (4-20 kV). 

Similar analyses were conducted on a fixed region of the sample but–unlike the 

results reported in  [72]–no additional CNT appeared with increasing 

acceleration voltage. This is consistent with SEM theory which indicates a 

maximum depth of SE emission of ~ 50 nm for light element samples [68,93]. 

However, this value could be altered due to electric field enhanced SE emission 

if opposite charges are present inside and onto the sample [93,94]. 
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Figure  3-6 Spin-coated composite (14 µm film thickness) containing 1 wt% 

Nanocyl CNT in E20 resin (same sample as in Figure  3-3) recorded at 25,000× 

magnification and different acceleration voltages: (a) 0.5 kV, (b) 1 kV, (c) 1.5 kV, 

(d) 4 kV, (e) 6 kV and (f) 15 kV. 
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In fact, Figure  3-6 also visualizes another important feature of SEM. The 

charging of the sample by the incident electron beam–which in the end 

produces the voltage contrast needed for imaging–can be manipulated through 

the acceleration voltage. The total electron emission yield of a sample is 

depending on the beam energy and can even increase above unity  [69]. This 

means that a sample can be charged positively or negatively or can remain 

uncharged if a proper acceleration voltage is chosen. For low acceleration 

voltages the total electron emission yield is smaller than unity, meaning the 

sample charges negative. Increasing the beam energy increases also the 

emission yield, which crosses unity at an energy usually denoted by E1 

(generally below 1 keV) and starts charging the sample positive. In this energy 

region, the incident electrons excite efficiently many SE near the surface which 

then can all leave the sample. With increasing energy most SE are excited 

deeper and can no longer leave the sample. Hence, the emission yield starts to 

decrease, crosses unity at an energy usually denoted by E2 (generally 0.5-

2 keV for light element materials) and now charges the sample negative again. 

The acceleration voltages, where contrast is lost, are in the right regions to be 

assigned to E1 (= 0.7 keV) and E2 (= 2 keV), meaning that negative sample 

charging is obviously monitored below E1, positive charging between E1 and 

E2, and again negative charging above E2 in Figure  3-6. 

 

The explanation given above is based on analyses of electric field interactions 

between sample surface charges and ET detectors, which were already 

conducted decades ago and do not necessarily apply to InLens detectors. 

Furthermore, sample charging must be understood in terms of relative charge 

densities, which are affected by additional parameters. The equilibrium density 

of charges depends on the relationship of the electron dose to the discharging 

capability of individual sample regions  [69]. The dose itself depends on the 

scanning density (magnification) and scanning speed (beam dwell time per 

area). 
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Figure  3-7 The first (a) and third (b-f) scans of a spin-coated composite (10 µm 

film thickness) containing 1 wt% Nanocyl CNT in LY556 resin recorded at 

0.5 kV acceleration voltage and various magnifications: (a,b) 10,000×, 

(c) 5,000×, (d) 2,000×, (e) 1,000× and (f) 500×. 
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Figure  3-8 Spin-coated composite (26 µm film thickness) containing 1 wt% 

Nanocyl CNT in E20 resin (same sample as in Figure  3-4) recorded at 0.6 kV 

acceleration voltage, 25,000× magnification and different beam dwell times: 

(a) 800 ns, (b) 400 ns and (c) 100 ns. 
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These dependencies are visualized in Figure  3-7 and Figure  3-8 using low 

acceleration voltages. The first scan of a sample at 0.5 kV acceleration voltage 

leads to bright CNT (Figure  3-7a), while scanning the same area several times 

turns the CNT into dark ones (Figure  3-7b). With increasing scanning speed 

(~ 2 sec/frame) the CNT immediately appear bright again (not shown). The 

same effect is observed when zooming out from this region, even though 

scanning slowly and multiple times again (Figure  3-7c-f). Similarly, Figure  3-8 

shows that a long beam dwell time yields dark CNT while a short time leads to 

bright ones. Here, the frame scanning speed (e.g. 800 ns × 1024 × 768 = 

630 µs) was much shorter than in the other experiments, so that multiple frames 

were integrated in order to get a total scanning time of ~ 20 sec. This contrast 

reversal is encountered only when scanning (a) regions of poor CNT 

homogeneity or too low overall CNT concentration (< 0.5 wt%) (b) at high 

magnifications and low acceleration voltages (< 1 kV). This clearly 

demonstrates the sensitivity of the charge density distribution on the electron 

dose. It should be noted that scanning the sample in Figure  3-7 at high 

acceleration voltages (~ 10 kV) yields–for each magnification–images similar to 

the ones presented in Figure  3-5. 

3.6 SEM analyses of poorly conductive composites 

Poorly conductive samples or regions can also be analysed with SEM if low 

acceleration voltages are used. Gojny et al.  [80] recently demonstrated this by 

recording high magnification images of a composite with only 0.1 wt% CNT. 

High and low magnification SEM images of a spin-coated film with the same 

CNT concentration are displayed in Figure  3-9. The CNT change their 

appearance from bright to dark within a single scan (Figure  3-9a) which 

illustrates again the complexity of the charging mechanism. In the subsequent 

zooming out steps (Figure  3-9b-d) large, dark areas of charging artefacts 

appear. Nevertheless, most CNT remain visible–mainly as bright dots–so that 

their macroscopic distribution can be monitored even for this low filler 

concentrations. 



 30 

 

Figure  3-9 Spin-coated composite (8 µm film thickness) containing 0.1 wt% 

Nanocyl CNT in E20 resin recorded at different magnifications: (a) 10,000×, 

(b) 5,000×, (c) 2,000× and (d) 1,000×. 

3.7 High magnification imaging of individual CNT 

Figure  3-10 demonstrates the capability of an InLens detector of resolving 

individual CNT at magnifications usually encountered in a transmission electron 

microscope (TEM) analysis. The observed structures are individual CNT with 

their initial diameter (~ 15 nm) approximately doubled by charging effects. The 

CNT appear to be curly and entangled (Figure  3-10a) as expected due to the 
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large-scale production CCVD-technique and even exhibit coil spring-like 

structures (Figure  3-10b). It is pointed out that such high magnifications 

introduce an immense dose into the sample leading–in this case–to irreversible 

damaging (whitening of the whole area) within two slow scans (20 sec/frame). 

 

 

Figure  3-10 Individual Nanocyl CNT within a spin-coated composite (14 µm film 

thickness) containing 1 wt% Nanocyl CNT in E20 resin (same sample as in 

Figure  3-3) visualized at an extremely high magnification (500,000×) and an 

acceleration voltage of (a) 15 kV and (b) 10 kV. 

3.8 Imaging of electric field induced CNT networks 

For this analysis gold electrodes were evaporated to the glass substrates before 

spin-coating the dispersion. During the whole curing process, an AC electric 

field of 70 V/mm at 100 Hz was applied. Voltage contrast SEM images of the 

cured composite containing 0.7 wt% CNT are presented in Figure  3-11. One 

electrode is located below the CNT visible in the upper half of the images while 

the electrode gap is situated below the black network visible in the lower half of 

the images. With a constant potential above the electrode, all CNT remain 

randomly distributed and individually visible. However, the electric field between 

the electrodes forces the individual CNT to migrate laterally to form thick 
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columns, as already stated in  [82]. The complete absence of individual CNT lets 

the polymer between these columns charge up electrically and produce white 

artefacts. Obviously, the columns are not located near the composite surface as 

it is not possible to resolve any CNT within them. As expected, the degree of 

column alignment with the electric field is poor at such high CNT concentrations 

(0.7 wt%). 
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Figure  3-11 Spin-coated composite containing 0.7 wt% Nanocyl CNT in LY556 

resin recorded at 10 kV acceleration voltage and different magnifications: 

(a) 200×, (b) 500×, (c) 1,000×, (d) 2,000×, (e) 5,000×, (f) 10,000×. 
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3.9 Summary and conclusion 

The technique of CNT visualization within polymers with SEM was discussed in 

detail in order to enable the analysis of filler distributions inside of polymers at 

several length scales. The key for this task seems to be (a) the detection of 

secondary electrons (SE1) excited in the electron beam impact area, and (b) 

the use of an appropriate detector which is sensitive to slight charges on 

sample surfaces. The quality of filler particle dispersion can be monitored 

accurately at high acceleration voltages (~ 10 kV) when the sample conductivity 

is at least S/m 10 2−  (thus, 0.5 wt% CNT in this case) and at low voltages (0.5-

1 kV) even for lower conductivities. 

  

SEM pictures of CNT in insulating matrices were taken by exploiting the voltage 

(or charge) contrast. The effect of several parameters (such as magnification, 

scanning speed, acceleration voltage, sample conductivity and dispersion 

quality) on the voltage contrast were investigated. The results show that 

increasing the acceleration voltage does not increase the CNT sampling depth. 

Secondary electrons have energies up to 50 eV and can only leave the sample 

when excited within a depth of ~ 50 nm. Therefore, only limited information 

about the three-dimensional organization of CNT in a matrix can be obtained. 
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4 Electrical conductivity analyses 

Conductive filler particles in an insulating matrix are able to lower the overall 

resistivity by several orders of magnitude when a network develops throughout 

the matrix. The transition from an insulating to a conducting composite as a 

function of filler concentration is known as percolation, and the critical 

concentration at which this sudden increase in conductivity occurs is called 

percolation threshold. 

 

In the case of carbon nanotubes (CNT) as filler particles, the electrical 

performance of a composite is influenced by a series of parameters such as 

CNT entanglement state, synthesis method, treatment and dimensionality, as 

well as polymer type, dispersion quality and composite preparation method. 

Numerous publications were recently reviewed in order to extract general 

dependencies of the percolation threshold, the scaling law exponent and the 

maximum conductivity upon the above mentioned parameters  [99]. These 

findings are summarized in Section  4.1. 

 

In a systematic approach to investigate the mentioned dependencies, each 

parameter should be varied individually while keeping all others constant. The 

experiments discussed in Sections  4.3- 4.8 follow this approach by varying 

synthesis method, entanglement state and dimensionality of the CNT, as well 

as sample preparation methods (stirring/calendering and additional slow stirring 

step prior to curing  [29]). Untreated CNT and a single polymer matrix are used 

throughout the experiments. 

 

However, the mere existence of a particle network does not guarantee good 

conductivity if the contact resistance between the individual filler particles is too 

high. Therefore, a simple relation between sample conductivity and filler content 
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including the contact resistances is derived in Section  4.9. The calculations are 

applied to published conductivity results in order to correlate the contact 

resistance values to different filler parameters, polymer materials and 

processing conditions. 

 

Besides shear forces, a CNT network can also be established by electric fields. 

CNT and polymer type again have a strong impact on the final composite 

performance (Section  4.10). 

4.1 Literature review 

Electrical percolation in mixtures of electrically conducting and non-conducting 

materials is a widely investigated field which has been covered in several 

textbooks [100,101]. The observation of a conductivity threshold in 

CNT/polymer composites  [102] has triggered world-wide activities in this area. A 

recent synopsis has been given by Winey et al.  [103]. 

 

By now, 256 publications1 report on the electrical percolation threshold of CNT 

in different polymer systems. The variation of many parameters like CNT type, 

synthesis method, treatment and dimensionality as well as polymer type and 

dispersion method, however, impedes a thorough understanding of the 

processes involved. This section condenses a comprehensive collection of 

published data in order to extract general dependencies of the percolation 

threshold, the scaling law exponent and the maximal conductivity on the above 

mentioned parameters. 

4.1.1 Percolation thresholds – kinetic and statistical 

Since the early observation of percolation-dominated electrical conductivity in a 

CNT/PmPV composite by Coleman et al.  [102] more than 30 polymer matrices 

have been investigated with respect to percolation of CNT filler loading. 

                                            
1
 Search results at http://apps.isiknowledge.com/ with key words „nanotube* electr* percolat* threshold* 

polymer*“ (27. March 2009) 
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Table  4-1 represents a comprehensive collection of published data in this field. 

The table is organized as follows: the polymer matrices in column 1 are 

arranged alphabetically, the data for a given polymer are arranged with 

increasing percolation threshold. The acronyms used to denote the polymers 

are defined below the table. Type (single-/double-/multi-wall), synthesis method 

(arc discharge, chemical vapour deposition, laser vaporization), manufacturer, 

state (entangled or non-entangled), additional treatment (purification, 

functionalization) and aspect ratio of the CNT are given in columns 2-5 as far as 

the information is available from the publications. In columns 6 and 7, 

dispersion method and solvent in the case of solution processing are specified. 

Finally, electrical characteristics like percolation threshold Cφ , critical exponent 

t  and maximum observed conductivity maxσ  are listed in columns 8-10. All 

thresholds and filler concentrations are given in weight percent (wt%). Wherever 

the original data are given in vol%, we use the conversion relations vol% = wt% 

for single-wall carbon nanotubes (SWCNT) and vol% = 2 wt% for multi-wall 

carbon nanotubes (MWCNT) independent of the polymer matrix. The 

inaccuracies resulting from this simplification have no significant effect on the 

interpretation of the experimental results. 

 



 38 

Table  4-1 Summary of the experimental parameters of all reviewed publications, arranged alphabetically with respect to the 

polymer matrices, the data for a given polymer arranged with increasing percolation threshold. The acronyms are explained in 

the list of abbreviations at the end of the thesis. 

Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

ASTAA SWCNT (HiPco®), Rice Univ. e HCl - C4H9NO sonicated, stirred 0.035 - 1E-7 @ 0.08 wt%  [104] 
Epoxy MWCNT (CVD) ne - 200 - heat sheared 0.0021 1.8 1E-3 @ 0.01 wt%  [17] 
Epoxy MWCNT (CVD) ne - 8000 - stirred, heat sheared 0.0024 1.6 4E+0 @ 0.62 wt%  [105]

2
 

Epoxy MWCNT (CVD) ne - 340 - heat sheared 0.0025 1.2 2E+0 @ 1 wt%  [32] 
Epoxy MWCNT (CVD) ne - 1000 - heat sheared 0.0025 - 4E-1 @ 0.5 wt%  [51] 
Epoxy MWCNT (CVD) ne - 860 - heat sheared 0.0039 1.7 2E-4 @ 0.01 wt%  [17] 
Epoxy SWCNT (Laser), Rice Univ. e purified 400 C6H8O sonicated, cured without 0.005 2.7 2E-2 @ 0.1 wt%  [33] 
Epoxy SWCNT (HiPco®), Carbon Nanot. e purified 150 C6H8O sonicated, cured without 0.009 3.1 1E-5 @ 0.04 wt%  [33] 
Epoxy MWCNT (CVD) ne - 625 - stirred, heat sheared 0.0099 2.8 2E+0 @ 1 wt%  [105]

2
 

Epoxy SWCNT (Laser), Rice Univ. e purified 400 C6H8O sonicated, cured with 0.01 1.6 5E-3 @ 0.4 wt%  [33] 
Epoxy MWCNT (CVD), Nanocyl e - 1000 - stirred, heat sheared (slowly) 0.011 1.7 4E-1 @ 1 wt%  [29]

3
 

Epoxy MWCNT (CVD) ne - 8300 - stirred 0.012 2.5 4E+0 @ 0.62 wt%  [105]
2
 

Epoxy SWCNT (HiPco®), Carbon Nanot. e purified 150 C6H8O sonicated, cured with 0.023 3.2 2E-4 @ 0.2 wt%  [33] 
Epoxy MWCNT (CVD), Nanocyl e - 1000 - stirred, heat sheared (medium) 0.024 1.7 3E-1 @ 1 wt%  [29]

3
 

Epoxy MWCNT (CVD), Hyperion Catal. e - 100 C2H6O sonicated, stirred 0.03 - 5E-1 @ 0.15 wt%  [16] 
Epoxy MWCNT (CVD), Nanocyl e   1000 - calendered, stirred 0.03 - 1E-2 @ 0.3 wt%  [106] 

Epoxy MWCNT (CVD), Iljin Nanotech. e 
HNO3, centrifuged, 
C3H6O 

1000 OP sonicated 0.034 1.7 1E-1 @ 2 wt%  [79] 

Epoxy SWCNT (Arc), Carbon Solutions - - - C3H6O sonicated, stirred 0.04 1.7 1E+1 @ 4 wt%  [107] 
Epoxy SWCNT (CVD), Thomas Swan - - 1000 - calendered, stirred 0.04 - 1E-3 @ 0.4 wt%  [106] 

Epoxy MWCNT (CVD), Iljin Nanotech. e 
H2O2/NH4OH, 
centrifuged, C3H6O 

1000 OP sonicated 0.042 1.8 1E+0 @ 2 wt%  [79] 

Epoxy SWCNT (CVD), Thomas Swan - - - C2H6O, NaOH sonicated, heat sheared 0.05 - 3E-2 @ 0.5 wt%  [108] 

Epoxy SWCNT (Arc), Iljin Nanotech. e 
thermal oxidation, 
chemical treatment 

5000 C2H6O sonicated, vacuum pumped 0.074 1.3 1E-3 @ 0.2 wt%  [109] 

Epoxy MWCNT (CVD), Nanocyl e - 1000 - stirred, heat sheared (fast) 0.08 2.0 4E-2 @ 0.6 wt%  [29]
3
 

Epoxy SWCNT (CVD) - HCl - H2O stirred 0.08 - 2E-2 @ 0.4 wt%  [110] 
Epoxy MWCNT (CVD) ne - 625 - stirred 0.088 3.1 1E-1 @ 1 wt%  [105]

2
 

Epoxy SWCNT (HiPco®), Rice Univ. e HCl - - sonicated 0.1 - -  [27] 
Epoxy MWCNT (CVD), Iljin Nanotech. e - 1000 C3H6O sonicated 0.1 - 2E-1 @ 1 wt%  [111] 
Epoxy MWCNT (CVD), Nano Carbon T. - - 100 - stirred 0.1 1.8 1E+2 @ 15 wt%  [112] 

                                            
2
 See also Section  4.6 

3
 See also Section  4.3 
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Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

Epoxy DWCNT (CVD), Nanocyl e - 1000 - calendered, stirred 0.15 - 1E-2 @ 0.6 wt%  [106] 
Epoxy SWCNT (CVD), Thomas Swan - - - - ball milled, heat sheared 0.23 - 1E-3 @ 0.5 wt%  [108] 
Epoxy MWCNT (CVD), Nanocyl e NH2-functionalized - - calendered, stirred 0.25 - 5E-4 @ 0.4 wt%  [106] 
Epoxy DWCNT (CVD), Nanocyl e NH2-functionalized - - calendered, stirred 0.25 - 3E-4 @ 0.6 wt%  [106] 
Epoxy MWCNT (CVD), Iljin Nanotech. e UV/O3 1000 C3H6O sonicated 0.27 - 2E-2 @ 1 wt%  [111] 
Epoxy SWCNT (HiPco®), Carbon Nanot. e - - - PMMA removal, Epoxy infiltrat. 0.3 - 5E-1 @ 3 wt%  [113] 
Epoxy SWCNT (CVD) - - - C2H6O sonicated, stirred 0.3 1.4 1E-2 @ 2.5 wt%  [114] 
Epoxy MWCNT (CVD) ne - 300 - sonicated, stirred 0.35 - 2E-4 @ 1 wt%  [115] 
Epoxy MWCNT (CVD), Iljin Nanotech. e - 1000   stirred 0.4 - 2E-2 @ 1 wt%  [111] 
Epoxy MWCNT (CVD) e - 400 CH4O stirred 0.5 - 5E+0 @ 3 wt%  [116] 
Epoxy SWCNT (Arc), Aldrich e - 1000 - manually mixed 0.6 - 1E-2 @ 14 wt%  [117] 
Epoxy MWCNT (CVD), Shenzhen Nanot. e - 100 C3H6O stirred 0.6 2.9 5E-3 @ 10 wt%  [118] 
Epoxy MWCNT (CVD) - - 500 CH4O stirred, hot pressed 0.7 - 5E+0 @ 4 wt%  [19] 
Epoxy SWCNT (Arc), Carbon Solutions e HNO3 - C3H6O sonicated, stirred 1 2.4 1E-1 @ 7.5 wt%  [107] 
Epoxy MWCNT (CVD) e - 80 CH4O stirred, filtrated 1.5 - 1E-3 @ 3 wt%  [116] 
Epoxy MWCNT (CVD), Sun Nanotech - - - - sonicated, stirred 2 - 5E-5 @ 5.5 wt%  [119] 
Epoxy MWCNT (CVD) - HNO3 20 C3H6O sonicated, stirred 3.5 - 1E-5 @ 8 wt%  [120] 
Epoxy MWCNT (Arc), Aldrich e - 100 - manually mixed 4 - 1E-3 @ 16 wt%  [117] 
Epoxy MWCNT (CVD) - - 20 C3H6O sonicated, stirred 5 - 2E-5 @ 20 wt%  [121] 
Epoxy MWCNT (CVD) - HNO3 20 C3H6O, Tergitol sonicated, stirred 5 - 1E-5 @ 8 wt%  [120] 
Epoxy MWCNT (CVD), Arkema e - - - calendered, vacuum stirred < 0.5 - 3E-2 @ 2 wt%  [122] 
P(BuA)-
Latex 

SWCNT (Arc) e PVA-functionalized - H2O sonicated 0.27 - 5E+0 @ 1 wt%  [123] 

P(BuA)-
Latex 

MWCNT (CVD) e HNO3 100 H2O, SDBS sonicated 0.36 1.7 1E+1 @ 6 wt%  [124] 

P(BuA)-
Latex 

MWCNT (CVD) e HNO3 100 H2O, SDBS 
sonicated, freeze dried, hot 
pressed 

0.9 3.9 1E-1 @ 6 wt%  [124] 

P(BuA)-
Latex 

MWCNT (CVD) - - - H2O, SDS sonicated, centrifuged, stirred 2.5 - 1E+1 @ 15 wt%  [35] 

P3HT MWCNT (CVD), Nanocyl e - 100 CHCl3 sonicated, CH4O (coagulation) 0.1 1.7 5E-1 @ 20 wt%  [125] 
P3OT SWCNT (Arc), CarboLex e HCl, centrifuged 100 CHCl3 sonicated, spin coated 4 2.0 5E-2 @ 35 wt%  [126] 
P3OT SWCNT (Arc), CarboLex e - 100 CHCl3 sonicated, spin coated 11 2.0 1E-3 @ 35 wt%  [126] 

PA-6 MWCNT (CVD), Nanocyl e - 1000 H2O, Na-AHA 
sonicated, dried, extruded, hot 
pressed 

2.5 - 3E-2 @ 4 wt%  [127] 

PA-6 MWCNT (CVD), Hyperion Catal. e - - - extruded 7 - 1E+1 @ 16 wt%  [58] 
PANI SWCNT (HiPco®), Carbon Nanot. e - - - sonicated 0.3 2.1 3E+3 @ 15 wt%  [128] 
PANI SWCNT (HiPco®), Carbon Nanot. e - - C8H10 sonicated 0.3 2.1 3E+2 @ 20 wt%  [128] 
PANI SWCNT (Laser), Carbon Nanot. e - - C8H10 sonicated 0.3 2.1 3E+2 @ 20 wt%  [128] 
PANI MWCNT, Conyuan Biochem. - - 500 - blended, compressed 4 - 1E+3 @ 80 wt%  [129] 
PAT MWCNT (CVD) ne HNO3, CHCl3 200 C6H12, CHCL3 sonicated 12 2.6 5E+1 @ 35 wt%  [130] 
PBT SWCNT (HiPco®), Carbon Nanot. e oxidized - - sonicated, extruded 0.2 - 1E-8 @ 0.2 wt%  [131] 
PC SWCNT (HiPco®), Carbon Nanot. e PEE-functionalized - CHCl3 shaken, sonicated 0.1 2.8 5E+2 @ 7 wt%  [39] 
PC SWCNT (HiPco®), Carbon Nanot. e - - - extruded 0.3 - 1E-1 @ 1 wt%  [132] 
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Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

PC SWCNT (Arc) e - - 
C6H8O, CHCl3, 
C2H6O 

sonicated, filtrated, hot pressed 0.5 - 3E+1 @ 17 wt%  [133] 

PC SWCNT (HiPco®) e - - 
C6H8O, CHCl3, 
C2H6O 

sonicated, filtrated, hot pressed 0.5 - 1E+1 @ 1 wt%  [133] 

PC SWCNT (HiPco®) e - - - extruded 0.5 - 1E-1 @ 2 wt%  [133] 
PC MWCNT (CVD), Nanocyl e - 100 - extruded, hot pressed 0.5 - 3E+1 @ 5 wt%  [134] 

PC 
MWCNT (CVD), Tsinghua-Nafine 
(1

st
 charge) 

e - 100 - extruded, hot pressed 1 - 3E+1 @ 5 wt%  [134] 

PC MWCNT (CVD), Hyperion Catal. e - 1000 - extruded 1 3.8 5E+0 @ 3 wt%  [135] 
PC MWCNT (CVD), Hyperion Catal. e - 100 - extruded 1.44 2.1 2E+0 @ 5 wt%  [136] 
PC SWCNT (Arc) e - - - extruded 1.9 - 1E-1 @ 10 wt%  [133] 
PC SWCNT (Arc) e - - CHCl3 sonicated, extruded 1.9 - 1E-1 @ 4 wt%  [133] 
PC SWCNT (Arc) e - - - extruded 2.5 - 1E-1 @ 7 wt%  [132] 
PC MWCNT (CVD) e HCl 1000 - extruded 5 - 1E-4 @ 15 wt%  [137] 

PC 
MWCNT (CVD), Tsinghua-Nafine 
(2

nd
 charge) 

e - 100 - extruded, hot pressed 5 - 3E-7 @ 5 wt%  [134] 

PC MWCNT (CVD), Hyperion Catal. e - 100 - extruded 1 - 2 - 1E+1 @ 15 wt%  [36] 

PC SWCNT (HiPco®), Carbon Nanot. e 
annealed, SOCl2, 
centrifuged 

- - extruded - - 1E-1 @ 1 wt%  [132] 

PC SWCNT (Arc) e 
annealed, SOCl2, 
centrifuged 

- - extruded > 5 - 1E-1 @ 7 wt%  [132] 

PCL SWCNT (HiPco®), Carbon Nanot. e purified - C7H8, ADA sonicated 0.09 1.5 1E-3 @ 3 wt%  [138] 
PCL MWCNT (CVD), Iljin Nanotech. e - 1000 - sonicated, stirred 1.5 - 1E+1 @ 7 wt%  [139] 
PCL MWCNT (CVD), Iljin Nanotech. e HNO3, filtrated 1000 - sonicated, stirred 4 - 1E+0 @ 7 wt%  [139] 

PE/UHMW MWCNT (CVD) ne - 100 H2O, SDS 
sonicated, dry mixed, hot 
pressed 

0.045 2.6 5E+1 @ 1 wt%  [140] 

PE/UHMW MWCNT (CVD) - NaOH, HCl 100 - stirred, hot pressed 0.07 2.1 1E-2 @ 0.7 wt%  [141] 

PE/UHMW SWCNT  (Arc), CarboLex e - - C6H8O 
sonicated, dry mixed, hot 
pressed 

0.09 2.3 5E-2 @ 2 wt%  [140] 

PE/UHMW MWCNT (CVD) - NaOH, HCl 100 - stirred 0.14 1.8 1E-1 @ 0.7 wt%  [141] 

PE/UHMW MWCNT (CVD) ne - 100 C6H8O 
sonicated, dry mixed, hot 
pressed 

0.19 2.7 1E+2 @ 1 wt%  [140] 

PE/UHMW SWCNT  (Arc), CarboLex e - - C2H6O 
sonicated, dry mixed, hot 
pressed 

0.25 2.2 5E-1 @ 3 wt%  [140] 

PE/UHMW MWCNT (CVD) ne - 5000 - dry mixed, hot pressed 0.28 2.7 1E+1 @ 1 wt%  [140] 
PE/UHMW SWCNT (Arc, high-grade) e - - - dry mixed, hot pressed 0.6 2.2 5E-2 @ 3 wt%  [140] 
PE/UHMW SWCNT (Arc, low-grade) e - - - dry mixed, hot pressed 1.1 2.3 5E-1 @ 3 wt%  [140] 
PE/UHMW SWCNT  (Arc), CarboLex e - - - dry mixed, hot pressed 1.2 2.2 5E-3 @ 3 wt%  [140] 
PE/UHMW MWCNT (CVD), Hyperion Catal. e - 1000 C10H18 mixed, hot pressed 1.2 2.0 1E+2 @ 100 wt%  [142] 

PE/LD MWCNT (CVD) e 
HCl/HNO3, 
centrifuged 

1000 - ball milled, hot pressed 2 - 3E+0 @ 10 wt%  [143] 

PE/HD SWCNT (HiPco®), Carbon Nanot. e purified - H2O, SDS 
sonicated, centrifuged, sprayed, 
extruded 

4 - 5E-1 @ 6 wt%  [144] 

PE/MD MWCNT (CVD), Sun Nanotech - HCl 100 - extruded 7.5 - 1E-2 @ 10 wt%  [31] 
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Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

PE/LD MWCNT (CVD), Shenzhen Nanot. e - 100 C8H10 sonicated, melt mixed 15 - 5E-6 @ 30 wt%  [145] 

PEO MWCNT (CVD), Nano-Lab - - 1000 H2O, GA 
sonicated, stirred, 
electrospinned 

0.45 1.3 -  [146] 

PEO MWCNT (CVD) - HNO3 - C3H8O stirred 15 - 50 - 7E+2 @ 50 wt%  [147] 
PET SWCNT (Arc), CarboLex e - 1000 - extruded, hot pressed 0.7 - 1E-4 @ 2 wt%  [148] 
PET MWCNT (CVD), Shenzhen Nanot. e HCl 1000 ODCB-C6H6O sonicated 0.9 2.2 3E-2 @ 9 wt%  [64] 
PFA MWCNT (CVD), Showa Denko - anneal 30 - sonicated, stirred, doctor blade 8 - 1E+1@ 15 wt%  [149] 
PI SWCNT (Laser), Rice Univ. e - 300 C6H8O sonicated, stirred 0.05 1.5 1E-4 @ 1 wt%  [150] 
PI MWCNT (CVD), Hyperion Catal. e - 1000 C4H9NO sonicated, stirred 0.3 1.6 1E+1 @ 7.4 wt%  [151] 

PI MWCNT (CVD), Sun Nanotech - 
H2SO4/HNO3, 
centrifuged 

100 C4H9NO sonicated 9.5 - 2E-3 @ 12 wt%  [50] 

PLA/HC MWCNT, CNT Co. Ltd. - - 100 - extruded - - -  [152] 
PLA/LC MWCNT, CNT Co. Ltd. - C4H2O3 100 - extruded 0.3 - -  [152] 
PLA/LC MWCNT, CNT Co. Ltd. - - 100 - extruded 0.6 - -  [152] 
PMMA MWCNT (CVD) ne - - C8H18O4 stirred, spin coated 0.084 1.8 2E+2 @ 1 .5wt%  [153] 

PMMA MWCNT, NanoLab - - 1000 C2HF3O2, C4H8O sonicated 0.12 - 8E-1 @ 1.5 wt%  [154] 

PMMA SWCNT (HiPco®), Carbon Nanot. e SOCl2 - CHCl3 stirred 0.17 2.2 1E+4 @ 10 wt%  [155] 
PMMA SWCNT (HiPco®), Carbon Nanot. e - - CHCl3 stirred 0.17 1.3 2E+3 @ 10 wt%  [155] 
PMMA MWCNT (CVD), Iljin Nanotech. e - - C7H8 sonicated, stirred 0.2 2.3 1E+2 @ 10 wt%  [156] 
PMMA SWCNT (Arc) e - - C7H8 sonicated 0.33 2.1 5E+1 @ 8 wt%  [157] 

PMMA SWCNT (HiPco®), Rice Univ. e HCl, CH4O, annealed 45 C6H8O 
sonicated, H2O (coagulation), 
hot pressed 

0.37 - 5E-2 @ 2 wt%  [158] 

PMMA SWCNT (HiPco®), Rice Univ. e HCl - C6H8O 
sonicated, H2O (coagulation), 
hot pressed 

0.39 2.3 1E-3 @ 2 wt%  [25] 

PMMA SWCNT (Arc) e HNO3 1000 C6H8O 
sonicated, wet-stretched, hot 
pressed 

0.5 - 
1E-1 @ 7 wt% 
(parallel) 

 [159] 

PMMA SWCNT (Arc) e HNO3 1000 C6H8O 
sonicated, wet-stretched, hot 
pressed 

0.5 - 
1E-5 @ 7 wt% 
(perp.) 

 [159] 

PMMA MWCNT, Aldrich - 
C6H8O, C2HF3O2, 
centrifuged 

100 C2HF3O2, C4H8O sonicated 0.65 - 8E-2 @ 1.5 wt%  [154] 

PMMA SWCNT (HiPco®), Rice Univ. e HCl, CH4O, annealed - C6H8O 
sonicated, H2O (coagulation), 
hot pressed 

1.3 - 1E-2 @ 2 wt%  [24] 

PMMA MWCNT (CVD), Sun Nanotech - annealed, HCL 300 C7H8 sonicated 4 - 5E-3 @ 20 wt%  [160] 
PMMA MWCNT (CVD), Sun Nanotech - annealed, HCL 300 CHCl3 sonicated 7 - 5E-4 @ 20 wt%  [160] 
PMMA MWCNT (CVD), Sun Nanotech - annealed, HCL 300 C3H6O sonicated 10 - 1E-4 @ 20 wt%  [160] 
PMMA SWCNT (HiPco®), Aldrich e SOCl2 - CHCl3 shaken, sonicated < 0.1 - 5E+1 @ 0.5 wt%  [161] 
PMMA-
Latex 

SWCNT (Arc), CarboLex e - - H2O, SDS 
sonicated, centrifuged, hot 
pressed 

0.7 2.0 1E-1 @ 1.5 wt%  [78] 

PmPV MWCNT (Arc) e - - C7H8 sonicated 0.06 1.4 1E-5 @ 4 wt%  [162] 
PmPV MWCNT (Arc) e - 25 C7H8 sonicated 7.5 - 2E-3 @ 35 wt%  [161] 
PmPV MWCNT (Arc) e - - C7H8 sonicated, spin coated 8 - 3E+0 @ 36 wt%  [102] 
PP MWCNT (CVD) ne - 1000 - extruded 0.07 - -  [21] 
PP MWCNT (CVD) - - - - sonicated, extruded 0.4 - 1E-1 @ 0.07 wt%  [163] 
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Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

PP 
MWCNT, Nanostr. and Amorph. 
Mat. Inc. 

- - - - 
extruded (high shear), hot 
pressed 

0.44 - 2E+0 @ 9 wt%  [164] 

PP MWCNT (CVD), Iljin Nanotech. e H2SO4/HNO3, filtrated 1000 - extruded, hot pressed 1.5 - 2E-1 @ 5 wt%  [57] 

PP MWCNT (CVD) - HF, HCl - - extruded, hot pressed 2 - 5E-1 @ 10 wt%  [165] 

PP 
MWCNT, Nanostr. and Amorph. 
Mat. Inc. 

- - - - 
extruded (low shear), hot 
pressed 

2.62 - 1E-4 @ 2.6 wt%  [164] 

PPV SWCNT (Laser) e - - - sonicated 1.8 2.0 1E+3 @ 64 wt%  [47] 
PS SWCNT (HiPco®), Carbon Nanot. e PEE-functionalized - CHCl3 shaken, sonicated 0.05 1.5 7E+0 @ 7 wt%  [39] 
PS MWCNT (CVD), Arkema e - 60 C6H8O sonicated, stirred 0.16 - -  [166] 
PS SWCNT (HiPco®), Carbon Nanot. e PmPV-functionalized 230 CHCl3 stirred, sonicated, hot pressed 0.17 2.0 3E-5 @ 1.5 wt%  [167] 

PS 
SWCNT (CoMoCAT®), 
Southwest Nanotech. 

e PmPV-functionalized 222 CHCl3 stirred, sonicated, hot pressed 0.17 4.1 7E-7 @ 1.5 wt%  [167] 

PS SWCNT (Arc), CarboLex e annealed - C6H4Cl2 sonicated, stirred 0.27 2.0 1E-3 @ 1 wt%  [168] 

PS SWCNT (Laser), NASA - PmPV-functionalized 223 CHCl3 stirred, sonicated, hot pressed 0.3 2.0 5E-8 @ 2 wt%  [167] 
PS SWCNT (HiPco®), Carbon Nanot. e HNO3 122 C3H7NO stirred, sonicated, hot pressed 0.4 2.9 1E-5 @ 6 wt%  [167] 

PS 
SWCNT (CoMoCAT®), 
Southwest Nanotech. 

e HNO3 136 C3H7NO stirred, sonicated, hot pressed 0.4 4.5 3E-7 @ 4 wt%  [167] 

PS SWCNT (Arc), CarboLex e - - C6H4Cl2 sonicated, stirred 0.44 3.6 3E-6 @ 2 wt%  [168] 
PS MWCNT (CVD) ne - 1000 - extruded 0.45 - -  [21] 
PS SWCNT (Laser), NASA - HNO3 148 C3H7NO stirred, sonicated, hot pressed 0.5 4.8 2E-6 @ 6 wt%  [167] 
PS MWCNT (CVD), Iljin Nanotech. e HNO3, HCl - - sonicated 0.8 - 1E-2 @ 2 wt%  [169] 
PS BMWCNT (Arc) e C3H6O, filtrated - C7H8 sonicated, hot pressed < 12 - 1E+4 @ 25 wt%  [170] 

PS MWCNT (Arc) e C3H6O, filtrated - C7H8 sonicated, hot pressed < 12 - 3E+2 @ 25 wt%  [170] 

PS-Latex SWCNT (Arc), CarboLex e - - H2O, SDS 
sonicated, centrifuged, hot 
pressed 

0.28 1.6 1E+0 @ 1.5 wt%  [78] 

PS-Latex SWCNT (Arc), CarboLex e - 1000 H2O, SDS 
sonicated, centrifuged, hot 
pressed 

1.5 4.9 5E-3 @ 5 wt%  [171] 

PS-Latex MWCNT (CVD), Nanocyl e - - H2O, SDS 
sonicated, centrifuged, hot 
pressed 

1.5 - 1E+0 @ 5 wt%  [172] 

PS-Latex SWCNT (Arc), CarboLex e - - H2O, GA 
sonicated, centrifuged, hot 
pressed 

- - 1E-6 @ 3 wt%  [78] 

PU MWCNT (CVD), Iljin Nanotech. e oxidized 1000 MEK, BKC sonicated, stirred, calendered 0.018 1.5 8E+0 @ 8 wt%  [173] 

PU MWCNT (CVD), Iljin Nanotech. e 2 h HNO3, filtrated 1000 MEK, BKC sonicated, stirred, calendered 0.54 1.3 1E-2 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 
2 h H2SO4/HNO3, 
filtrated 

1000 MEK, BKC sonicated, stirred, calendered 0.58 1.1 1E-1 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 
3 h H2SO4/HNO3, 
filtrated 

1000 MEK, BKC sonicated, stirred, calendered 0.63 1.3 2E-2 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 
1 h H2SO4/HNO3, 
filtrated 

1000 MEK, BKC sonicated, stirred, calendered 0.69 1.0 5E-3 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 
4 h H2SO4/HNO3, 
filtrated 

1000 MEK, BKC sonicated, stirred, calendered 0.7 1.0 2E-3 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 4 h HNO3, filtrated 1000 MEK, BKC sonicated, stirred, calendered 0.7 1.0 9E-4 @ 5 wt%  [174] 

PU MWCNT (CVD), Iljin Nanotech. e 3 h HNO3, filtrated 1000 MEK, BKC sonicated, stirred, calendered 0.77 1.0 5E-4 @ 5 wt%  [174] 
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Matrix Filler State Treatment r  Solution Dispersion Cφ [wt%] t  maxσ [S/m] Ref. 

PU  MWCNT, Applied Science - - 100 C4H8O stirred 1 3.1 2E+3 @ 15 wt%  [45] 

PU MWCNT (CVD), Iljin Nanotech. e 1 h HNO3, filtrated 1000 MEK, BKC sonicated, stirred, calendered 1.04 1.1 5E-4 @ 5 wt%  [174] 

PVA MWCNT, Ahwahnee Techn. Inc. ne H2SO4/HNO3, filtrated - C6H8O 
sonicated, stirred, 
electrospinned 

0.2 - 1E+1 @ 5 wt%  [175] 

PVA MWCNT (CVD), Hyperion Catal. e H2SO4/HNO3, filtrated - H2O stirred < 10 - 1E+2 @ 60 wt%  [176] 
PVA- 
Latex 

SWCNT (HiPco®), Carbon Nanot. e - - H2O, GA sonicated, stirred, filtrated 0.038 1.9 2E+1 @ 4 wt%  [59] 

PVC MWCNT (CVD), TMSpetsmash - - 1000 - stirred, grinded, hot pressed 0.094 3.3 1E-2 @ 1.4 wt%  [177] 

PVDF SWCNT, Carbon Nanotech. - H2SO4 1000 C6H8O spin coated 0.02 - 3E-4 @ 0.05 wt%  [178] 

PVDF MWCNT (CVD), Aldrich - - - - 
extruded (high shear), hot 
pressed 

1.5 - 5E+0 @ 4 wt%  [179] 

PVDF MWCNT (CVD), Aldrich - - - - 
extruded (low shear), hot 
pressed 

2.5 - 5E+0 @ 4 wt%  [179] 

PVDF MWCNT - - - C6H8O sonicated, hot pressed 3.2 0.9 2E-4 @ 4 wt%  [180] 
PVDF MWCNT, Chengdu Organic Chem - H2SO4/HNO3 1000 C2H6O sonicated, cold pressed, heated 7.6 3.2 6E-2 @ 20 wt%  [181] 
S-I- 
Latex 

SWCNT (CoMoCAT®), 
Southwest Nanotech. 

e HF, filtrated 2000 
H2O, AIBN, C5H8, 
SDBS, C16H34 

sonicated, stirred (miniemulsion) 0.2 7.3 1E-4 @ 3 wt%  [182] 

S-I- 
Latex 

SWCNT (CoMoCAT®), 
Southwest Nanotech. 

e HF, filtrated 2000 
H2O, AIBN, C5H8, 
SDBS 

sonicated, stirred 
(macroemulsion) 

0.2 7.6 5E-5 @ 3 wt%  [182] 

SPPA MWCNT - - - - sonicated 3.5 - 2E-1 @ 20 wt%  [183] 

UPR MWCNT (CVD) - annealed - - sonicated, magnetic field < 1 - 
1E-1 @ 1 wt%  
(parallel) 

 [184] 

UPR MWCNT (CVD) - annealed - - sonicated, magnetic field < 1 - 
5E-3 @ 1 wt% 
(perpendicular) 

 [184] 

VE MWCNT (CVD) - NaOH, HCl, K2MnO4 - - sonicated, stirred < 0.5 - 4E-2 @ 2 wt%  [185] 

VMQ MWCNT - APTS-functionalized 500 - hot pressed 2.4 2.9 4E-4 @ 5 wt%  [186] 
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Inspection of Table  4-1 clearly shows a large spread in the number of 

investigations for different polymer matrices. For 16 polymers listed in the table 

a single publication was available while 26 papers referring to an epoxy matrix 

could be included. This imbalance has to be taken into account when evaluating 

Table  4-1 with respect to percolation thresholds Cφ . This fact is visualized in 

Figure  4-1, which shows the minimum observed Cφ  together with the number of 

publications for each polymer matrix. We notice that for all  wt%3.0C >φ  no 

more than two papers could be exploited. This finding supports the idea that 

with optimized dispersion methods a threshold  wt%1.0C ≈φ  might be 

obtainable for nearly any CNT/polymer system. For a statistical distribution of 

filler particles, the excluded volume concept [187,188] gives ( ) 1vol
C 2

−
≈ rφ  or 

1wt
C

−≈ rφ  in the limit of large aspect ratios (Section  4.1.3). A typical aspect ratio 

000,1≈r  for CNT reproduces the above mentioned value of 0.1 wt%. This 

value thus could be related to the statistical percolation threshold (Section  4.3). 

As long as not extremely high aspect ratios are involved ( 000,1>>r , see 

Sections  4.6 and  4.7), thresholds significantly lower than wt% 1.0C ≈φ  can be 

attributed to kinetic percolation (Section  4.3). In kinetic percolation, the particles 

are free to move and thereby can form a conducting network at much lower 

particle concentrations. Particle movement can be caused by diffusion, 

convection, shearing, or external fields. 
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Figure  4-1 Plot of the total number of publications per polymer system versus 

the minimum percolation threshold achieved with the respective system. 

 

Contradicting results have been published concerning the dependence of the 

percolation threshold on the aspect ratio. According to the excluded volume 

analysis of Celzard et al.  [187] the threshold of a fibre suspension should 

decrease with increasing aspect ratio. The results presented in Section  4.6 and 

 [116] indeed yield a decreasing percolation threshold with increasing CNT 

length while Martin et al.  [17] find an increasing threshold with increasing CNT 

length. This inconsistency may be solved by considering the type of the 

respective percolation thresholds. Bai et al.  [116] most likely obtained statistical 

thresholds while Martin et al. definitely achieved kinetic percolation. Since all 

theoretical analyses so far ignore the movement of filler particles, they can only 

predict the dependence of the statistical percolation threshold on the filler 
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aspect ratio. However, it is shown in Section  4.6 that the aspect ratio is 

dominating over the shear influence even for the kinetic percolation threshold–

which still contradicts the findings in  [17]. 

 

The effect of CNT alignment on percolation conductivity in SWCNT/PMMA 

composites has been investigated by Du et al.  [158]. The SWCNT were aligned 

by melt fibre spinning, various levels of alignment could be obtained by 

controlling the extensional flow in the spinning process. As a function of 

alignment the conductivity exhibits power-law behaviour. Highest conductivities 

occur for slightly aligned, rather than isotropic CNT. A theoretical investigation 

of the effects of CNT alignment on percolation resistivity using Monte Carlo 

simulations was recently published by Behnam et al.  [189]. He concluded that 

minimum resistivity occurs for a partially aligned rather than a perfectly aligned 

CNT film. 

4.1.2 Maximum conductivity 

Maximum conductivities of 10,000 S/m have been reported for PMMA 

containing 10 wt% SOCl2 treated SWCNT  [155], of 3,000 S/m for PANI filled 

with 15 wt% SWCNT  [128], and of 2,000 S/m for PU with 15 wt% MWCNT  [45].4 

The percolation thresholds found for the above mentioned systems, i.e., 

0.17 wt%, 0.3 wt%, and 1 wt%, respectively, suggest a correlation between 

threshold and maximum conductivity. Indeed, this finding seems to be true 

especially for composites based on the same matrix system, as shown in Figure 

 4-2. The data for each matrix had to be subdivided into sets of similar maximum 

CNT concentrations, as the maximum concentrations and thus the maximum 

conductivities evaluated in the publications vary considerably even for similar 

percolation thresholds. Within each data set, an indirect proportionality between 

the maximum conductivities and the percolation thresholds can be identified. 

 

                                            
4
 Even higher conductivities can be found in publications that do not analyse the electrical percolation 

threshold or that report on conductive polymer matrices like protonated PANI. These publications are not 

considered in our review. 
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Figure  4-2 Maximum conductivities versus percolation thresholds for various 

matrices, subdivided into data sets of similar maximum CNT concentrations. 

 

In Figure  4-3 the maximum conductivities of all reviewed data are plotted versus 

their respective filler concentration values. It is pointed out that the maximum 

conductivities of Figure  4-3 refer to the maximum values reported in a given 

publication. In general, these values are significantly lower than conductivities 

obtained at the maximum attainable concentrations with a respective polymer 

and processing method. 
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Figure  4-3 Comparative log-log plot of maximum conductivity versus respective 

CNT concentration for all the data in Table  4-1, differentiated by (a) CNT  type, 

(b) matrix type and (c) CNT treatment. The dash-dotted line denotes the 

dependence S/m 105 6.24φσ ⋅=  found for the Nanocyl CNT composites 

(Section  4.6) while the solid line indicates a similar dependence 

S/m 103 5.26φσ ⋅=  found for CCVD-aligned-grown CNT composites 

(Section  4.6). All data below the dashed line ( S/m 500 6.2φσ =  for low 

conductive CNT) are most likely dominated by tunnelling between the CNT. 

 

The data points spread over a wide conductivity and concentration range, but 

mainly stay below the dash-dotted line. There are some exceptions, most of 

them at concentrations above 10 wt%, where a homogeneous suspension 

probably is not reached. The dash-dotted line denotes the dependence 

S/m 105 6.24φσ ⋅=  found for the Nanocyl CNT composites (Section  3.6) above 
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the statistical threshold. This line seems to represent the maximum achievable 

conductivities for entangled MWCNT, which are widespread in composite 

research as their production is fast and cheap. CCVD-aligned-grown CNT 

composites (Section  3.6) show similar power law dependencies above the 

statistical percolation threshold, the conductivities however are shifted upwards 

by a factor of 60 (solid line). These findings along with the results of other 

groups on various matrix systems (see Table  4-1) suggest that non-entangled 

MWCNT give much higher composite conductivities than entangled ones. This 

difference can be explained in two alternative ways. Either the entangled 

MWCNT could not be dispersed homogeneously and therefore their intrinsic 

conductivity 0σ cannot be extracted from a formula of the type tφσσ 0≈ , or the 

intrinsic conductivities of entangled and non-entangled MWCNT truly differ by a 

factor of 60 (possibly because the straight growing non-entangled MWCNT are 

less defective). 

 

Taking 500 S/m as a lower conductivity limit for highly defective MWCNT we still 

find many reported data below the dashed line ( S/m 500 6.2φσ = ). In these 

cases, tunnelling through polymer barriers between CNT most probably takes 

place. According to Connor et al.  [190] tunnelling between CNT separated by a 

thin isolating layer should lead to a dependence of the form 3/1~ ln −−φσ  

between DC conductivity and filler load. A number of investigations seem to 

confirm this relation. However, as discussed in Section  4.4, an unambiguous 

determination of the exponent is not possible. The mechanism of charge 

transport in CNT/polymer composites has also been addressed by temperature 

dependent conductivity measurements. Kim et al.  [156] have fitted their 

experimental results to different theoretical dependencies derived by Mott  [191] 

and by Sheng et al.  [192] based on variable range hopping in the former case 

and fluctuation induced tunnelling in the latter. Again, a definite conclusion 

seems difficult. 

 



 51 

A comparison of the shift (from one line to another) attributed to different 

intrinsic CNT conductivities with the conductivity scattering below the dashed 

line suggests that polymer tunnelling barriers have a dominant effect on the 

overall composite conductivity. Definite conclusions on how to avoid this 

polymer sheathing  [193] and maximize conductivity cannot be drawn from the 

analysed data. The best dispersions not necessarily seem to lead to the highest 

conductivities as good dispersions usually imply the formation of a polymer 

layer around each CNT (Section  4.5). It seems that solvent processing 

techniques  [153] or shear induced re-aggregation (Section  4.3) sometimes 

improve the electrical performance of composites by preventing an overall 

sheathing or reducing the sheath thickness, respectively. However, nanotube 

type (SWCNT or MWCNT), treatment (purification, oxidation) and matrix type 

generally do not show a clear impact on the maximum conductivity (Figure  4-3).  

4.1.3 Percolation theory 

Percolation is described by many theories using different approaches. Some of 

them take into account the dependence of the percolation threshold on the filler 

shape  [194], size  [195] or aspect ratio  [187], based upon an excluded volume 

approach  [188] of infinitely thin particles. Another approach considers the 

dependency on the orientation of finitely thick sticks  [196]. These statistical 

theories generally assume a random filler particle distribution and are static 

theories because they do not include the possibility of particle movement 

through the matrix. They predict thresholds that are orders of magnitude higher 

than found in many experiments [16,17,32]. All these experiments have in 

common that they were performed on systems where the matrix possesses a 

fluid state of low viscosity (< 1 Pas) during processing. In this state, particle 

manipulation is possible via shear forces [17,32] and electric fields  [18] which 

promote the formation of a network at filler contents as low as 0.002 wt%  [17]. 

Such low percolation thresholds are no longer statistic but dynamic and have to 

be described by dynamic colloid theory  [197]. 
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The concept of excluded volume has proven to be a powerful method to 

estimate the percolation threshold of composites containing statistically 

dispersed non-spherical particles. The concept is based on the idea that the 

threshold is not linked to the true volume of the filler particles but rather to their 

excluded volume exV . The excluded volume is defined as the volume around an 

object in which the centre of another similarly shaped object is not allowed to 

penetrate  [198]. >< exV  represents the excluded volume of an object averaged 

over the orientational distribution characterizing the system objects. For 

randomly oriented cylinders with volume 4/2 πldV =  and high aspect ratio 

dr /l= , Celzard et al.  [187] and Balberg et al.  [188] estimate 2/2
ex πldV >≈< , 

leading to 

 

rdVV /5.0)2/(/~ ex
vol
C =>≈< lφ    Eq.  4-1 

 

Saar et al.  [194] use the excluded volume approach to derive for prolate 

ellipsoids and prisms of aspect ratio 50>r  the dependence 

 

r/6.0vol
C ≈φ      Eq.  4-2 

 

Foygel et al.  [199] and Néda et al.  [200] performed Monte Carlo simulations for 

cylinders yielding the same dependence in the limit of high aspect ratios. Néda 

et al. claim that Celzard et al.  [187] and Balberg et al.  [188] erroneously 

calculated the average of γsin  ( γ  being the angle between two randomly 

positioned cylinders) to be 4/π  while it should be π/2  instead. This would 

yield π/4 2
ex ldV >≈<  and r/6.0vol

C ≈φ . 

 

From electron microscopy investigations it became evident that CNT embedded 

in a polymer matrix generally are curved or wavy rather than straight  [201]. The 

effect of waviness on percolation has been addressed by a couple of authors 
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using different theoretical approaches [112,202-204]. They all come to the 

conclusion that the percolation threshold increases with increasing waviness of 

the CNT. However, in all calculations the increase in Cφ  remains well below a 

factor of 2 which means that the effect of waviness can be considered small in 

the context of Table  4-1. 

 

Frequently, CNT are dispersed in form of bundles. The effect of bundles on 

percolation has been calculated by Grujicic et al.  [205]. As expected, the 

percolation threshold increases with increasing bundle radius. 

 

Statistical percolation theory predicts conductivity σ  to scale as ( )t
C0 φφσσ −=  

with filler concentration φ . Usually, experimental results are fitted by plotting 

( )C log  vs.   log φφσ −  and incrementally varying Cφ  until the best linear fit is 

obtained  [162]. The critical exponent t  is expected to depend on the system 

dimensionality with calculated values of 33.1≈t  in two and 2≈t  in three 

dimensions [100,101]. A value of 3≈t  has been obtained for a Bethe lattice 

and within mean field theory whereas a value of  5.2≈t  has been derived 

within a continuum model, the "Swiss cheese model"   [100], which simulates 

distributed bond strengths or contact resistances. Similar results have been 

achieved by Balberg  [206] allowing a non-random distribution of voids in 

random void models of continuum percolation. Recently, Balberg et al.  [207] 

pointed out that the effective medium approach (EMA) yield for a three-

dimensional particle distribution local exponents of t  which vary, depending on 

their position Cφφ − , between 2 and the order of 10. 

 

As shown in Figure  4-4, fits to experimental data for CNT/polymer composites 

yield values of t  predominantly in the range from 1 to 3 peaking around 8.1=t . 

The above mentioned theories relate increasing values of t  to increasing 

tunnelling barriers between the fillers which would lead to low maximum 

composite conductivities. As visible in Figure  4-4a, such a dependency is not 

found in the evaluated publications. Experiments presented in Sections  4.3 and 
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 4.8 carried out with the same system suggest a change in t  from low values 

(~ 1.7) in the case of low (kinetic) percolation thresholds to high values (~ 2.5) 

in the case of higher (statistical) ones. However, Figure  4-4b does not reflect 

such a relation between the percolation threshold and the magnitude of t . 
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Figure  4-4 Plot of the power law exponent t  as a function of (a) the maximum 

conductivity and (b) the percolation threshold for all data in Table  4-1. The 

horizontal lines denote 3  and  1=t . (c) A histogram of t  values. 

 

It seems rather complicated to extract geometrical information about the CNT 

network from experimentally determined values of t . Such a procedure 

generally seems to be not justified. First of all, scaling is limited to a 
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concentration range very close to the percolation threshold. However, this range 

of validity has not been examined in detail for CNT/polymer composites. In 

addition, the results of statistical percolation theory are derived for ideal 

systems which contain a homogeneous dispersion of identical particles. Due to 

the spread in CNT properties, i.e., length, diameter, chirality, entanglement and 

waviness, CNT/polymer composites are far away from being ideal systems. A 

further complication arises from the fact that low thresholds are likely to be 

kinetically produced, which makes the application of statistical percolation 

theory questionable. 

 

Modelling of kinetic percolation requires complex and time-consuming 

calculations. Rahatekar et al.  [208] applied dissipative particle dynamics (DPD) 

to investigate the dynamic behaviour of an assembly of oriented fibres 

suspended in a viscous medium. After establishing the structural arrangement 

the fibre network impedance was assessed using Monte Carlo simulations. 

Wescott et al.  [209] used DPD simulations to investigate methods of controlling 

the assembly of percolating networks of CNT in thin films of block copolymer 

melts. For suitably chosen parameters the CNT were found to self-assemble. 

Finally, Tozzi et al.  [210] employed particle-level simulations  [211] to investigate 

the time evolution of the microstructure and the electrical conductivity of CNT 

suspensions in shear flow. The simulations allow control of numerous properties, 

including the matrix viscosity, CNT aspect ratio, shape, flexibility, and 

interaction forces. All these approaches are important steps towards a better 

understanding of kinetic percolation. 

4.1.4 Summary and conclusion 

181 experimental results on electrical percolation of CNT in polymer composites 

published in 109 articles were reviewed. The following conclusions can be 

drawn from these data: 

o Regarding minimum percolation thresholds and maximum conductivities, 

no decisive influences of type and production method of CNT, type of 

polymer and dispersion method could be identified. 
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o An indirect proportionality seems to exist between the percolation 

threshold and the maximum conductivity attained for given CNT 

concentrations and polymer matrices. 

o Non-entangled MWCNT give conductivities 60 times higher than the usual 

entangled MWCNT from industrial mass production. Conductivity values 

below S/m 500 6.2φσ =  are indicative of polymer tunnelling barriers 

between CNT. 

o Many polymer composites seem to reproduce the theoretically predicted 

dependence of the percolation threshold on the aspect ratio 1wt
C

−≈ rφ , 

provided that their filler particles are homogeneously distributed (statistical 

percolation). 

o Deviating results with higher Cφ  suggest that the filler particles were not 

dispersed homogeneously, while lower Cφ  indicates the flocculation of 

homogeneously dispersed particles (kinetic percolation). 

o Regarding the contradiction between the experimental results from Martin 

et al.  [17] and the above mentioned theoretical prediction, it is concluded 

that kinetic percolation cannot be described with statistical percolation 

theory. However, results that will be presented in Section  4.6 indicate that 

the aspect ratio is dominating over the shear influence even for the kinetic 

percolation threshold. 

o The magnitude of the percolation theory scaling law exponent t  could not 

be related to any other parameter extracted from the articles. It is believed 

that no reliable geometrical information about the CNT network can be 

extracted from most of the experimentally determined values of t . 
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4.2 Experimental procedure 

4.2.1 Composite processing 

4.2.1.1 Nanocyl CNT composites 

Samples of varying Nanocyl CNT concentrations (0.008-1 wt%) in LY556/ 

XB3473 epoxy were produced in the following way. A master batch of epoxy 

resin containing a high CNT concentration was prepared with a dissolver disk 

rotating at 2,000 rpm for 2 h at room temperature. Approximately 30 g of this 

dispersion was poured into a small cup. The appropriate amount of hardener 

(mixing ratio of 23:100 parts by weight of hardener:resin) was added and the 

suspension was subsequently processed in three different ways. The filler 

concentration in the remaining master batch was then lowered adding pure 

resin and again stirred for 30 min at 2,000 rpm. A suspension of 30 g was again 

extracted, and the procedure described above was repeated several times. The 

first sample set was stirred at 500 rpm for 10 min at 80 °C, then poured into 

aluminium moulds and further stirred at 50 rpm for 5 min at 80 °C (in the 

following referred to as the slow stir sample set). The second set of samples 

was only stirred at 500 rpm for 10 min at 80 °C and afterwards left untouched in 

the aluminium moulds for 5 more min (medium stir samples). The third sample 

set was stirred at 2,000 rpm for 15 min at room temperature (fast stir samples) 

and then poured into aluminium moulds. Brass electrodes (17 mm width, 

clamped in 1.8 mm distance and dipped 10 mm deep into each portion) were 

additionally dipped into the suspension to monitor the conductivity while curing 

proceeded. All samples were cured in an oven at 120 °C. 

 

After curing, two specimens (8×18×4 mm3) were cut out from each slow and 

medium stirred sample. The 8×18 mm2 sides were polished, coated with 

conductive silver paint and contacted for conductivity measurements. The 

embedded brass electrodes were used as contacts for the fast stir samples. For 

optical analysis slices were cut out from all three sample sets and polished 

down to a thickness of only 0.5 mm. 
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4.2.1.2 ACVD-aligned-grown CNT composites 

Samples of varying ACVD-aligned-grown CNT concentrations (0.006-1 wt%) in 

LY556/XB3473 epoxy were produced via the master batch process. This 

involves dispersing the highest possible concentration of CNT into the epoxy 

resin with a dissolver disk rotating at 2,000 rpm for 2 h at room temperature. 

The resulting suspension was poured into two bottles. The suspension of the 

second bottle was then processed with a three roll calender [95,96]. These 

samples were labelled as “calender”. Approximately 7 g of each suspension 

was poured into a vial and the appropriate amount of hardener was added 

(23:100 parts by weight of hardener:resin). Each suspension with hardener was 

stirred for 5 min, centrifuged at 3,500 rpm for 1 min (to remove air bubbles) and 

then poured into four cavities (15 mm diameter, 5 mm depth) located within a 

PTFE block. This block ensured a homogeneous heat-up process in order to 

avoid any convection, which would cause shearing and thus uncontrolled CNT 

re-agglomeration. Unintended shearing during sample preparation (stirring of 

hardener, pouring, etc.) however did not promote re-agglomeration below a 

suspension temperature of 50°C. The block was heated to 100°C, and then the 

suspensions of two cavities were manually sheared for 5 min at 60 rpm (the 

conductivity results were later averaged and referred to as the slow stir 

samples). The suspensions in the other two cavities were left untouched; 

therefore they are referred to as the no-stir samples (again with averaged 

conductivities). Finally the samples were cured in an oven at 120°C. The filler 

concentration in the initial bottles was then lowered adding pure resin and the 

resulting suspension was stirred again for 30 min at 2,000 rpm. Then the 

process described above was repeated several times. 

 

After curing, the samples were removed from the cavities, polished and 

contacted for conductivity measurements by coating with conductive silver paint 

and contacted for conductivity measurements. For optical analyses the samples 

were later polished down to a thickness of 0.2 mm. 
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4.2.1.3 CCVD-aligned-grown CNT composites 

Samples of various CCVD-aligned-grown CNT concentrations (0.001-0.6 wt%) 

in LY556/XB3473 epoxy were produced and analysed in the same way 

described for the ACVD-aligned-grown CNT in Section  4.2.1.2, however without 

calendering half of the suspension and by averaging three samples instead of 

two. 

4.2.2 Conductivity measurement 

Electrical measurements were performed in AC mode using a HP 4284A LCR 

meter at room temperature with a voltage amplitude of 1.4 V over a frequency 

range from 20 Hz to 1 MHz. The AC conductivity )(ωσ  and the relative static 

permittivity rε  of the sample were recorded by a LabVIEW-based data 

acquisition software. They were calculated from the complex admittance )(* ωY  

by modelling the sample (with electrode area A  and distance s ) as a parallel 

circuit of resistance R  and capacitance C  

 

s

A
i

s

A
Ci

R
YiYY rεωεωσωωωω 0)(

1
)()()(* +=+=′′+′=  Eq.  4-3 

 

The AC conductivity )(ωσ  usually was constant up to at least 1 kHz, thus, the 

value at 100 Hz was considered to be equivalent to the DC conductivity σ . The 

calibration of the LCR meter was regularly checked with a standard resistance 

(100 Ω ). 

4.2.3 Electric field alignment 

Electric fields were utilized to align CNT suspended in a liquid epoxy. The setup 

consisted of two electrodes separated by an insulating space holder at one end 

while the other end was dipped into the CNT/epoxy suspension. The electrodes 

were connected to a self-built AC voltage amplifier delivering voltages up to 

700 p-pV , thus 250 rmsV  at frequencies between 10 Hz and 1 kHz. 
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4.3 Kinetic and statistical percolation thresholds 

The conductivity values of the Nanocyl CNT composites (see Section  4.2.1.1 for 

the processing conditions) are summarized in a log-log plot in Figure  4-5. The 

values for the lowest concentrations are limited by the measurement range of 

the LCR meter ( S/m 103~ 9−⋅ ). A scaling law of the form ( )t
C0 φφσσ −=  is 

fitted to the results by plotting ( )C log  vs.   log φφσ −  and incrementally varying 

Cφ  until the best linear fit is obtained (Figure  4-6)  [162]. 

 

0.01 0.1 1

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1
slow stirring (50rpm)

medium stirring (500rpm)

fast st. (2000rpm)

C
o

n
d

u
c
ti

v
it

y
, 

σσ σσ
 [

S
/m

]

Filler Concentration, ΦΦΦΦ [wt%]
 

Figure  4-5 Comparative log-log plot of the Nanocyl CNT/LY556/XB3473 

composite conductivity as a function of the CNT weight fraction for the three 

different sample preparation methods: slow (50 rpm), medium (500 rpm), and 

fast (2,000 rpm) stirring of the dispersion prior to curing. 
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Figure  4-6 Logarithmic plot of conductivity vs. reduced mass fraction of the 

Nanocyl CNT/LY556/XB3473 composites presented in Figure  4-5. 

 

For the slow stir samples the percolation threshold Cφ  is 0.011 wt% while for the 

medium stir samples it is 0.020 wt%. These values are comparable with the 

threshold found in previous experiments (0.03 wt%) performed with similarly 

entangled CNT  [16] but are one order of magnitude higher than achievable with 

aligned CNT  [32]. Above the percolation threshold, a conductivity plateau 

develops for both sets and sustains until 0.1 wt% (Figure  4-5). Here, a 

crossover from saturation to power-law behaviour is clearly visible. While 

investigations of Sandler et al.  [32] on a similar system already suggest both, 

the plateau and the onset of a slope crossover in their conductivity plot, 

unambiguous evidence is provided through these measurements for the first 

time. This is made possible by the large number of measurements over a wide 

range of concentrations with smaller incremental steps than previously 

considered. The three fast stir samples yield thresholds around 0.074 wt%. 
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Two types of percolation thresholds seem to exist in the Nanocyl CNT 

composites, which could be a characteristic feature of all composite materials 

that possess a fluid state of low viscosity during processing. The higher 

threshold is determined by statistical percolation theory and is unchangeable by 

processing methods. The lower one can vastly be shifted down to lower 

concentrations by stimulating particle flocculation and network formation. 

 

Evidence is provided through comparison of the conductivity measurements in 

Figure  4-5 with the light microscopy images in Figure  4-7. For each preparation 

method the emergence of flocks and the formation of a kind of superstructure 

are detectable. It is obvious that they appear at the same concentrations where 

the conductivity increases by several orders of magnitude. Both, the emergence 

of flocks and the steep conductivity increase, occur at lower filler concentrations 

(0.011 wt% and 0.020 wt%) than predicted by percolation theory for statistically 

distributed particles (Eq. 4-1:   wt%1.01wt

C
≈≈ −rφ  for the Nanocyl CNT with 

aspect ratio 000,1≈r ). This theoretical value represents the lower limit where a 

conducting network develops due to contacts between homogenously dispersed, 

immobile particles. At this point flocculation cannot further improve the 

conductivity, or particle rearrangement cannot even occur due to lowered 

particle mobility through the established network. Right below this point the 

superstructure of flocks is able to retain a certain level of conductivity (plateau), 

and above this point conductivity increases solely due to the generation of 

additional paths that connect opposite sample sites (power-law dependence). 

This point at 0.1 wt% seems to represent the real statistical percolation 

threshold for the Nanocyl CNT composites. The thresholds at lower 

concentrations (0.011, 0.020 and 0.074 wt%) are additional, kinetic percolation 

thresholds of this system. For the fast stir samples, both thresholds are too 

close to each other to be distinguishable. 

 

Even the exponents of the scaling laws (Figure  4-6) differ for the kinetic and 

statistical percolation. For the kinetic percolation (slow and medium stir samples) 

values around 7.1=t  are found. The threshold of the three fast stir samples is 
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close to the statistical one and yield exponents around 2.37. A similar behaviour 

can be found for the computer simulations performed by Lebovka et al.  [212]. 

They used a two-dimensional diffusion-limited aggregation model (DLA) with 

mobile and immobile seeds, the mobile ones performing random walks until 

they come in contact with one of the growing clusters or seeds. The percolation 

behaviour for the case that all seeds are immobile yields an exponent 33.1=t  

and is equivalent to the model of random percolation in two dimensions 

[100,101]. With decreasing number of immobile seeds the established network 

gets more and more fractal and the percolation threshold decreases. 

Simultaneously, a transition from 33.1=t  to higher values is detected in the 

logarithmic plot of conductivity vs. reduced mass fraction, similar to the 

behaviour visible in Figure  4-6. It seems that in three dimensions the exponent 

7.1≈t  represent a kinetic/fractal network while 5.2≈t  indicates a 

statistical/homogeneous one. It should be noted that above 0.1 wt% all samples 

follow a power law behaviour between 6.2~ φσ  and 9.2~ φσ , which will be 

further used for the contact resistance calculations presented in Section  4.9. 

 

But which mechanism is responsible for the different flocculation intensities for 

the composites? Diffusion, convection, van der Waals and Coulomb forces can 

be excluded as they are present in all samples and should initiate identical 

flocculation all-over. The only difference arises from the variation of the stirring 

rates and temperatures after hardener addition. Thus, shear forces at low 

viscosities seem to be the only promoter of flocculation, at least regarding the 

short time period (1 h) until polymer gelation. The significance of shearing was 

demonstrated in experiments  [213] as well as in simulations  [211], where 

Klingenberg et al. further predict a strong dependence of flocculation on the 

stiffness and shape of the filler particles and the friction forces between them. 

 

The presented results–the kinetic percolation, the conductivity plateau and the 

universal behaviour above the statistical percolation threshold–were recently 

reproduced in various systems consisting of MWCNT/chloroform and 

SWCNT/chloroform  [214]. 
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Figure  4-7 Light microscopy images (7.5 mm width and 5.5 mm height) of 0.5 mm thick Nanocyl CNT/LY556/XB3473 

composites from each preparation method (rows) and with different CNT concentrations (columns). 
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4.4 Charge transport through the CNT network 

Statistical percolation theory does not directly describe the conductivity increase 

due to the percolation behaviour of conductive particles, but merely the amount 

of particles of a given size needed to form infinite clusters of particles which are 

in contact with each other. However, these particles could comprise an 

insulating layer of a certain thickness, which finally determines the magnitude of 

the conductivity improvement through percolation. 

 

In this context, conductivity below the percolation threshold is sometimes 

explained by tunnelling conduction between homogeneously distributed 

particles not yet in physical contact–yielding the proportionality 3/1~ log −φσ  

[162,215]. This argument is not valid for the Nanocyl CNT/LY556/XB3473 

composites discussed in the previous section as here all homogeneity is lost 

while lowering the threshold by as much as a factor of 10. Nevertheless, the 

corresponding plot of the results of Section  4.3 (Figure  4-8a) is worth being 

discussed. All samples show above 0.2 wt% the mentioned proportionality 

which is however lost below 0.1 wt%. While this result suggests tunnelling 

conduction above statistical percolation threshold rather than below it, possible 

limitations of this analysis are now emphasized. First of all, it is not clear 

whether a deviation from the given proportionality indicates a change in the 

conduction mechanism or simply the transition to an inhomogeneous particle 

distribution. Moreover, the plots of 4/12/1   or    vs.   log −− φφσ  yield a comparable 

linear fit (Figure  4-8b,c). 

 

The contact resistances between adjacent CNT will be determined from a 

simplified model in Section  4.9. 
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Figure  4-8 Plot of the conductivity data from Figure  4-5 as a function of (a) 

3/1−φ , (b) 2/1−φ  and (c) 4/1−φ . 

4.5 Influence of calendering 

In this set of experiments, ACVD-aligned-grown CNT were used and the sample 

preparation method was varied (for details see Section  4.2.1.2). The 

suspension was processed with a dissolver disk and partly calendered 

thereafter. The suspensions were then partly exposed to slow shearing and left 

partly unagitated. The conductivities of the resulting four sample sets are plotted 

in Figure  4-9. The sample set that was not calendered and not sheared exhibits 
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a threshold  wt%09.0=Cφ , which–according to statistical percolation theory 

(Eq. 4-1: 1wt
C

−≈ rφ )–indicates that the CNT are expected to have a mean aspect 

ratio 1,000≈r . Indeed, the initial aspect ratio of the CNT is close to this value, 

so we conclude that the observed/apparent percolation threshold equals the 

statistical/intrinsic value of the percolating system [29,216]. According to these 

results and the optical micrographs in Figure  4-10, the dissolver disk is able to 

optimally disperse aligned-grown CNT and the PTFE block prevents efficiently 

convection and thus CNT re-agglomeration. 
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Figure  4-9 Log-log plot of conductivity vs. ACVD-aligned-grown CNT weight 

fraction in the LY556/XB3473 epoxy system for the four sample preparation 

methods. The power law fit to the slow stir, no-stir and calender + slow stir data 

are ( ) 84.27 000099.0102 −⋅= φσ , ( ) 13.35 00088.0102 −⋅= φσ  and 

( ) 32.24 00248.010 −= φσ , respectively. 
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Figure  4-10 Optical micrographs of samples from each preparation method (columns) and varying ACVD-aligned-grown CNT 

weight fraction (rows) in the LY556/XB3473 epoxy system. 
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Figure  4-11 Charge contrast SEM-images of (a) slow stir, (b) no-stir, (c) 

calender + slow stir and (d) calender + no-stir samples containing 0.63 wt% 

ACVD-aligned-grown CNT in the LY556/XB3473 epoxy system. 

 

As soon as CNT re-agglomeration is induced by modest shear forces the 

conductivity starts increasing. This effect was described in detail in Section  4.3. 

We now proceed to the discussion of the calendered sample set that was not 

stirred slowly. A percolation threshold can hardly be determined in this case, 

one of two samples always exhibits insulating behaviour nearly for all CNT 

concentrations. Unfortunately, the second sample with 1 wt% CNT cracked 

when removing it from the PTFE block cavity, but the other sample was 
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insulating even at this high concentration. The statistical percolation threshold of 

this sample set seems to be located above 0.6 wt%, maybe even above 1 wt%. 

 

Two reasons for this finding could be identified. The three roll calender could be 

able to separate the CNT and sheath  [193] them with a layer of insulating matrix 

more efficiently than the dissolver disk. The matrix layer could then be too thick 

(~ 2 nm) to allow tunnelling conduction between adjacent CNT even at 

concentrations above 0.6 wt%. Charge contrast SEM-analyses  [201] seem to 

support this conclusion as it was not possible to produce a contrast between 

conducting and insulating regions in the calender + no-stir samples while it was 

possible in all other samples (Figure  4-11). This would mean that having the 

best CNT dispersion quality is not favourable for electrical conductivity 

applications. 

 

The second reason could be the fracturing of CNT during the calendering 

process. This could have lowered their aspect ratio and thereby increased their 

statistical percolation threshold. To verify this assumption, the hydrodynamic 

forces exerted on the CNT during calendering are estimated. A setup is 

selected where a single CNT is clamped on one end while the hydrodynamic 

force hydF  acts as a line load on it. This setup definitely overestimates the real 

forces on a single CNT suspended in the matrix. At the same time it represents 

an underestimation for the concentrated master batch suspension because 

interactions with other CNT are not considered. The resulting bending moment 

M  is then defined as 
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with the matrix viscosity s Pa 10=η , CNT length µm 50=l  and CNT diameter 

nm 80=d . The highest shear rate -1s 000,300=γ&  is found within the 5 µm gap 

of the calender rolls (the fastest rotating at 180 rpm, all having a diameter of 
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120 mm)  [217]. With the second moment of area 64/4dI π=  for a CNT with 

negligible inner diameter (as checked by TEM analyses), the resulting tensile 

stress in the outer layer of our multi-wall nanotube is 
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   Eq.  4-5 

 

This tensile stress exceeds the experimentally determined tensile strengths for 

the outer layer of a multi-wall nanotube (11-63 GPa  [11]) as well as the CNT 

fracture stress derived from molecular mechanics simulations (80 GPa  [218]) by 

two orders of magnitude. It seems that the CNT could have easily been 

fractured in the calender. In order to support this conclusion, a second estimate 

is performed based on simulation results of fibres in a viscous fluid subjected to 

a laminar shear flow  [219]. Yamamoto et al. derived a condition for fibre fracture 

as a result of the bending stress imparted by the fluid after bending deformation 

of a fibre with Young’s modulus E  and aspect ratio r : 

 

42

75.1)2ln(
100

r

r

E

−
≈

γη &
    Eq.  4-6 

 

Young’s moduli of 270-950 GPa  [11] yield values between 610−  and 510−  for 

the left side of the equation, while an aspect ratio 625=r  yields 910−  for the 

right side. According to this estimate, the bending stress exceeds the CNT 

Young’s modulus by 3-4 orders of magnitude, again indicating CNT breakage. 

 

But to what extent does the calender break the CNT? A statistical percolation 

threshold of 0.6-1 wt% suggests the final aspect ratio to be around 60.5 This 

indicates a decrease of r  by one order of magnitude. Interestingly, with this 

reduction in aspect ratio both estimated stresses–the tensile (being proportional 

                                            
5
 This result could not be proved by TEM analyses due to the huge nanotube diameter of 80 nm. 
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to 2r ) as well as the bending one (being proportional to 4r )–would decrease 

below the respective critical value for CNT and thus would stop breaking them. 

This could be a new method for adjusting the length of CNT in a composite with 

a calender. Further investigations are however necessary to support these 

statements. 

4.6 Influence of shear forces and CNT on the 

percolation threshold 

The potential of shear forces to significantly lower the percolation threshold has 

been demonstrated in Section  4.3. There, highly entangled Nanocyl CNT were 

used in the LY556/XB3473 epoxy system (for details see Section  4.2.1.1). The 

samples that were stirred with 50 rpm at elevated temperatures are reprinted 

here in Figure  4-12 (Nanocyl slow stir). Three sample sets that were submitted 

to the initial high speed mixing (2,000 rpm) without further shearing were 

averaged to give the Nanocyl no-stir results. The conductivities of the CCVD-

aligned-grown CNT/LY556/XB3473 samples (see Section  4.2.1.3 for the 

processing conditions) are also plotted in Figure  4-12. The non-calendered 

ACVD-aligned-grown CNT/LY556/XB3473 epoxy system from Figure  4-9 

represent the third CNT type analysed in this section. All percolation parameters 

are summarized in Table  4-2. 

 

The thresholds Cφ  of the no-stir samples coincide with values expected for 

statistically distributed particles of the respective aspect ratio (Eq. 4-1: 1wt
C

−≈ rφ ). 

The Nanocyl and the ACVD-aligned-grown CNT both have 1,000-600≈r  and 

 wt%08.0≈Cφ  while for the CCVD-aligned-grown CNT we find 8,300≈r  and 

 wt%01.0≈Cφ . These seem to be the statistical percolation thresholds of the 

composites. These thresholds can be further lowered through shear forces, 

giving rise to lower, kinetic percolation thresholds. Most interestingly, the factors 

between statistical and kinetic thresholds are rather similar for all three CNT 

types regardless of their huge differences in aspect ratio and entanglement 
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state. Thus, the influence of the aspect ratio on the kinetic percolation threshold 

is dominating the influence of shearing. This conclusion is in contradiction to 

results presented in  [17] where shorter CNT are found to have a lower kinetic 

percolation threshold than longer CNT of same thickness. Comparing CNT of 

similar aspect ratios (ACVD-aligned-grown and Nanocyl) it is concluded that the 

entanglement state influences neither the kinetic nor the statistical percolation 

thresholds. 
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Figure  4-12 Log-log plot of conductivity vs. CNT weight fraction for the CCVD-

aligned-grown and the Nanocyl CNT, each dispersed in the LY556/XB3473 

epoxy system. The power law fit to the CCVD slow stir and no-stir data are 

( ) 63.13 000024.0105 −⋅= φσ  and ( ) 48.26 00012.0103 −⋅= φσ , respectively. The 

power law fit to the Nanocyl slow stir and no-stir data are 

( ) 77.13 00011.010 −= φσ  and ( ) 59.24 00070.0105 −⋅= φσ , respectively. 
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Table  4-2 Scaling law ( )tCφφσσ −= 0  fitted to the data points between Cφ  and Cφ10  for the three CNT types. The percolation 

thresholds Cφ  are given in absolute values and the intrinsic CNT conductivities 0σ  in S/m. The factor between Cφ (slow stir) 

and Cφ (no-stir) as well as the CNT dimensions are also summarized. 

CC φφφ 10<<  ACVD-aligned-grown CNT Nanocyl CNT CCVD-aligned-grown CNT 

slow stir ( ) 84.27 000099.0102 −⋅= φσ  ( ) 77.13 00011.010 −= φσ  ( ) 63.13 000024.0105 −⋅= φσ  

no-stir ( ) 13.35 00088.0102 −⋅= φσ  ( ) 59.24 00070.0105 −⋅= φσ  ( ) 48.26 00012.0103 −⋅= φσ  

factor between Cφ (slow stir) 

and Cφ (no-stir) 
8.9 6.4 5.1 

CNT aspect ratio, r  625 ~ 1,000 8,300 

 

 

Table  4-3 Scaling law tφσσ 0=  fitted to the data points between 0.2 wt% and 1 wt% for the three CNT types. The percolation 

thresholds Cφ  are given in absolute values and the intrinsic CNT conductivities 0σ  in S/m. 

01.0002.0 << φ  ACVD-aligned-grown CNT Nanocyl CNT CCVD-aligned-grown CNT 

slow stir 68.13105 φσ ⋅=  70.24109 φσ ⋅=  98.1510 φσ =  

no-stir 12.47102 φσ ⋅=  96.25102 φσ ⋅=  20.25103 φσ ⋅=  
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4.7 Influence of shear forces and CNT on the maximum 

conductivity 

This section compares the same composites that were analysed in the previous 

section, this time regarding maximum achievable conductivities. The influence 

of shear forces is different below and above the statistical percolation threshold. 

Above, shear forces have no effect on the conductivities of the CCVD-aligned-

grown and the Nanocyl CNT/epoxy composites (Figure  4-12). Conductivity 

follows a scaling law behaviour ( tφσσ 0= ) with similar parameters for both slow 

stir and no-stir preparation methods (Table  4-3). However, for the ACVD-

aligned-grown CNT shearing seems to increase the conductivity by 1-2 orders 

of magnitude. Further experiments are necessary to confirm this finding and to 

assess the role of the CNT thickness–being the only parameter that differs from 

both other CNT types. 

 

Below the statistical threshold, shear forces increase the conductivity of all 

composites by at least 5 orders of magnitude. For the CCVD-aligned-grown and 

the Nanocyl CNT/epoxy composites a constant conductivity of S/m 10~ 3−  is 

sustained in a narrow concentration region around the statistical percolation 

threshold (Figure  4-12). A more detailed explanation to this so-called plateau 

can be found in Section  4.3. It is surprising that neither the non-entangled state 

nor the higher aspect ratio of the CCVD-aligned-grown CNT seem to be able to 

widen the plateau. This is linked to the factors between statistical and kinetic 

percolation thresholds, which were found to be similar for both CNT types as 

well. Another surprising result is that the conductivity level corresponding to this 

plateau does not seem to be affected from changing the properties (aspect ratio, 

entanglement state) of the CNT. In contrast, the non-entangled state or/and the 

higher aspect ratio do increase the conductivity by 1-2 orders of magnitude at 

high concentrations (Figure  4-12). 
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4.8 Influence of synthesis method on the intrinsic CNT 

conductivity 

It might be expected that the production method should have a strong impact on 

the intrinsic conductivities of the CNT. From the various scaling laws fitted at 

different concentration regions in the previous sections, the intrinsic 

conductivities of the ACVD-aligned-grown, CCVD-aligned-grown and Nanocyl 

CNT are now determined. The assumption is, of course, that these values 

should not differ between slow stirred and no-stirred samples. The scaling law 

fitted near the percolation threshold however yields extremely differing 

parameters (Table  4-2). While the variation of the exponent t  can be traced 

back to different network types (fractal/kinetic: 7.1~t ; homogeneous/statistical: 

5.2~t ; see Sections  4.1.3 and  4.3), the variation of the prefactor 0σ  should 

have another origin. Both parameters are very sensitive to the fitting procedure 

(described in  [162]) and vary substantially when altering the number of data 

points to be fitted. Only data points that are near the percolation threshold (e.g. 

within one decade) should be used for the fit because data points far above it 

usually exhibit a different behaviour (Section  4.3). There, the CNT concentration 

is so high that it does not allow the CNT to rearrange upon shearing. This 

homogeneous CNT distribution yields–except for the ACVD-aligned-grown 

samples–more consistent fitting parameters for the slow stirred and no-stirred 

samples (Table  4-3). The exponent t  scatters around the homogeneous/ 

statistical value of 2.5. According to the prefactors, the intrinsic conductivities of 

the CCVD-aligned-grown and the Nanocyl CNT are very similar, around 

S/m 105 . As already stated, the ACVD-aligned-grown CNT behave–for reasons 

which are not yet fully understood–different, leading to huge discrepancies 

between the fit parameters for the slow stirred and no-stirred samples; 

nevertheless, their conductivities also scatter around this decade. 
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4.9 Inter-particle contact resistances 

4.9.1 Theory 

In this section an extremely simplified model of percolated particles is derived 

on the basis of the model presented by Ruschau et al.  [220]. The goal is to 

relate the sample conductivity (that can be measured) to the inter-particle 

contact resistance within the polymer (that cannot be measured, but ultimately 

limits charge transport). The model describes homogenously dispersed, 

immobile particles that are presumed to be rigid and of cylindrical shape. The 

network they build is modelled through n  parallel paths bridging the sample, 

each consisting of m  sticks and m  contacts. The number of parallel 

connections of single paths bridging the sample is defined as 
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with the volume of all particles allV , the sample volume sampleV  and the volume 
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produces an error equal to 
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φ , with the matrix density matrixρ  and 

particle density allρ . All matrix:filler density ratios encountered in this thesis, as 

well as in the references analysed in the next section, are around 1:2. For 

matrixall 2ρρ ≈  and  wt%10wt <φ  the error stays below 5%. The filler weight 

fraction is the only controllable parameter and therefore subsequently used 
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(without index). The number of particles and inter-particle contacts within a 

single path is conveniently defined as 

 

x

s
m

φ

1

l
=      Eq.  4-9 

 

which is proportional to the sample thickness s  and inversely proportional to 

the particle length l  and filler weight fraction φ . The latter dependence 

expresses the fact that paths usually do not bridge the sample in a straight way. 

The lower the filler concentration is, the longer the paths are. Only for a filler 

concentration of 100 wt% will all paths reduce to the minimum number of 

particles l/s  that are necessary to bridge the distance s. The exponential 

dependence on φ  is solely supported by the experimentally found power law 

above the statistical percolation threshold. Therefore, the magnitude of the 

exponent x  will always be adjusted according to the respective experimental 

results. Setting up the equations for parallel 
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where d  and R  are the diameter and resistance of a single particle, 

respectively, and CR  is the resistance of its contact to the next particle. In short, 

the procedure for assessing CR  consists of equating 12 +x  with the slope of 

the φσ log  vs.  log  plot above the percolation threshold and then solving 

Eq. 4-10 with the help of the known parameters: individual particle size and 

resistance, as well as conductivity and concentration values corresponding to a 

single data point. 
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4.9.2 Application to various composite materials 

The above calculations are now applied to conductivity data presented in 

Section  4.6 as well as to published data that provided both, information about 

their filler sizes and enough conductivity values above their statistical 

percolation threshold. All relevant parameters and the resulting contact 

resistance magnitudes are summarized in Table  4-4. 

 

Three of the analysed results ( [19],  [221] and the ACVD-aligned-grown CNT 

from Section  4.5) yield particle contact resistances of the same magnitude as 

the respective resistances of the individual filler particles used, namely Ωk 4.6  

[222,223] for a single CNT and several ΩM   [221] for a pure PPy coated 

cellulose particle. It is remarkable that all filler particles with big diameters give 

low contact resistances, no matter what type of filler, matrix or processing 

method is used. The second set of published data ( [224],  [110], the Nanocyl 

and the CCVD-aligned-grown CNT from Section  4.6) exhibit a contact 

resistance in the region of 510 - Ω610 , thus 100-1,000 times larger than the 

intrinsic CNT resistance. Again, neither the type of CNT or polymer nor the 

processing method seems to have a noticeable impact on the contact 

resistance magnitude. Finally, the high contact resistance in the case of the 

PmPV matrix  [161] can be explained with the helical structure of the polymer 

chains which presumably wrap the CNT and–having a diameter of 2 nm–

impedes electron tunnelling between them. 

 

One reason for the restricted possibility of data comparison definitely is the 

simplicity of the presented model, which does not include the real state of the 

dispersion, e.g. the magnitude of particle agglomerates, the degree of particle 

wetting through the matrix and the real particle shape. However, including these 

parameters into the model simultaneously requires the publication of 

corresponding SEM and TEM analyses to provide these data. With an improved 

model and enough data points above the respective statistical percolation 

thresholds it should be possible to analyse the dependence on different filler 

particles, matrices and preparation methods. 
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Table  4-4 Summary of the experimental parameters of conductivity measurements found in literature with the resultant values 

needed for assessing the contact resistance CR . Question marks indicate particle sizes that had been guessed (according to 

the percolation threshold) due to the lack of sufficient information. 

Filler Matrix Preparation method Cφ  dr /l=  12 +x  CR  Ref. 

MWNT (CVD) PC 
Extruded and compression 
moulded 

1.4 wt% 
nm 13

µm 1
80 =  2.2 Ω610   [224] 

MWCNT (Arc discharge) PmPV 
Filler and matrix sonicated in 
toluene 

7.5 wt% 
nm 20

nm 500
25 =  4.9 Ω810   [161] 

MWNT (CVD) Epoxy 
Filler dispersed in methanol, 
composite cured under pressure 

0.7 wt% 
nm 100

? µm 15
150 =  3.1 Ω310   [19] 

PPy coated cellulose Latex Stirred, freeze dried, moulded 3 vol% 
nm 160

µm 2
13 =  2.5 Ω710   [221] 

SW- and DWCNT (CCVD) Epoxy 
Filler dispersed in water, 
composite cured in Teflon mould 

0.08 wt% 
nm 3

? µm 2
667 =  3.3 Ω510   [110] 

Nanocyl CNT Epoxy Stirred, cured in metal mould 0.07 wt% 
nm 15

µm 15
000,1 =  3.0 Ω510   [105]6 

ACVD-aligned-grown CNT Epoxy Stirred, cured in PTFE mould 0.09 wt% 
nm 80

µm 50
625 =  4.1 Ω310   [105]6 

CCVD-aligned-grown CNT Epoxy Stirred, cured in PTFE mould 0.01 wt% 
nm 12

µm 100
300,8 =  2.2 Ω610   [105]6 

 

                                            
6
 See also Section  4.6 
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4.10 Electric field induced CNT network formation 

Martin et al.  [18] have shown that the formation of CNT networks can be 

induced by the application of an external electric field. Thus, electric fields not 

only align CNT but also enhance the attractive forces between neighbouring 

CNT. The growth of the network starts at the positive electrode indicating that 

CNT are negatively charged in an epoxy/amine hardener system. As has been 

shown for carbon black/epoxy composites, the chemical nature of the hardener 

mainly determines the charge of the filler particles  [225]. AC fields are more 

effective than DC fields in the sense that the conductivity of samples cured in an 

AC field is one order of magnitude higher than for DC fields. Martin et al.  [18] 

used CNT concentrations of up to 0.02 wt% and electric field strengths up to 20 

V/mm yielding a maximum composite conductivity around S/m 103 4−⋅ . 

 

The formation of AC electric field induced aligned SWCNT percolative columns 

between electrodes has also been observed by Park et al.  [82]. They used 

0.03 wt% SWCNT in UDMA/HDDMA and found the conductivity to saturate at 

S/m 10 4−  with field strengths of 33 V/mm, while the best performance was 

found for field frequencies of 100 Hz. Conductivity anisotropies of 410  were 

obtained at field strengths of 44 V/mm. 

 

In this thesis, the CNT concentration is extended up to 0.08 wt% and the 

electric field strengths up to 60 V/mm (Figure  4-13). The conductivities of the 

cured samples saturate at S/m 10~ 2−  as a function of field strength and as a 

function of filler concentration. The saturation is consistent with the results of 

Park et al.  [82]: it also takes place around 30 V/mm, but at much higher 

conductivities. This could be due to the different CNT and/or polymer type that 

have been used. MWCNT and/or epoxy seem to be favourable when 

establishing a conducting network via electric fields. The saturation at high CNT 

concentrations is equivalent to the transition from kinetic to statistical 

percolation. When approaching statistical percolation (~ 0.08 wt% for the 
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Nanocyl CNT composites), the CNT mobility is reduced and the effect of the 

electric field vanishes. Compared with shear percolated composites–which yield 

a plateau at S/m 10~ 3−  (Figure  4-12)–the absolute conductivities of AC field 

percolated samples are up to one order of magnitude higher. 
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Figure  4-13 Plot of the Nanocyl CNT/LY556/XB3473 composite conductivity for 

various CNT concentrations after exposure to different AC field strengths at 

frequencies of 100 Hz during the curing time. 
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4.11 Summary and conclusion 

Conductivity measurements over up to three decades of filler concentration with 

narrow increments revealed two percolation thresholds, the lower one attributed 

to a kinetic and the higher one to a statistic network formation process. A 

conductivity plateau was detected and was attributed to the presence of a 

superstructure of flocculated filler particles. The onset of this flocculation was 

controlled by coarsely adjusting the stirring rate and temperature during the final 

mixing step. 

 

The influence of shear forces on the electrical properties of a composite can 

only be assessed in comparison with a setup where shear forces (e.g. through 

convection or extrusion) can be completely excluded. Taking care of this, for all 

CNT types a comparable influence of shear forces on the kinetic percolation 

threshold is found. CNT with higher aspect ratios were found to have lower 

statistical and kinetic thresholds. Thus, the influence of the aspect ratio on the 

kinetic threshold is dominating the influence of shearing, which is in 

contradiction to  [17]. 

 

While the entanglement state of the CNT does not influence the kinetic or 

statistical percolation threshold, it (or the higher aspect ratio) seems to increase 

the conductivities considerably at high CNT concentrations. In contrast to this, 

shearing was not able to increase the conductivities at high concentrations. 

 

From scaling laws fitted above the statistical percolation threshold it is 

concluded that all analysed synthesis methods yield CNT with intrinsic 

conductivities around S/m 105 . 

 

It seems that the extremely high shear forces generated in a calender are able 

to separate the CNT efficiently and to sheath them with a thick layer of 

insulating matrix, which deteriorates the electrical performance of the composite. 

At the same time, the CNT are most probably broken down to an aspect ratio of 

~ 60, as is indicated by the position of the statistical percolation threshold. 
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A simple geometrical model was developed to fit the power law dependence of 

conductivity above the statistical percolation threshold and to derive the 

magnitude of an individual inter-particle contact resistance. Filler particles with 

huge diameters (80-160 nm) seem to yield the lowest contact resistances, 

which are of the same magnitude as the intrinsic particle resistances. 

 

Electric fields seem to be more efficient than shear forces in establishing a 

conducting network. 
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5 Raman spectroscopy analyses 

The network formation process of carbon nanoparticles suspended in a polymer 

and exposed to electric fields was extensively analysed [18,225-228]. However, 

due to their small size, only agglomerated nanoparticles could be visualised. 

The SEM technique introduced in Section  2 allows to monitor nanosized 

particles, but only if the polymer they are dispersed in is already cured. 

Therefore, no information on the behaviour of individual nanoparticles during 

curing is accessible. As far as carbon nanotubes (CNT) are concerned, they 

fortunately exhibit a pronounced Raman signal due to their high crystallinity 

(Section  5.2) [229,230]. A vanishingly small amount of CNT can still be 

identified in a liquid or solid polymer matrix. Raman spectroscopy even allows 

detecting and studying single isolated CNT. 

 

Raman spectroscopy has become one of the main characterisation tools for 

CNT. It provides information about their electronic states, phonon dispersion, 

geometry, defect concentration, doping level, temperature, orientation and 

stress state [229,230]. This thesis focuses only on the three last-mentioned 

characteristics of CNT. 

 

Various CNT types were analysed in order to select one with high Raman signal 

intensity to be used in the polymer matrix (Section  5.3). The CNT Raman signal 

was then utilised to determine the sample temperature with respect to the laser 

intensity (Section  5.4). A laser intensity which does not heat up the composite 

too much had to be selected for the analyses of polymer curing processes 

(Section  5.6). The potential and accuracy in monitoring the CNT orientation with 

Raman spectroscopy was assessed in Section  5.5. And finally, chemically and 

thermally induced stresses in CNT/polymer composites during and after the 

curing process were analysed using the CNT as stress sensors (Section  5.6). 
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5.1 Experimental procedure 

Raman spectra were recorded with a Horiba Jobin Yvon HR800 spectrometer 

(800 mm focal length spectrograph) using a He-Ne laser of 632.817 nm 

wavelength and 20 mW power. The laser was focused to an area of 2.3 µm in 

diameter by a 50× long working distance objective. The laser power could be 

lowered with neutral grey filters. The Raman signal from the focus was collected 

with the same objective in backscattering mode and directed to a diffraction 

grating (600 grooves per mm) and from there to a CCD detector (1024×256 

pixel, each of 26 µm length). The spectrograph has a dispersion of 2 nm/mm, 

yielding a spectral resolution of 0.052 nm per pixel or 1.3 1cm−  per pixel, 

respectively. The spectrum acquisition time varied between 1 s and 15 min, 

depending on the filter used. A programmable oven (Linkam THMS600) could 

be attached to the spectrometer to monitor the Raman spectra during polymer 

curing cycles. The calibration of the spectrometer was regularly checked with a 

silicon crystal, (100) surface, which gives a strong peak at 520.7 1cm− . 

5.2 Raman spectra of CNT and peak fitting procedure 

A typical Raman spectrum of CNT consists of four main bands [231,232],as 

shown in Figure  5-1. The radial breathing mode (RBM) at 1cm 200~ −ν  

corresponds to a collective radial displacement of the carbon atoms. It has a 

linear dependence on the CNT diameter and allows the determination of 

diameter and chirality  [233]. The D-band ( 1cm 300,1~ −ν ) is attributed to the in-

plane breathing vibrations of carbon hexagons that are actually Raman in-active. 

However, structural defects in the graphite lattice enable a double-resonant 

process that makes these vibrations Raman active and dispersive  [234]. The G-

band ( 1cm 600,1~ −ν ) is composed of tangential graphite lattice vibrations of 

various symmetries. Semiconducting and metallic CNT thereby exhibit different 

band shapes  [235], originating from a diameter independent and a diameter 

dependent peak (with different dependencies for semiconducting and metallic 

CNT)  [236]. The G’-band ( 1cm 600,2~ −ν )–sometimes called D*-band–is the 
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second harmonic of the D-band and is Raman active even without defects in the 

graphite lattice  [237]. 
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Figure  5-1 Raman spectrum of Elicarb SWCNT (see Section  2.2.4) with the 

characteristic vibration bands marked. 

 

As the G-band is the only stable band concerning its intensity while all others 

can vary with e.g. laser intensity (due to changing graphitization degree), 

spectra are always normalised (Figure  5-1, Figure  5-6) or compared (Figure  5-4) 

with respect to the G-band. Moreover, when intensities of different bands need 

to be compared with each other (Section  5.4), the quantum efficiency of the 

CCD for the different wavelengths (Figure  5-2) has to be taken into account. 
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Figure  5-2 Quantum efficiency curve of the CCD vs. wavelength. The upper 

scale translates wavelength to wavenumber (relative to the 632.817 nm laser 

wavelength) according to the formula ]nm[
]nm[

10
]cm[

2

7
1 λ

λ
ν ∆=∆ − . Negative 

relative wavenumbers represent an anti-Stokes shift of the laser wavelength to 

higher energies while positive ones denote a Stokes shift to lower energies. 

Relative wavenumbers are used throughout this thesis without explicitly noting it. 

 

The band positions are determined by fitting one or two Lorentzian-Gaussian 

functions using the Raman spectrometer software LabSpec 4.18. Each band is 

extracted individually from the spectrum and a linear background is subtracted. 

The D-band of the Elicarb SWCNT (see Section  2.2.4) for instance is fitted with 

one function centred at ~ 1325 1cm− , the G-band with two at ~ 1565 1cm−  and 
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1595 1cm− , and the G’-band with two at ~ 2485 1cm−  and 2625 1cm− . For the 

analyses however, only the positions of the dominant peaks of the G- and G’-

band at 1595 and 2625 1cm−  are considered. Spectra of other CNT types are 

similarly fitted according to their respective peak frequencies. 

5.3 Raman signal efficiency of various CNT 
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Figure  5-3 Raman spectra of pure Elicarb SWCNT, 0.1 wt% Elicarb SWCNT 

suspended in LY556/XB3473 epoxy (regions rich and poor in CNT) and pure 

LY556/XB3473 epoxy. 
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Figure  5-4 Raman signal efficiency of various CNT in dependence of the laser 

energy density in the focus. It should be noted that the laser energy density in 

the abscissa is given in 2GW/m  while the value that enters the relative G-peak 

amplitude calculation for the ordinate is taken in 2MW/m . 

 

Analysing CNT/epoxy composites with extremely low CNT concentrations (e.g. 

0.1 wt%) requires the use of CNT that produce the most intensive Raman signal, 

otherwise the signal of the composite will be dominated by the epoxy resin 

(Figure  5-3) and/or the acquisition time for a spectrum will be too long. 

 

The Raman signal efficiency analysis consists of exposing CNT powder to the 

laser light, taking a Raman spectrum, fitting the G-peak and plotting its 

amplitude vs. the laser power density in the focus (Figure  5-4). In order to make 
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the analysis independent of the experimental parameters, the relative G-peak 

amplitude (the amplitude divided by the laser power density and the spectrum 

acquisition time) was used. The laser power density thereby is determined by 

the laser, the neutral grey filter and the objective. Losses due to the optical 

components were not considered. 

 

As seen in Figure  5-4, SWCNT provide the most efficient Raman signal, 

particularly those produced by aerosol chemical vapour deposition (ACVD)  [238] 

and by the HiPco process (Unidym Inc., USA). Despite their lower efficiency 

(~ 5 times) Elicarb SWCNT (see Section  2.2.4) were used in Section  5.4 and 

 5.6, as they were available in sufficient amount. All three MWCNT types used in 

the experiments in Section  4 exhibit a Raman signal even 20 times lower than 

the Elicarb SWCNT. Most CNT show a decreasing Raman signal for high laser 

power densities which is attributed to CNT heating and decomposition. 

5.4 Temperature determination 

The first measure when working with heat sensitive CNT/epoxy composites and 

a laser is to determine to what extent the laser heats up the composite. As the 

epoxy resin is transparent for the laser wavelength, heating predominantly takes 

place via the CNT. Therefore, Elicarb SWCNT (see Section  2.2.4) were 

exposed to different laser intensities between 0.01 and 100% of the maximum 

input (Figure  5-5a). The actual temperature T  of the CNT was calculated from 

the anti-Stokes ( Stokes-antiI ) to Stokes ( StokesI ) intensity ratio of the G- and D-

bands  [239] 
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where iν  and pν  are the wavenumbers of the incident laser and that of the 

excited phonon, respectively, h  is the Planck constant, c  the light velocity and 
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Bk  the Boltzmann constant. The different efficiencies of the detector at the 

Stokes and anti-Stokes band wavelengths were corrected using the quantum 

efficiency curve (Figure  5-2). 

 

A linear relationship between temperature and band position is found in Figure 

 5-5a for temperatures up to ~ 400 °C. The higher scattering of the measured 

positions after 25% of the total laser power can be attributed to the onset of a 

“purification” and defect-healing process of the CNT [240,241]. At such high 

temperatures an irreversible decrease of the disorder parameter GD / II  was 

observed (not shown), DI  being the D-band intensity and GI  that of the G-band. 

The slopes for all three band dependences on temperature are determined up 

to 400°C (inset in Figure  5-5a) and are found to be in accordance with those 

reported in literature  [242]. 

 

Speculations exist whether it is reasonable to apply the Stokes/anti-Stokes 

method for temperature determination of CNT. For example, the authors in  [243] 

argue that such a procedure is not possible, because both signals come from 

different types of CNT located in the laser focus. In this thesis, both the Stokes 

and anti-Stokes G-bands were found to have the same shape, coming from 

semiconducting SWCNT in resonance with the laser (Figure  5-6) [235,236]. 

 

To further test the reliability of the Stokes/anti-Stokes method, the SWCNT are 

heated using a programmable oven while keeping the laser intensity constant at 

1% (Figure  5-5b). It can be seen that generally there exists a good 

correspondence between the programmed temperature (abscissa) and the one 

determined via the Stokes/anti-Stokes ratio (inset). The poor consistency at low 

temperatures is due to the low anti-Stokes band intensities which allow a less 

accurate peak fitting. The slopes of both curves also compare well with each 

other, except for the G’-band, which is double as high in the laser-heating 

experiment (Figure  5-5a) as in the stage-heating one (Figure  5-5b). Since the 

G’-band is commonly understood as the overtone of the D-band, the results 

obtained with the first method are considered to be the correct ones. 
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Figure  5-5 Temperature dependence of the Raman bands of Elicarb SWCNT. 

The inset display the slopes (in 11Kcm −− ) of this dependence. (a) The 

temperature was adjusted by varying the laser intensities (in % of the total 

intensity) and was determined by the Stokes/anti-Stokes ratio. (b) The laser 

intensity was kept constant at 1% while the temperature was adjusted by the 

oven (abscissa) and crosschecked with the Stokes/anti-Stokes ratio method 

from the D- and G-bands (the inset displays mean temperatures and standard 

errors). 
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Figure  5-6 Normalised Stokes and anti-Stokes G-bands of Elicarb SWCNT 

plotted with positive wavenumber values for the anti-Stokes signal too. 

5.5 Monitoring the orientation of CNT 

The Raman signal intensity strongly depends on the angle between laser 

polarisation and CNT main axis [244-250]. This dependency can be used to 

determine the orientation of CNT within a polymer matrix and thus monitor and 

quantify CNT alignment due to e.g. electric fields (Section  4.10). 
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Figure  5-7 Raman intensity (mean of D-, G- and G’-peak height) of the CCVD-

aligned-grown CNT (see Section  2.2.3) vs. the angle between laser polarisation 

and CNT main axis. The VH setup denotes the vertically polarised laser and the 

horizontally polarized analyser, while in the VV setup the polarisation analyser 

is also polarized vertically. V denotes that no polarisation analyser was used. 

 

Polarised Raman spectroscopy is first tested on a sample of perfectly aligned 

CNT–on the CCVD-aligned-grown CNT introduced in Section  2.2.3. In order to 

analyse the same spot on the sample, the laser polarisation is rotated and not 

the sample. However, it should be avoided to direct light of different polarisation 

to the grating because this would result in intensity variations of the diffracted 

light. The solution is to position a half-wave plate so that both the laser light 

passes it on his way to the sample as well as the Raman signal on his way from 

the sample to the grating  [244]. The half-wave plate is able to rotate the 
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polarisation of the laser light–which is vertically polarised initially (thus labelled 

V)–to any desirable angle. The emitted Raman signal–although depolarised to a 

certain extent (see VVH / II  ratio in Figure  5-7)–is then rotated back by the half-

wave plate. A polarisation analyser in front of the grating takes care to let only 

Raman signals which are polarised parallel to the incident laser light reach the 

grating (this setup is often called VV-configuration in literature). 

 

The Raman signal intensity as a function of the angle γ  between laser 

polarisation and the CCVD-aligned-grown CNT main axis is determined by 

taking the mean normalised height of the fitted D-, G- and G’-peaks (Figure  5-8). 

The first observation is that all peaks show the same dependence on γ , as 

already anticipated and confirmed by others [247,249]. The second observation 

is that they follow neither the intensity evolution predicted by non-resonant 

bond-polarization theory (dash-dotted line in Figure  5-8a: 22 )1)(cos3(~ −γI ) 

 [245] nor that predicted by resonant theory (dash-dotted line in Figure  5-8b: 

4)(cos~ γI )  [246]. 

 

One explanation could be the shape of the CCVD-aligned-grown CNT. 

Inspecting their high magnification SEM image (Figure  2-3) reveals that they are 

not straight but wavy. Therefore, Raman signal contributions are expected from 

segments of the CNT that have a different orientation than the overall CNT, e.g. 

-45° and +45°. Contributions from such segments are simulated in Figure  5-8 

(dashed curves) with half of the intensity of the original theoretical (dash-dotted) 

curves. Interestingly, summing up all three curves for each theory yield much 

better fits to the experiment (continuous lines in Figure  5-8). However, the 

contributions from non-resonant theory fit the experimental data better, 

suggesting that phonons were excited non-resonantly in the CCVD-aligned-

grown CNT. There exist polarised Raman studies on CNT which seem to be 

excited non-resonantly [247,249], but there also exist some studies which show 

resonant excitation of the CNT [248,250]. 
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Figure  5-8 Experimental results (circles) of the Raman intensity (mean of D-, G- 

and G’-peak height) of the CCVD-aligned-grown CNT (see Section  4.2.1.3) vs. 

the angle between laser polarisation and CNT main axis. The dash-dotted lines 

denote the expected Raman intensity evolution according to (a) non-resonant 

theory and (b) resonant theory. The dashed lines are halved in intensity and 

shifted by -45° or +45° with respect of the particular theory. The continuous 

lines are the normalised sums of the shown dashed and dash-dotted lines. 
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Jorio et al.  [244] find a similar Raman intensity evolution with polarisation angle 

as presented in Figure  5-8 and give another explanation. They believe that the 

presence of neighbouring isolated SWCNT or of multiple walls in a MWCNT 

leads to superimposed signals which prevent the Raman intensity from 

vanishing for laser polarisations perpendicular with respect to the CNT main 

axis. This would explain the results presented in [247,249] even without drawing 

the conclusion that the CNT were excited non-resonantly. However, with this 

explanation, it is not clear why the Raman intensity can vanish for the SWCNT 

bundle analysed in  [248]. 

 

The presented results show that more analyses are necessary before being 

able to reliably determine the CNT orientation in a polymer matrix. It is important 

to known whether the CNT are excited resonantly or non-resonantly before 

interpreting the experimental data  [249]. Furthermore, straight CNT should be 

used to avoid contributions from CNT segments that are not parallel to the CNT 

main axis. 

5.6 Sensing stresses in CNT/epoxy composites 

5.6.1 Motivation 

The motivation for these analyses was the observation of conductivity drops at 

the end of the curing cycles of various nanoparticle/epoxy composites  [226]. It 

seems that composites with filler concentrations below the percolation threshold 

that were exposed to electric fields during their curing cycles are affected 

predominantly (Figure  5-9). The assumption is that stresses are built up in the 

composite during the curing process and finally disrupt some of the established 

conductive paths. 
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Figure  5-9 Curing experiments with in situ conductivity monitoring. 0.01 wt% 

Nanocyl CNT suspended in the LY556/XB3473 system were aligned by an 

electric field /mm  V11E rms=  during the curing process. The suspensions were 

either stirred or calendered and then cured at the specified temperatures. 

 

Processing-induced residual stresses in thermosets are due to the uneven 

distribution of the resin components and the presence of foreign elements (e.g. 

reinforcing fibres), which leads to conversion and thermal gradients at the 

different stages of the curing cycle. These gradients are responsible for irregular 

volumetric shrinkage of the resin during the crosslinking reaction (resulting in 

chemically induced stresses) and during the cooling to room temperature 

(resulting in thermally induced stresses). The stress field affects significantly the 
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mechanical strength of the material in a variety of ways, and has to be taken 

into account for the product design [251-255]. 

 

Different methods based on both numerical [256,257] and experimental [257-

265] approaches have been suggested to characterise the evolution of cure and 

thermally induced residual stresses in thermoset resins and composites through 

changes in density, volume and stiffness over time. For example, Lange et al. 

[258,259] utilised a bilayer-beam bending technique and parallel-plate 

rheometry to investigate the onset of stresses in epoxy films. In combination 

with predictions based on elastic theory, it was found that only stresses 

occurring while cooling below the glass transition temperature gT  yield an 

important contribution to the overall residual stress state at the end of the cure 

schedule. 

 

In thermoset composites, an alternative approach involves the use of 

conductive macroscopic- and nano-fibres which can act as self-strain sensors 

as well as reinforcing elements. For example, single carbon fibre/epoxy 

composites were prepared by Wang et al.  [257] and Park et al.  [265] and 

studied regarding their electrical resistivity as a function of curing time and 

temperature. When heated/cooled in association with a polymer matrix, 

stresses build up across the fibre surface because of relatively large differences 

in the thermal expansion coefficient of the two components. The new “strained” 

state of the fibre at the end of the curing cycle yields a difference in conductivity 

from its original value, which was found to be larger for higher processing 

temperatures due to more extensive formation of interfacial thermal stresses. 

 

In recent years, SWCNT have become the focus of attention in many studies 

[266-270] regarding strain and pressure sensing in the micro- and nano-scale. 

Early Raman spectroscopic investigations carried out by Wagner and 

collaborators [267,268] demonstrated the sensitivity of the D*-band (also named 

G’-band) of SWCNT to the pressure exerted by different liquid and viscous 

media. Further studies performed independently by Wagner  [268] and Young 
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[269,270] dealt with a Raman response to applied mechanical deformations of 

SWCNT cured within thermoset polymer matrices. The knowledge of the stress-

strain and Raman shift-strain relationships of the composites made it possible to 

develop high resolution strain mappings in the vicinity of defects or stress 

concentrators. The microscale sensing characteristics of SWCNT enables their 

utilisation to monitor the evolution of residual stresses during curing and thermal 

annealing of epoxy resins. 

5.6.2 Experimental procedure 

Elicarb SWCNT (see Section  2.2.4) were used such that the loading in the final 

composite was 0.2 wt%. The SWCNT were dispersed in the resins of the 

LY556/XB3473, LY564/A2954 and L135/H137 systems (see Section  2.1) by a 

three-roll-mill procedure previously reported by Gojny et al.  [95]. The respective 

hardener was distributed within each SWCNT/epoxy mixture by means of 

mechanical agitation. The mixture was degassed in a vacuum oven and cured 

according to the schedule presented in Table  2-1. 

 

For the production of the samples for the sensing experiments, the liquid 

mixture of SWCNT/epoxy/hardener was spin-coated onto a glass substrate with 

gold electrodes attached. Tinned copper wires were soldered onto the 

electrodes and used as electrical contacts for the conductivity measurements. 

The HP 4284A LCR meter was attached to the programmable oven (Linkam 

THMS600) to monitor the conductivity evolution during polymer curing cycles. 

The electrical conductivity of the composite was determined according to the 

method described in Section  4.2.2. 

5.6.3 Chemically induced stresses 

The curing curves obtained by Raman and impedance spectroscopy for the 

three composite systems are presented in Figure  5-10. In contrast to other 

study cases [267-270], in this analysis the G-band was preferred over the G’-

band for monitoring the SWCNT response to the changes of temperature and 

pressure exerted by the curing resin. Although the G’-band possesses twice the 
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wavenumber sensitivity of the G-band, its scattering for different sampling 

positions on the composites was found to be five times higher than that of the 

G-band (Figure  5-11). Changing the sampling spot is an unavoidable effect of 

the in situ curing, as the sample moves slightly when adjusting a different 

temperature. 
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Figure  5-10 Curing experiments with in situ Raman and conductivity analyses 

for (a) the LY564/A2954 system, (b) the LY556/XB3473 system and (c) the 

L135/H137 system, each with 0.2 wt% Elicarb SWCNT filler concentration. The 

time regions before the first isotherm and after the second (a) or third (b) 

isotherm show the band positions at room temperature before and after the 

curing cycle, respectively. 
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Figure  5-11 Band shift vs. beam position for a fully cured composite sample 

(L135/H137 + 0.2 wt% Elicarb SWCNT). The values reported between 

parenthesis are the average values of each band fitted through a Lorentzian-

Gaussian function, as well as their respective standard errors. 

 

It can be seen in Figure  5-10 that all three composite systems reach their 

gelation time gelt  without showing any significant changes in the Raman signal. 

The time to gelation refers to the point after which the crosslinking density of the 

curing resin becomes sufficiently high to hinder reversible deformation of the 

network. In oscillatory rheology, gelt  is normally taken as the crossover point 

between the storage and the loss modulus.7 This transition is associated with 

the onset of chemical residual stresses because volumetric shrinkage occurs 

                                            
7
 The same method was used here to determine the gelation time. 
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subsequently in a highly entangled structure with extremely reduced mobility. 

The time to vitrification vitt  is reached when the curing temperature becomes 

essentially the same as gT , and the reaction becomes diffusion- rather than 

chemically-controlled. At this point, the storage modulus becomes virtually 

constant in the rheological measurements. vitt  was determined to be roughly 

twice gelt  for the hot curing systems  [271] and therefore is not reached before 

the second temperature step. But even after this step, no changes in the 

Raman signal are visible except a slight decrease of the band position which is 

attributed to the temperature increase. Even for the room temperature curing 

system–which was chosen for analysing the build-up of residual stresses 

independently from thermal influences–a G-band shift of only 2 1cm−  is 

detected which is most likely caused by a wavelength drift of the spectrometer 

within a day-long measurement. All these results suggest that no chemical 

shrinkage is present–or at least detectable–in the analysed systems. 

 

The conductivity measurements offer additional and complementary information 

about the curing behaviour of the systems. A comparison between the initial 

conductivity of the liquid dispersion and the final conductivity of the cured 

composite (both at room temperature) reveals an increase of one order of 

magnitude for the LY564/A2954 system and of two orders of magnitude for the 

LY556/XB3473 system. This improvement is attributed to the CNT network 

formed during the curing process. However, the conductivity development 

during the curing process seems to be different for the aliphatic polymer 

composites (Figure  5-10a,c) compared to the aromatic one. All three materials 

have in common that the conduction process is determined by electrons 

tunnelling between neighbouring SWCNT. As expected for a tunnelling process, 

the sample conductivity increases with increasing temperature (visible at each 

heating step in Figure  5-10a,b) and decreases with decreasing temperature. 

However, the tunnelling processes within the aliphatic polymer composites 

seem to be dominated by another mechanism which lowers the sample 

conductivity to a constant value. The decreasing mobility of the suspended ions 
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with increasing crosslinking density would explain this behaviour [272,273], but 

more experiments are necessary in order to validate this assumption. 

5.6.4 Thermally induced stresses 

After their curing cycle, the hot curing systems were re-heated stepwise in order 

to identify the shift contributions from different physical regions (Figure  5-12). In 

the Raman measurements of the two systems, a change of the slope can be 

clearly identified when crossing the glass transition temperature. It is inferred 

that above this temperature a “stress releasing” effect arises from the enabled 

movement of the molecular chains. The fact that such an inflection point is not 

found for the electrical conductivity measurements suggests that the CNT 

network is not largely influenced by the build-up of residual stresses. 

 

The Raman shift in the region above the glass transition is attributed to the 

temperature dependence of the SWCNT immersed in a resin medium which is, 

given the more constricting environment for their free expansion  [267], lower 

than for SWCNT in air (see Figure  5-5). 

 

For the LY564/A2954 system significantly higher shift rates with temperature 

are found than for the LY556/XB3473 system. The thermal expansion 

coefficients of both systems are to equal to explain this difference (Table  2-1). 

Another explanation might be a difference in the bonding strength at the 

interface of the two types of composites. It is presumed that the LY564/A2954 

system could have an enhanced interfacial strength because of the 

epoxy/cycloaliphatic chemistry of this system. In liquid state, strong 

intermolecular forces act between the molecular chains of the epoxy monomer 

and the CNT. The initial interaction of the SWCNT with the hardener is 

expectedly lower, since it does not contain benzene rings in its structure. 

Therefore, a preferential growth of the polymer chains could occur near to the 

SWCNT surface. 
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Figure  5-12 Temperature (controlled by oven) dependence of the Raman 

bands of 0.2 wt% Elicarb SWCNT embedded (a) in the LY564/A2954 system 

and (b) in the LY556/XB3473 system. The inset display the slopes (in 11Kcm −− ) 

of this dependence below (left inset) and above (right inset) the glass transition 

temperatures gT . The laser intensity was kept constant at 1%. 
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Initially (i.e. within the first isotherm), the concentration of hardener at the zones 

far from the CNT is expected to be higher, leading to an inhomogeneously 

cross-linked network. This “inhomogeneous” curing process is completed during 

the post-curing process, in which the residual epoxy groups closely located to 

the surface of the SWCNT and the residual amine groups are able to react, with 

further bonding of the matrix to the interphase. The result is a material with 

enhanced interfacial strength. Evidence for the existence of such mechanism 

has been provided by Wise et al.  [274] and Star et al.  [275], however, its validity 

for the systems presented here still has to be verified. In the case of the 

LY556/XB3473 system, both the resin and hardener are aromatic compounds 

for which no “inhomogeneous” curing process is expected to take place. 

5.7 Summary and conclusion 

The Raman spectra of CNT were analysed under various aspects. It was found 

that SWCNT and DWCNT yield up to 100 times more intense Raman signals 

than MWCNT. The Stokes/anti-Stokes method for determining the temperature 

in the laser focus was shown to be applicable and accurate for the analysed 

CNT. 

 

Polarised Raman spectroscopy was successfully applied to aligned CNT in 

order to assess the potential of determining their orientation distribution. 

However, difficulties arise from the waviness of the CNT as well as from not 

knowing whether the CNT are excited resonantly or non-resonantly by the laser 

light. 

 

The stress sensing capabilities of Elicarb SWCNT in epoxy resin was 

demonstrated. Changes attributed to the ongoing chemical and physical 

transitions of the curing resins were monitored by means of Raman and 

impedance spectroscopy. For all analysed systems it was found that chemically 

induced stresses produce a negligible effect on the overall residual stress state 

of the cured product and/or are far too low to be detected by Raman 
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spectroscopy. Recent experiments using HiPco SWCNT (Unidym Inc., USA) as 

stress sensors  [276] yield better Raman signals and confirm these statements. 

 

The Raman response of the Elicarb SWCNT to temperature was found to be 

also dependant on the surrounding medium, showing a more pronounced shift 

rate for SWCNT in air, as for those immersed in a polymer matrix. In the latter 

case, a sudden change of the shift rate could be clearly identified around the 

glass transition temperature of the polymer system. 

 

In contrast to the Raman measurements, a change in slope was not observed 

for the conductivity of the cured samples reheated up to their ultimate 

processing temperature. It is assumed that the magnitude of thermal stresses 

that developed under the studied conditions is not sufficiently high to affect the 

integrity of the established CNT network. The only explanation for the initially 

presented conductivity drop at the end of the curing cycles of various 

nanoparticle/epoxy composites remains the decreasing ionic conductivity of the 

system with progressive curing. This seems to lower the conduction between 

adjacent CNT and finally lead to tunnelling conduction when the vitrification time 

is reached.8 

                                            
8
 Private communication: Ingo Alig (Deutsches Kunststoff-Institut, Darmstadt, Germany; 10. September 

2007) 
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6 Rheological analyses 

The huge impact of shear forces on the agglomeration of CNT, the formation of 

a conducting network and the resulting steep increase of the electrical 

conductivity of the suspension is introduced in Section  4.3. So far, shear forces 

were exerted by the standard mixing equipment, a dissolver disk. It produces a 

rather complicated shear state in the suspension which is hard to analyse. 

Controlled shear states are found in a rheometer, which is most suitable for 

analysing the influence of shear forces on the network formation of CNT in a 

polymer. 

 

The rheometer used in this thesis allows monitoring the CNT/epoxy suspension 

optically (Section  6.3.1), electrically (Section  6.3.2) and rheologically 

(Section  6.4) at same time. This is a unique possibility worldwide. The group of 

Erik Hobbie at NIST  [213] reported in 2004 for the first time on rheological and 

optical studies of flow-induced clustering inside of CNT/polyisobutylene 

suspensions–performed on two different devices, one for the rheological and 

the other for the optical measurements. The same holds for the group of Alan 

Windle  [281] who analysed CNT/epoxy suspensions rheologically and optically 

in 2006. Later on, Hobbie’s group impressively demonstrated the break-up of an 

individual CNT agglomerate with increasing shear rate  [277]. 

6.1 Rheology of fibre suspensions 

Rheological parameters such as viscosity, storage and loss modulus of fibre 

suspensions deviate from the pure matrix parameters if the fibres start to 

interact physically with each other. Three liquid states are discriminated, 

depending on fibre diameter d , length l  and volume concentration volφ   [278]. 
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In dilute suspensions, the average distance between the fibres is much larger 

than their length. The fibres do not interact with each other. In semidilute 

suspensions, the fibres are still separated far enough not to touch each other. 

However, this holds only for the static case. If the fibres are subjected to 

movement or rotation, they are likely to touch each other. In concentrated 

suspensions, the fibres are likely to touch each other even in the static case 

because their excluded volumes ( 2
ld ) overlap. Typical CNT aspect ratios 

600000,8/ −=dl  as used throughout this thesis yield: 
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Interactions between the suspended fibres seem to be likely for the whole 

concentration region (0.001-1 wt%) analysed in this thesis. These interactions 

are believed to be necessary for observing a kinetic percolation threshold as 

described in Section  4.3. In the concentrated region (above ~ 0.1 wt%) however 

the interactions are too intense to allow any kinetic processes and therefore 

yield a statistical percolation (Section  4.3). 

 

The balance between hydrodynamic and Brownian forces is described by the 

rotational Peclet number rr /Pe Dγ&=  with the shear rate γ&  and the rotational 

diffusivity 
( )( )

3r

8.0/ln3

l

l

πη

−
=

dkT
D  [213,278]. The parameter range used in this 

thesis yields 139
r s 1010 −−− −=D  and 1s 10001.0 −−=γ& . This means that 

Brownian forces can always be neglected when compared to the hydrodynamic 

forces that act on the suspended fibres. 
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The shear flow between the rheometer plates is characterized by the Reynolds 

number ηργ /Re 2s&= , s  being the separation length of the plates, ρ  and η  the 

density and the viscosity of the matrix  [213]. Below 000,2Re =  the shear flow is 

laminar and above it turbulent. In this thesis, the Reynolds number ranges 

between 610−  and 10, thus, laminar flow is sustained under any conditions. 

6.2 Experimental procedure 

Rheological properties were measured with a stress controlled rheometer 

(StressTech HR Fluid Rheometer) from Rheologica Instruments AB, Sweden, 

with 30 mm parallel plates and gap sizes between 0.5 and 1.3 mm. The lower 

plate is made of quartz glass and allows looking inside the gap using an optical 

microscope which is attached to a digital camera system. Various plate systems 

furthermore allow the in-situ measurement of electrical conductivity. One 

system, which is denoted as bottom-bottom electrodes (Figure  6-1a), consists 

of a lower quartz plate with two gold electrodes (5 × 10 mm) deposited on it and 

an insulating upper plate made of glass. It allows to exert electric fields and to 

measure conductivity along the shear flow direction. The optical microscope can 

be adjusted to monitor the 2 mm gap between the electrodes. Another plate 

system, denoted as top-bottom electrodes (Figure  6-1b), consists of a lower 

quartz plate with an annular, gold electrode (with 10 and 30 mm inner and outer 

diameter, respectively) deposited on it and an upper plate made of metal. The 

upper plate is electrically insulated at the top of its shaft and possesses a 

mechanism below the insulation which allows electrical contacting. With this 

system, electrical fields and conductivity measurements can be accomplished 

perpendicular to the shear flow in direction of the velocity gradient. 

 

The suspensions analysed with the rheometer were produced following various 

routines, which are addressed individually in the following sections. 
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     (a)

E

      (b)

E

 

Figure  6-1 Sketch of the (a) bottom-bottom electrode and the (b) top-bottom 

electrode plate systems. 

6.3 Shear induced network formation and destruction 

6.3.1 Optical analyses 

For the optical analyses, a suspension of 0.05 wt% Nanocyl CNT in LY556 

epoxy resin was produced following the routine described in Section  4.2.1.1. 

The routine however was stopped before adding the hardener to the 

suspension. Instead, 1 ml of the suspension was transferred to the rheometer, 

heated to a constant temperature and then exposed to various shear rates. 

Images of the suspension were taken during the shearing process with the built-

in optical microscope of the rheometer every 30 sec. Each image could later be 

related to a certain shearing condition by the time stamps of both, the images 

and the shearing program. 

 

Figure  6-2 illustrates the built-up of agglomerates while the suspension is 

sheared with 0.1 1s−  and later with 1 1s− . A shear rate of 10 1s−  however 

seems to be already too high for the established agglomerates, they start 

decomposing into smaller ones. Increasing the shear rate to 100 1s−  

instantaneously decreases the agglomerates sizes even more. Figure  6-3 

displays what happens if the shear rate is now decreased again. At 10 1s−  the 

agglomerates gather together to form bigger ones which–interestingly–match 
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the size of the agglomerates from Figure  6-2 at the end of their 10 1s−  shearing 

(which was a destructive shear process). Further lowering of the shear rate to 

1 1s−  and later 0.1 1s−  reassembles the agglomerates to sizes found in Figure 

 6-2 at the end of the respective shear conditions. This finding proves the 

agglomeration process to be reversible. 

 

It is important to note that the estimation of the maximum shear rate exerted by 

the dissolver disk used in the experiments in Section  4.3 amounts to ~ 1 1s−  

when rotating with 50 rpm. This rotational speed proved to form agglomerates 

efficiently while 2000 rpm did not. As reported in the previous paragraph, 1 1s−  

is the maximum shear rate that is able to build up agglomerates in a rheometer 

and it perfectly coincides with the shear rate from the estimation. 

 

Successive optical analyses focus on the influence of temperature ( 6.3.1.1) and 

shear rate ( 6.3.1.2) on the agglomeration speed and maximum agglomerate 

size. The image series recorded during these analyses were automatically 

evaluated with respect to the visible agglomerate sizes and numbers using an 

in-house developed Matlab program. The program comprises two image 

processing steps (Figure  6-4): the original image (a) is first binarised using the 

mean grey value as threshold and then inverted (b). Agglomerates that 

outreach the image and those that are smaller than the mean agglomerate size 

determined in (b) are then eliminated (c). Removing agglomerates that are not 

completely visible should avoid errors in estimating the mean agglomerate size. 

Removing agglomerates smaller than the size threshold should allow analysing 

the growth of bigger agglomerates by monitoring the mean agglomerate size. 

Without size threshold–which usually is ~ 0.005 % of the image–the huge 

number of small agglomerates would severely decrease the mean agglomerate 

size. The grey threshold and the size threshold are determined only once for 

each image series using an image taken prior to shearing. 
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Figure  6-2 Images taken in situ while shearing a 0.05 wt% Nanocyl CNT/LY556 

epoxy suspension with stepwise increasing shear rates at 70°C. The width of 

each image is 1 mm. 
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Figure  6-3 Images taken in situ while shearing the 0.05 wt% Nanocyl 

CNT/LY556 epoxy suspension from the state obtained in Figure  6-2 with 

stepwise decreasing shear rates at 70°C. The width of each image is 1 mm. 
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Figure  6-4 Automatic image evaluation using a Matlab program. Original image 

(a) is first binarised and inverted (b). Agglomerates that outreach the image and 

those that are smaller than the mean agglomerate size determined in (b) are 

then eliminated (c). 
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6.3.1.1 Temperature dependence 

The experiment presented in Figure  6-2 was repeated for shear rates between 

0.1 and 5 1s−  for various suspension temperatures. The evolution of the number 

of agglomerates and their mean size for a suspension at 30°C is shown in 

Figure  6-5a. The speed of the agglomerate built-up and destruction is extracted 

from the mean agglomerate size evolution at 0.1 1s−  and above 1 1s− , 

respectively. The same procedure is repeated for suspension temperatures of 

50°C and 70°C. The extracted slopes are summarized in Figure  6-5b. The 

destruction of agglomerates in the suspension at 70°C was too fast to be fitted 

accurately. 

 

As expected, the formation of agglomerates is promoted through high 

temperatures. However, it seems that the destruction of agglomerates is also 

promoted through high temperatures. This finding contradicts the common 

assumption that high shear forces–optimally transferred to the agglomerates 

through high viscosity fluids, thus low temperatures–are necessary to disrupt 

agglomerates. It seems that there is a difference between agglomerates that 

need to be disrupted for the first time and re-agglomerated structures, so called 

flocks (see Section  4.3). The former need high shear forces while the latter do 

not. 
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Figure  6-5 (a) Evolution of the number of agglomerates and their mean size as 

function of an increasing shear rate (0.1-5 1s− ) at 30°C. (b) Absolute values of 

the agglomerate build-up and destruction velocity–measured in log(agglomerate 

area [%]) per time [min]–for various suspension temperatures. The suspension 

consists of 0.05 wt% Nanocyl CNT in LY556 epoxy resin. 
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6.3.1.2 Shear rate dependence 

Figure  6-6 presents experiments performed on 0.05 wt% Nanocyl CNT/LY556 

epoxy suspensions at 30°C and various constant shear rates in order to find the 

shear rate that yields the fastest agglomeration. The mean agglomerate size is 

found to increase under shearing and to reach an equilibrium size where 

saturation takes place. The slopes from the growth period and the saturated 

mean agglomerate sizes are summarized in Figure  6-7. 
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Figure  6-6 Mean agglomerate area evolution with time for various constant 

shear rates (inset) at 30°C suspension temperature. The suspension consists of 

0.05 wt% Nanocyl CNT in LY556 epoxy resin. 
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Figure  6-7 Agglomerate (a) build-up velocity–measured in log(agglomerate 

area [%]) per time [min]–and (b) saturation area [%] for various shear rates at 

30°C suspension temperature. The data are taken from the fits in Figure  6-6. 

 

The efficiency in building up agglomerates (Figure  6-7a) does not increase with 

decreasing shear rate–at least for suspensions at 30°C. Instead, an optimum 

shear rate at 0.5 1s−  is identified with decreasing efficiencies for higher and 

lower shear rates. The steep drop of efficiency already at 0.6 1s−  demonstrates 

how sensitive the agglomeration process is. 

 

In contrast to the build-up velocity, the saturated mean agglomerate size seems 

to be inversely proportional to the shear rate (Figure  6-7b). The lowest shear 

rates produce the biggest agglomerates. In fact, each shear rate seems to be 

able to produce and maintain only a certain agglomerate size, irrespective of 

the production method (destruction at 10 1s−  in Figure  6-2 and build-up at 

10 1s−  in Figure  6-3). 
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6.3.2 Electrical analyses 

6.3.2.1 Analyses of calendered suspensions 

A suspension containing 0.12 wt% Nanocyl CNT in LY556 epoxy was produced 

following the routine described in Section  4.2.1.1. The routine however was 

stopped before adding the hardener to the suspension. The suspension was 

processed without hardener in a three roll calender [95,96], then 1 ml was 

extracted and transferred to the rheometer, heated to 50°C and then exposed to 

various shear rates. The electrical conductivity of the suspension was recorded 

every 10 sec via the built-in electrodes of the rheometer. Each conductivity data 

could later be related to a certain shearing condition by the time stamps of both, 

the conductivity measurement and the shearing program. The CNT 

concentration was too high to monitor the agglomerates in the 1 mm gap 

optically. 

 

The suspension was exposed to a shearing routine similar to the one used in 

Figure  6-2 and Figure  6-3. The arrows in Figure  6-8 assign the adjustment of 

certain shear rates which are maintained up to the next arrow. Although the 

initial shear rate of 0.5 1s−  was shown to be able to build up agglomerates, no 

increase in conductivity was observed during 10 min of shearing. Increasing the 

shear rate stepwise to 100 1s−  did not alter the conductivity. It seems that either 

no agglomerates were formed or there is no correlation between the 

agglomerates and the suspension conductivity. 

 

When the shear rate was lowered again, the conductivity was found to increase 

within minutes for each step. Back at 0.5 1s−  (for the bottom-bottom electrode 

configuration) or at 0.001 1s− (for the top-bottom electrode configuration) the 

conductivity increased by one order of magnitude compared to the initial value. 

Adjusting higher shear rates once again decreases the conductivity to the 

values previously found for the respective shear rates. Adjusting lower shear 

rates increases the conductivity again. The suspension conductivity seems to 



 

 122 

behave analogical to the mean agglomerate sizes in Section  6.3.1: each shear 

rate seems to be related to a certain conductivity level which is recovered every 

time the respective shear rate is adjusted. 

 

It should be noted that the conductivity measurements yield similar 

characteristics for the bottom-bottom as well as for the top-bottom electrode 

configurations, although the latter setup does not allow a permanent contact 

between the CNT network and the rotating plate. 

 

It should also be noted that viscosity is not decreasing during any of the 10 min 

shear processes at constant shear rate, which indicates that the suspension 

does not behave thixotropic. A thixotropic behaviour is expected when 

individually dispersed CNT align due to shearing and decrease the suspension 

viscosity [279,280]. Obviously, either no alignment of the CNT takes place or 

alignment has a negligible effect at the present CNT concentration or matrix 

viscosity. Experiments from Rahatekar et al.  [281] on a similar CNT suspension 

suggest the latter case to be true. 

 

These results could be indicative for the stabilisation mechanisms (electrostatic 

and/or steric) present in calendered CNT/epoxy suspensions. High shear forces 

could be necessary to overcome the stabilisation forces of individual CNT or 

small agglomerates, as no conductivity increase is visible for low shear rates. In 

contrast, big agglomerates as found in the non-calendered suspensions seem 

to be able to overcome the stabilisation forces already at low shear rates, as 

proven by optical (Section  6.3.1) and electrical analyses (Section  6.3.2.2). As 

long as high shear rates are present in the calendered samples, the CNT seem 

to be brought together but also torn apart again. It seems that CNT 

agglomerates can survive only if the shear rate is lowered moderately so that 

the agglomerates formed at high shear rates are not torn apart again. This 

conclusion is supported by the observation of a conductivity increase when the 

rheometer plate is stopped from 1 1s−  shear rates. This increase is not 

observed when the plate is stopped from 10 1s−  (Figure  6-8a). 
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Figure  6-8 Conductivity (line) and viscosity (asterisk) evolution of a calendered 

0.12 wt% Nanocyl CNT/LY556 epoxy suspension at 50°C for various shear 

rates (the given value in 1s−  was adjusted at the respective arrow on the time 

axis). The electrode setup used for the conductivity measurement is depicted in 

the inset: (a) bottom-bottom electrodes, (b) top-bottom electrodes. 
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6.3.2.2 Analyses of non-calendered suspensions 

Suspensions containing various concentrations (0.006-0.6 wt%) of CCVD-

aligned-grown CNT were produced following the routine described in Section 

 4.2.1.3. However, instead of pouring the CNT/LY556/XB3473 suspension into 

the cavities of the PTFE block, 1 ml was transferred to the rheometer, heated to 

a constant temperature (20°C or 50°C) and then exposed to various shear rates. 

The electrical conductivity of the suspension was recorded every 10 sec via the 

built-in electrodes (bottom-bottom configuration) of the rheometer. Each 

conductivity data could later be related to a certain shearing condition by the 

time stamps of both, the conductivity measurement and the shearing program. 

The suspensions in the 1 mm gap of the rheometer were optically transparent 

only below a CNT concentration of 0.025 wt%, therefore no optical analyses 

could be performed. 

  

The suspensions were exposed to a shearing routine similar to the one 

presented in Section  6.3.2.1. Shear rate sweeps were performed by applying a 

shear rate of 0.001 1s−  for 10 min while taking 10 measurement points, then 

increasing the shear rate to 0.01 1s−  within 10 sec and then again measuring 

for 10 min. This sequence was repeated up to a shear rate of 100 1s−  

(measured values are referred to as pre-100) and then decreased stepwise to 

0.001 1s−  again (measured values are referred to as post-100). The electrical 

and rheological measurements for three CNT concentrations, each measured at 

20°C and 50°C, are presented in Figure  6-9. Generally, conductivity and 

viscosity behave similar for all samples with CNT concentrations above the 

electrical percolation threshold, which is 0.04 wt% for suspensions at 20°C and 

0.008 wt% at 50°C (see Section  6.4 for more details on electrical and 

rheological percolation). Conductivity and viscosity both drop with increasing 

shear rate9 and increase when the shear rate is lowered again. However, they 

basically stay constant for every shear rate for suspensions with a CNT 

concentration below the electrical threshold (e.g. the 0.025 wt% CNT/epoxy 

                                            
9
 The suspension conductivity drops only until the pure polymer conductivity around 10

-7
 S/m is reached. 



 

 125 

suspension at 20°C in Figure  6-9). Obviously, the incorporation of CNT turns 

the epoxy from a Newtonian liquid into a shear thinning one. Shear thinning 

liquids have to be distinguished from thixotropic liquids: while the viscosity of 

the former only decreases with increasing shear rate (which is indicative for 

breaking of interconnected networks between CNT), the viscosity of the latter 

decreases with time while the shear rate is constant (which is indicative for CNT 

alignment). 

 

However, differences become obvious when conductivity and its behaviour 

during the 10 min shearing process are analysed in detail. 10  Eleven 

suspensions with CNT concentrations between 0.006 and 0.6 wt% were 

included in the analysis. If the suspensions are heated to 20°C, conductivity is 

found to stay constant during any of the 10 min shearing processes in the pre-

100 regime. In the post-100 regime, a steady increase of conductivity is 

observed for shear rates below 0.01 1s−  (e.g. the 0.158 wt% CNT/epoxy 

suspension in Figure  6-9). This increase gets more and more step-like for 

higher CNT concentrations. The post-100 conductivity values usually do not 

reach the respective pre-100 values at the same shear rates, although they get 

closer to them as the shear rate is decreased (e.g. the 0.62 wt% CNT/epoxy 

suspension in Figure  6-9). If the suspensions are heated to 50°C, conductivity 

usually increases at low shear rates for both, the pre-100 (e.g. the 0.158 wt% 

CNT/epoxy suspension in Figure  6-9) and the post-100 regime (e.g. the 

0.025 wt% CNT/epoxy suspension in Figure  6-9). As for the 20°C suspensions, 

the increase in the post-100 regime gets more and more step-like for higher 

CNT concentrations. But this time the post-100 conductivity values usually 

exceed the respective values found in the pre-100 regime at the same shear 

rates (e.g. the 0.158 wt% CNT/epoxy suspension in Figure  6-9). 

 

                                            
10

 The viscosity data are less sensitive than the conductivity data and therefore are excluded from the 

discussion. 
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Figure  6-9 Shear rate sweep with in situ measurement of viscosity (asterisk) 

and electrical conductivity (line) of CCVD-aligned-grown CNT/LY556/XB3473 

suspensions for various CNT concentrations (rows) at 20°C (left column) and 

50°C (right column). The shear rate values are given in 1s− . 
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From the observed conductivity behaviour two conclusions can be drawn. First, 

calendered and non-calendered suspensions seem to behave different when 

subjected to shear forces. For the non-calendered suspensions discussed here, 

no increase of conductivity at low shear rates in the post-100 regime was 

observed without a preceding increase in the pre-100 regime. The bigger 

agglomerates present in the non-calendered suspensions do not seem to need 

pre-shearing of the suspension in order to form electrically conductive paths 

within the suspension. The second conclusion is that high temperatures and low 

shear rates seem to promote the network formation. 

6.4 Electrical vs. rheological percolation threshold 

The dependences of rheological parameters–such as viscosity, storage and 

loss modulus–on filler concentration yield a rheological percolation threshold 

which, in general, occurs at lower concentrations than electrical percolation. 

Filler particles can interact with each other via polymer chains whereas direct 

contact between them is required for electrical conduction. 

 

The electrical and rheological data presented in Section  6.3.2.2 are replotted as 

a function of CNT concentration for the CCVD-aligned-grown CNT/epoxy 

suspensions at 20°C (Figure  6-10) and 50°C (Figure  6-11). Conductivity and 

viscosity are averaged from the values measured during the 10 min shearing 

process at 0.1 1s− . The rheological percolation threshold–the concentration 

where viscosity vs. CNT concentration suddenly changes slope  [282]–is found 

to be 0.1 wt% for both, the 20°C and 50°C suspension. The electrical 

percolation threshold–determined according to the procedure described in 

 [162]–is found to be 0.04 wt% for the 20°C suspension and 0.008 wt% for the 

50°C suspension. 
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Figure  6-10 Simultaneous measurement of the composite (CCVD-aligned-

grown CNT/LY556/XB3473) viscosity (a) and electrical conductivity (b) as 

function of the CNT weight fraction, performed in the liquid state prior to curing 

at 0.1 1s−  and 20°C. The rheological percolation threshold rheo
Cφ  is found at 

0.1 wt% and the electrical percolation threshold el
Cφ  at 0.04 wt%. 
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Figure  6-11 Simultaneous measurement of the composite (CCVD-aligned-

grown CNT/LY556/XB3473) viscosity (a) and electrical conductivity (b) as 

function of the CNT weight fraction, performed in the liquid state prior to curing 

at 0.1 1s−  and 50°C. The rheological percolation threshold rheo
Cφ  is found at 

0.1 wt% and the electrical percolation threshold el
Cφ  at 0.008 wt%. 
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It seems that the electrical percolation threshold occurs at lower concentrations 

than the rheological one for both temperatures. This behaviour is common to 

thermoset systems which do not have polymer chains before the crosslinking 

process started. In contrast, for the thermoplastic system SWCNT/PMMA, Du et 

al.  [25] indeed observe a rheological threshold at 0.12 wt% well below the 

electrical threshold at 0.39 wt%. 

 

Evaluating the effect of suspension temperature it is found that the electrical 

threshold decreases with increasing temperature while the rheological threshold 

stays constant. The rheological threshold indicates the onset of a strong 

physical interaction between the filler particles, which obviously should not 

depend on temperature. The behaviour of the electrical percolation threshold is 

more interesting. One explanation could involve the contribution of ions. 

Electrical conduction through a CNT network suspended in a liquid could partly 

be accomplished through ions in the liquid. They could establish electrical 

contacts between CNT that are nearby but not in direct contact. Increasing the 

temperature of the suspension would increases the mobility of the ions, which 

then would be able to bridge bigger distances between the CNT, effectively 

lowering the electrical percolation threshold. 

 

However, this does not explain the results summarized in Figure  6-12. One 

would expect the electrical percolation threshold to increase again as soon as 

the polymer vitrifies in the course of its curing process. But this does not happen. 

The electrical percolation threshold of the solid composite–which was cured at 

120°C–matches the one of the liquid suspension at 50°C. This result suggests 

that the ions are at least not the only reason for the temperature dependence of 

the electrical threshold. It seems that the polymer sheathing layer  [193] around 

each CNT controls the network conduction mechanism. The large interfacial 

area of the CNT binds a considerable amount of polymer. The mobility of the 

polymer in this layer is low near the CNT, increases with increasing distance to 

the CNT and approaches the mobility of the freely suspended polymer. It seems 

that a high suspension temperature alters the mobility gradient within the 
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sheathing layer, effectively reducing its thickness. This allows adjacent CNT to 

get closer to each other, thereby reducing the CNT contact resistance and the 

electrical percolation threshold. 

 

The reduced layer thickness lasts until the polymer vitrifies, which explains why 

the electrical percolation threshold of the solid composite matches the one of 

the liquid at 50°C and not at 20°C. The reason why the electrical threshold of 

the solid composite–cured at 120°C–is not lower than the one of the liquid at 

50°C could still be found in the ion conduction which lowers the percolation 

threshold in the liquid polymer but ceases to work in the solid composite. 
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Figure  6-12 Compilation of the conductivity results for the no-stir CCVD-

aligned-grown CNT as presented in Figure  4-12 for the solid composite and in 

Figure  6-10 and Figure  6-11 for the liquid composites at 20°C and 50°C. 
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6.5 Summary and conclusion 

The CNT network formation in an epoxy liquid due to shear forces was studied 

under controlled conditions in a rheometer. Rheological, electrical and optical 

parameters could be monitored and analysed simultaneously. 

 

Shearing with low shear rates (0.001-0.1 1s− ) was found to produce 

agglomerates while shearing with high shear rates (1-100 1s− ) destroyed them. 

Shearing again with low shear rates re-established the former agglomerates, 

proving the reversibility of this agglomeration process. 

 

High temperatures were found to promote the agglomeration as well as the 

destruction of agglomerates. At 30°C, an optimum shear rate for agglomerate 

formation was identified at 0.5 1s−  with decreasing efficiencies for higher and 

lower shear rates. The size of the established agglomerates seems to increase 

with decreasing shear rate. In fact, each shear rate seems to be able to produce 

and maintain only a certain agglomerate size. 

 

The formation of electrically conductive networks was different for calendered 

and non-calendered CNT/epoxy suspensions. The calendered samples needed 

a pre-shearing step at high shear rates and a gradual lowering of the shear rate 

in order to establish a network. In contrast, non-calendered suspensions did not 

seem to need pre-shearing. 

 

The electrical and rheological percolation thresholds of the CNT/epoxy 

suspensions were determined. The electrical threshold was found to be lower 

than the rheological, as expected for thermoset systems which do not posses 

polymer chains prior to crosslinking. The electrical threshold decreased with 

increasing temperature, which was attributed to the ionic conduction in the liquid 

matrix and to the effect of a polymer layer sheathing the CNT. The rheological 

threshold remained constant while the temperature was increased, indicating 

that physical interactions between filler particles are temperature independent. 
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7 Summary and conclusion 

This thesis analyses the network formation of CNT in epoxy matrices using 

scanning electron microscopic, electrical, Raman spectroscopic and rheological 

techniques. 

 

A non-destructive method for determining the real CNT shapes and distributions 

in a composite over several length scales was developed. The different 

electrical conductivities of the CNT and the matrix were exploited to generate a 

voltage (or charge) contrast which could be imaged by scanning electron 

microscopy–provided that the composite surface is not covered with a 

conductive layer as usual. The effect of several parameters (such as 

magnification, scanning speed, acceleration voltage, sample conductivity and 

dispersion quality) on the voltage contrast were investigated. 

 

Conductivity measurements over up to three decades of CNT concentration 

with narrow increments revealed two percolation thresholds, the lower one 

attributed to a kinetic and the higher one to a statistic network formation process. 

The kinetic percolation threshold was found to be sensitive to temperature and 

the shear forces present in the liquid composite. For every CNT type, length 

and thickness analysed in this thesis, the respective kinetic percolation 

threshold was shown to be approximately one order of magnitude lower that the 

statistic one. CNT with higher aspect ratios were found to have lower statistic 

and kinetic percolation thresholds, meaning that the influence of the aspect ratio 

on the kinetic percolation threshold is dominating the influence of shearing. 

While the entanglement state of the CNT does not influence the kinetic or 

statistical percolation threshold, it (or the higher aspect ratio) seems to increase 

the conductivities considerably at high CNT concentrations. In contrast to this, 

shearing was not able to increase the conductivities at high concentrations. 
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Processing of the CNT/epoxy suspension with a calender was found to be 

disadvantageous for both, the percolation threshold and the maximum 

achievable composite conductivity. 

 

Raman spectra were utilised to determine the temperature, orientation and 

stress state of CNT in epoxy resins. The waviness of some CNT types was 

shown to restrict determining the CNT orientation. Stresses induced by the 

thermal expansion coefficient of the matrix and their relief at the glass transition 

temperature could be monitored accurately by Raman spectroscopy. 

Simultaneous conductivity measurements revealed that the thermal stresses 

were not sufficiently high to affect the integrity of the established CNT network. 

Chemically induced stresses during the curing process of the epoxy were found 

to have a negligible effect on the sample stress state–or to be far too low to be 

detected by Raman spectroscopy. 

 

The CNT network formation in an epoxy liquid due to shear forces was studied 

under controlled conditions in a rheometer. Rheological, electrical and optical 

parameters could be monitored and analysed simultaneously. Shearing with low 

shear rates was found to produce agglomerates while shearing with high shear 

rates destroyed them, both being reversible processes. High temperatures were 

found to promote the agglomeration as well as the destruction of agglomerates. 

The size of the established agglomerates was shown to increase with 

decreasing shear rate. The formation of electrically conductive networks was 

different for calendered and non-calendered CNT/epoxy suspensions. The 

calendered samples needed a pre-shearing step at high shear rates and a 

gradual lowering of the shear rate in order to establish a network. The electrical 

and rheological percolation thresholds of the unsheared, liquid CNT/epoxy 

suspensions were determined. While the electrical percolation threshold was 

found to be sensitive to temperature (attributed to the ionic conduction of the 

liquid matrix and to a polymer layer sheathing the CNT) the rheological 

threshold was not (indicating a temperature independent onset of physical 

interactions between the filler particles). 
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8 Outlook 

The scanning electron microscope proved to be a valuable tool for analysing the 

CNT distribution and shape within polymer matrices. However, it holds the 

potential to deliver much more information on the CNT/polymer system. 

Techniques like capacitive coupling voltage contrast or resistive contrast 

imaging–known and used in semiconductor industry for a long time  [283]–could 

be employed to gain knowledge on 

o which CNT contribute how to the overall network conductivity, 

o how deep the CNT are embedded in the polymer and 

o the electric resistance of the CNT and their mutual contact. 

After all, the network of CNT within a polymer very much resembles the circuit 

paths of a chip. 

 

The electrical characterisation of composites containing CNT of different types 

and geometries should be continued in order to confirm or contradict the results 

and conclusions presented in this thesis. Especially CNT with huge diameter 

are worth a detailed examination as their electrical behaviour deviated from that 

of the other CNT: 

o no plateau was observed between the kinetic and statistic percolation 

threshold 

o shearing was able to increase the composite conductivity even above the 

statistic percolation threshold 

For all analyses, it is important to keep the processing conditions constant while 

varying the CNT type and to use a setup that is able to prevent unintended 

shearing through e.g. convection. 
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The differences between calendered and non-calendered CNT suspensions 

should be explored in more detail as the former are necessary for all Raman 

analyses and showed interesting features in the rheological investigations. 

 

Deviant behaviour was found for the two polymer systems analysed by Raman 

spectroscopy, presumably due to the different bonding strength at the 

CNT/polymer interface. These results should be compared to the mechanical 

performance of the composites in order to assess the above mentioned 

assumption. If the results turn out to be correlated to the Raman ones, Raman 

spectroscopy would constitute a fast and non-destructive method for assessing 

the mechanical properties of various CNT/polymer systems. The potential of 

Raman spectroscopy to determine the orientation degree of CNT in a composite 

should be verified using CNT that are not wavy. 

 

The shear dependent network formation is still not fully understood. 

Discrepancies arise for calendered and non-calendered suspensions. The 

effects of various CNT types and geometries–as already evaluated electrically–

need to be evaluated rheologically. The electrical and rheological percolation 

thresholds should be monitored for various temperatures (including the polymer 

curing temperature) in order to quantify the contributions from shearing, ionic 

conduction and the CNT sheathing layer. The systematic electro-rheological 

analyses–as introduced in this thesis–is perfectly suitable for this purpose. 
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List of abbreviations 

ACVD  aerosol chemical vapour deposition 

ADA  aminododecanoic acid 

AHA  aminohexanoic acid 

AIBN  azoisobutyronitrile 

APTS  aminopropyltriethoxy silane 

ASTAA alkoxysilane terminated amide acid 

BKC  benzalkonium chloride 

BSE  backscattered electron 

CCVD  catalytic chemical vapour deposition 

CNT  carbon nanotube 

CoMoCAT® cobalt-molybdenum catalyst process 

CVD  chemical vapour deposition 

DLA  diffusion-limited aggregation 

DPD  dissipative particle dynamics 

DWCNT double-wall carbon nanotube 

e  entangled 

EMA  effective medium approach 

ET  Everhart-Thornley detector 

GA  gum Arabic 

HiPco® High pressure carbon monoxide process 

MEK  methyl ethyl ketone 

MWCNT Multi-wall carbon nanotube 

ne  non-entangled 

OP  polyoxyethylene octyl phenyl ether 

P3HT  poly 3-hexylthiophene 

P3OT  poly 3-octylthiophene 

PA-6  polyamide-6 
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PANI  polyaniline 

PAT  polyhexadecyl thiophene 

PBT  polybutylene terephthalate 

P(BuA) polybutyl acrylate 

PC  polycarbonate 

PCL  polycaprolactone 

PE  polyethylene 

PEE  polyphenylene ethynylene 

PEO  polyethylene oxide 

PET  polyethylene terephthalate 

PFA  polyfurfuryl alcohol 

PI  polyimide 

PLA  poly(lactic acid) 

PMMA polymethyl methacrylate 

PmPV  poly-m-phenylenevinylene 

PP  polypropylene 

PPV  polyparaphenylene vinylene 

PS  polystyrene 

PTFE  polytetrafluorethylen 

PU  polyurethane 

PVA  polyvinyl acetate 

PVC  polyvinyl chloride 

PVDF  polyvinylidene difluoride 

SE  secondary electron 

SDBS  sodium dodecylbenzenesulfonate 

SDS  sodium dodecyl sulphate 

S-I-Latex styrene-isoprene copolymer latex 

SPPA  sulfonated polyphenylacetylene 

SWCNT single-wall carbon nanotube 

UPR  unsaturated polyester resin 

VE  vinylester 

VMQ  methylvinyl silicone rubber 
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List of symbols 

Symbol  Unit   Meaning 

A    2m    area 

rA    g/mole  atomic weight 

c    m/s 10998.2 8⋅  light velocity 

C    F   capacitance 

d    m   fibre diameter 

rD    1s−    rotational diffusivity 

E    eV   electron beam energy 

E    Pa   Young’s modulus 

hydF    N   hydrodynamic force 

h    Js 10626.6 34−⋅  Planck constant 

I    4m    second moment of area 

DI    -   D-band intensity of nanotubes 

GI    -   G-band intensity of nanotubes 

Bk    J/K 10381.1 23−⋅  Boltzmann constant 

l    m   fibre length 

M    Nm   bending moment 

Pe   -   Peclet number 

r    -   fibre aspect ratio 

R    Ω    resistance 

CR    Ω    contact resistance  

KOR    m   Kanaya and Okayama electron range 

Re   -   Reynolds number 

s    m   length 
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t    -   critical exponent of scaling law 

gelt    s   gelation time 

vitt    s   vitrification time 

T    K   temperature 

gT    K   glass transition temperature 

V    3m    volume 

*Y    S   complex admittance 

Z    -   atomic number 

 

γ    rad, °   angle 

γ&    1s−    shear rate  

0ε    F/m 10854.8 12−⋅  vacuum permittivity 

rε    -   relative static permittivity 

η    Pas   viscosity 

λ    m   wavelength 

ν    1m−    wavenumber 

iν    1m−    incident laser wavenumber 

pν    1m−    phonon wavenumber 

ρ    3g/m    density 

σ    S/m   conductivity 

φ    vol%, wt%  filler content 

Cφ    vol%, wt%  percolation threshold 

el
Cφ    vol%, wt%  electrical percolation threshold 

rheo
Cφ    vol%, wt%  rheological percolation threshold 

ω    rad/s   angular velocity 
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