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Abstract 

 

Offshore wind farm structures may have the potential to affect marine navigation and 

communication systems by reflecting radar signals. With ever increasing size of wind 

turbines it is necessary to better understand the influence of radar signals on wind 

turbine blades in order to minimise the radar reflecting potential. One possible way of 

reducing radar reflection is to use radar absorbing materials.  In this thesis, epoxy 

composite materials reinforced with five different types of nano-size additives: carbon 

nanotubes (CNTs), carbon blacks (CBs), silver, tungsten carbide and titanium oxide 

are manufactured and tested to investigated their potential as wind turbine blade 

material that absorb radar signals. 

 

Nanoadditives/epoxy composites with additives content ranging from 0.05-1 wt. % 

were fabricated by a simple cast moulding process. The nanoadditives were dispersed 

in the epoxy resin by sonication method. The degree of nanoadditives dispersion was 

observed by examining the surface of the composite materials using scanning electron 

microscope (SEM). Complex permittivity of the nanoadditives/epoxy composites was 

studied using a free wave transmittance only method at a frequency range of 6.5-10.5 

GHz. The effect of the percolation threshold of the direct current conductivity on the 

composite permittivity was analysed and discussion. In order to get a better insight in 

the importance of the results they were compared to existing models (Maxwell-

Garnett, Bruggeman, Bottcher, Lichtenecker and Lichtenecker-Rother). A new model 

based rule of mixtures is developed to predict the complex permittivity of the 

composite.                   

 

A model of wind turbine rotor blade made of the nanoadditives/epoxy composite was 

developed using Comsol-multiphysics software. The data obtained from the 

experimental work was inputted in to the model to generate result of backscattered 

energy verses composite permittivity as a function of nanoadditives content. A 

decrease in backscattered energy was noticed with increasing nanoadditives content. 

The results demonstrate that radar reflecting signals will be significantly reduced by 

incorporating nanoadditives in the composite materials.       
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2B2BCHAPTER 1                                                      

3B3BIntroduction 
 
 
 
 

 

Since the radar connected other types were developed during the Second World War, 

radar technologies have been improved rapidly with the use of high powered large 

bandwidth transmitters. At the meanwhile, the development of the Radar Cross 

Section reduction technologies for hiding from radar detection has rapidly developed 

in both military and civil area (KJ 1996). This technology is called “Stealth” 

technology for evading radar detection. The effectiveness with which a radar system 

can detect a target depends on how much of the electromagnetic energy illuminating 

the target is reflected back to the radar and this is described by the radar cross section 

(RCS) (Eugene F.Knott 1993). Therefore, in order to maximize the performance of 

stealth techniques, the RCS of objects should be minimized so as to reduce its 

probability of detection by radar (Chin and Lee 2007). There are two main methods 

(shaping of the target or/and using the radar absorbing materials) to achieve the radar 

cross section reduction. This kind of materials which reduce the RCS according to 

their high permittivity or permeability values with varying shapes and size are named 

“radar absorbing materials (RAMs)”. Therefore, the investigation and modification of 

the material’s EM properties (complex permittivity and complex permeability) to 

apply in the “stealth technology” was very popular in the recent decades.  
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In the last few years, the polymer composite became wider spreading in applications 

as a structure material because of their good mechanical properties and light weight 

especially in the aerospace industry. As structure materials, one of the multi-

functional properties -- radar absorbing requirements of polymer composites are 

becoming inevitable in many military and civil areas such as aircraft, wireless 

communication tools, wind turbine etc (Appleton 2005; Wen, Zhao et al. 2006). 

According to these requirements, it is essential to investigate and modify the polymer 

composite EM properties (complex permittivity and complex permeability). In current 

research, the main method was to disperse the dielectric and magnetic additives (such 

as carbon black, carbon nanotubes, ferrite, carbonyl iron, and etc) into the polymer 

composite to improve the complex permittivity and complex permeability (Chin and 

Lee 2007).  In this thesis, the complex permittivity is the only parameter which is 

considered to design radar absorbing materials (RAMs) 

 

In the past years, the most common additives were used to fabricate RAMs were 

carbon black because of its imperfect conductivity and light weight. Also in the recent 

few years, new kind carbon material --- carbon nanotubes (CNTs) were considered as 

the nano-additives in the polymer composite to achieve the multi-functional properties 

due to their interest physical properties. Because of the high conductivity and aspect 

ratio of CNTs, it was believed that the CNTs had a great potential to modify the 

complex permittivity of polymer composite and fabricate the electromagnetic 

absorbed material or radar absorbed materials. The investigation of CNTs for the 

influence of complex permittivity in the polymer composites was meaningful for 

fabrication and designation of RAMs. However, it is also found that the major 
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drawback of CNTs is the difficulty to disperse the carbon materials within matrix. The 

CNT tend to aggregate together due to Van de Waals attraction of the outer walls. The 

aggregation within the polymer matrix will be a source of failure and trap electrons, 

which will cause a decrease in the radar absorption properties. Therefore, it is 

necessary to find a good dispersion method to solve it.  

 

22B22B1.1 Historical Background of polymer composite  

A composite material is one which is composed of at least two elements working 

together to produce material properties that are different to the properties of those 

elements on their own (Lubin 1982). According to the different matrix materials, the 

composites can be classified into: polymer matrix composites (PMC’s), Metal Matrix 

Composite (MMC’s) and ceramic matrix composite (CMC’s). The PMC’s are the 

most common composites which use a polymer-based resin as the matrix and a 

variety of fillers or/and fibres as the reinforcement. The MMC’s are  increasingly used 

in the automotive industry. It uses a metal such as aluminium as the matrix and 

reinforces it with fibres such as silicon carbide. CMC’s are used in very high 

temperature environments, and these materials use a ceramic as the matrix and 

reinforce it with short fibres, or whiskers such as those made from silicon carbide and 

boron nitride. Composites can also be classified on the basis of their forming 

structures or components: fibrous (composed of fibres in a matrix), and particulate 

(composed of particles in a matrix). In general, the reinforcing agent can be fibrous, 

powdered, spherical, crystalline, or whiskered or organic, inorganic, metallic, or 

ceramic powder materials based on the functionalities the composite required.  

 

Over the last 50 years the use of polymer composite has been exploited in many 
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applications from biomedical devices to aerospace applications such as dampers, 

electrical insulators, and thermal conductors because of their high strength to weight 

ratio and ability to withstand high temperature.  

 

23B23B1.2 Background of Nano-additives 

Nano-additives as the reinforcement in the polymer composites are a class of 

materials which have gained significant attention in both academic and industrial area 

recently (Shaffer and Windle 1999; Haggenmueller, Gommans et al. 2000; 

Thostenson, Ren et al. 2001; Feller, Bruzaud et al. 2004; Jang, Bae et al. 2005). The 

term of “nano-additives” is a compound word that consists of two parts, “nano” and 

“additives”.  The term “additive” in materials science means “particles add to a matrix 

material, usually to improve its properties”. In the polymer composite world, the 

fillers play an important role. Additives offer a variety of benefits such as increased 

strength and stiffness, heat resistance, heat conductivity, stability, wet strength, 

fabrication mobility, viscosity, abrasion resistance, electrical conductivity and so on. 

However, fillers also possess disadvantages: they may limit the method of fabrication, 

inhibit curing of certain resins, and shorten the pot life of the resin (Lubin 1982). 

 

The term “nano” is historically interesting and originates from the Greek word 

“nanos” or “nannos” referring to “little old man” or “dwarf” (S. Ramakrishna 2005). 

With the modern definition, this term is mostly used as a prefix “nano-“to technically 

describe a billionth of a physical unit, a good example being nanometer that equals to 

10-9 meter. Although “nano” is well known today with most people possibly 

considering it as a product of fashion rather than a scientific interest, using this term 

has become very popular within the researchers since 1990s due to the rapid 
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development of nanotechnology 

 

The history of nanotechnology can date back to the late 19th century, when dealing 

with the colloidal science; however, the term was firstly coined in a paper reported by 

Taniguchi at 1974 (Taniguchi 1974) and it was further deeply explored by Drexler in 

1980s (Drexler 1996). A standard definition given by the National Nanotechnology 

Initiative (N. N. I) is stated as following: Nanotechnology is an applied science 

focused on the phenomena and manipulation of materials, structures and devices with 

at least on dimension below 100 nanometers (nm) to enable novel applications. Today, 

nanotechnology and nanoscience plays an important role in physics, chemistry, 

biology, material science and other scientific fields by considering effects at relatively 

small length scales which differ from conventional understanding on the macroscopic 

scale.  

 

Therefore, the definition of nano-additives can be simply understudied that it is a 

nanoscale material using in the composites. It has a great potential of the nanomaterial 

as additives to disperse into the composite materials because of their novel properties 

compared to the convenient additives. And also the growth of nanotechnology is 

linked to better understanding nanomaterials physical properties and the applications 

of nanofiller in composites will become more and more.  

 

24B24B1.3 Objectives 
In this study, Multiwall Carbon Nanotubes (MWNTs), Carbon Blacks (CBs) and other 

dielectric nano-additives are considered as electrical conductive additives to disperse 

into the epoxy matrix for improving the complex permittivity in the 6.5 – 10.5 GHz 
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frequency range for obtaining the complex permittivity data in X band radar 

frequency range because of their known properties of high electrical conductivity, 

nanoscale size. A novel, simple permittivity testing method – transmittance only 

method is developed and used. The investigation of the effect of nanoadditives for the 

complex permittivity in 6.5 – 10.5 GHz is given. The effect of the complex 

permittivity for the electromagnetic (EM) wave reflectance is simulated in the single 

layer structure and wind turbine blade structure through the finite element analysis. 

The potential of the nanoadditives to reduce the radar cross section in wind turbine 

blade structure is analysed.    

25B25B1.4 The outline of this thesis 
The report is composed of eight chapters. In Chapter 1, a general introduction to the 

topic and objective is given. The literature review of the work is given in Chapter 2. 

The aim of this chapter is to give a general review of nanoadditives/epoxy composites 

materials, the permittivity of composites, the mixture laws of the permittivity by 

looking into previous works and the basic electromagnetic theory for this 

investigation. In Chapter 3, a permittivity testing method – the transmittance only 

method is introduced. The review of the other permittivity testing method is 

summarized. The theoretical model, experimental set-up, data processing and error 

checking for the transmittance only method are given.  In Chapter 4, the raw material 

is introduced and manufacturing process is described and the methodology of 

microstructure and electrical properties is introduced. In Chapter 5, the 

microstructures of Multi-wall Carbon Nanotubes (MWNTs)/epoxy composites are 

shown; the direct current (DC) conductivity and permittivity results are presented. 

And the discussions and analysis on the permittivity of potential RCS reduction 

materials would be put forward for judgment. In Chapter 6, the permittivity results of 
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Carbon Blacks (CBs)/epoxy composites are shown and the effect of E-glass fibre for 

complex permittvity in CBs/epoxy composites is analysed. In Chapter 7, the review of 

the wind turbine blade is given. The simplest modeling of thin panel in free space and 

the modeling of wind turbine blade are established and analysed. The effect of 

complex permittivity for both two model structure is analysed. The parameter from 

the complex permittivity of MWNTs/epoxy composites is used in the wind turbine 

blade modeling.  In Chapter 8, the conclusions of the investigation are given and 

further work is introduced.  
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4B4BCHAPTER 2                                                      

5B5BLiterature Review 
 
 
 
 

 

26B26B2.1 The Review of CNT  

56B56B2.1.1 Background  

In 1985, a closed structure containing 60 carbon atoms that had unique symmetry and 

stability was found by Smalley and co-workers at Rice University. These were known 

as the Buckminster Fullerenes (C60) (H. W. Kroto 1985). A few years later, this 

discovery led to the synthesis of carbon nanotubes and they were discovered by 

Sumio Lijima of NEC laboratories in Japan. These were found in the deposit formed 

on the graphite cathode after arc-evaporation (Iijima 7 November 1991). The first 

kind of nanotubes to be discovered was Multi-wall Carbon Nanotubes (MWNTs); 

these have concentric layers of graphite. Further research led to the discovery of 

Single Wall Carbon Nanotubes (SWNTs) (Bethune, Kiang et al. 1993; Iijima and 

Ichihashi 1993). The structure of the carbon nanotube is shown in Figure 2.1, where 

another carbon structure of diamond, C60, and graphite are compared. 
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Figure 2. 1: Four different carbon structures: Diamond, C60, Graphite and CNT. 

(Cited from the “Carbon Nanotube Activity Guide”, MRSEC, created by Prof. 

Richard Smalley of Rice University). 

 

57B57B2.1.2 Structure of carbon nanotube 

The carbon atoms are the only element with which to construct carbon nanotubes. For 

the carbon atoms in graphite and carbon nanotubes, there are 6 electrons surround a 

carbon nuclear, two electrons are in the inner 1S orbit, three electrons are in SP2 

hybrid orbits, and one electron is in the 2P orbit. When forming the nanotube, the 

atoms are connected in hexagons. For each carbon atom, the SP2 electrons will bind 

with the adjacent carbon atoms to form three σ-bonds. And the 2P electron is a free 

electron and it will bind dynamically with one of the adjacent carbon atoms to form 

the π-bond. These π electrons can be thought as the delocalized electron clouds of 

hexagonally connected carbon atoms. This kind of structure is called as conjugated π 
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structure, which is the functional elements to make carbon nanotubes electrically 

conductive. 

 

 

Figure 2. 2: Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ 

to form a carbon nanotube (Thostenson, Ren et al. 2001). 

 

The single walled nanotubes consist of a single sheet of graphite rolled seamlessly to 

form a cylinder with diameter of order of 1nm and length of up to centimeters 

(Coleman, Khan et al. 2006). The rolling direction will decide the electrical property 

of the carbon nanotube (chiral orientation). Generally speaking, there are three 

categories of the roll direction. They are armchair, zig-zag, chiral shown in Figure 2.2. 

It can be expressed by the chiral vector: 

 

21 amanCh +=  

Equation 2. 1 
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Where the integers (n, m) are the number of steps along the ziz-zag carbon bonds of 

the hexagonal lattice and 1a and 2a  are unit vectors. The chiral angle determines the 

amount of twist in the tube. Two limiting cases exist where the chiral angle is at 0o 

and 30o. These limiting cases are referred to as ziz-zag (0o) and armchair (30o) based 

on the geometry of the carbon bonds around the circumference of the nanotube. As for 

the chiral carbon nanotube, it is the case where the chiral angle is between 0o to 30o. 

The difference in armchair and zig-zag nanotube structure is shown in Figure 2.3. In 

terms of the roll-up vector, the ziz-zag nanotube is (n, 0) and the armchair nanotube is 

(n, n). The roll-up vector of the nanotube also defines the nanotube diameter since the 

inter-atomic spacing of the carbon atoms is known.  

 

 

 

Figure 2. 3: Illustration of the atomic structure of (a) an armchair and (b) a ziz-zag 

nanotube (Thostenson, Ren et al. 2001).  

 

The chirality of the carbon nanotube is significant factor on the material functional 

properties. In particular, tube chirality is known to have a strong impact on the 
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electronic properties of carbon nanotube. The armchair carbon nanotube is conductive; 

the Zig-zag and chiral carbon nanotube are semi-conductive. According to the relation 

between SWNT’s energy band structure and the Fermi level, once there is band 

crossing the Fermi level, then the metallic characteristic occurred, otherwise there 

exists an energy gap around 0.5 ev, which make it semi-conducting(Wildoer, Venema 

et al. 1998).  

 

2.1.3 58B58BCarbon nanotube synthesis 

Carbon nanotubes are generally produced by three main techniques: Arc Discharge 

(Iijima 7 November 1991; Ebbesen and Ajayan 1992); Laser Ablation (Guo, Nikolaev 

et al. 1995; Guo, Nikolaev et al. 1995) and Chemical Vapour Deposition (CVD) 

(Joseyacaman, Mikiyoshida et al. 1993; Eftekhari, Jafarkhani et al. 2006; Inami, 

Mohamed et al. 2007). 

 

Arc discharge is an expensive technique that uses an inert atmosphere, and arcing a 

carbon rod (anode) and metal catalyst at 500-600 0C. The CNT are collected on the 

cathode deposit in two forms, parallel and normal. This technique produces nanotubes 

that have amorphous or graphitic carbon impurities and after synthesis must undergo 

purification with strong acids (Gamaly and Ebbesen 1995; Zeng, Zhu et al. 1998; 

Keidar and Waas 2004; Keidar, Waas et al. 2006).  
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Figure 2. 4: Arc discharge method of making CNT (Keidar and Waas 2004) 

 

Another technique used is laser ablation which uses high temperatures (1200 0C) and 

a laser pulsed at a carbon and catalyst target. A plume is produced where the CNT are 

generated and the temperature of the plume is ~3000-4000 0C (Zhang and Iijima 1999; 

Scott, Arepalli et al. 2001). CNT are produced that are more pure than arc discharge, 

however, both techniques produce mainly tangled random nanotuebs that are not 

controlled in their growth (Ajayan 1999).  

 

 

Figure 2. 5: Laser ablation setup for synthesis of CNT 

 

Chemical vapor deposition has been widely used due to its ability to be scaled to 
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commercial scale and relative cheapness of the components. CVD is depicted in 

Figure 2.6 and involves hydrocarbon gas flowing over a catalyst (usually iron or 

nickel) on a support (aluminum oxide) that is heated to approximately 1000 0C. As the 

catalyst is heated it forms metal nanoparticles which react with the hydrocarbon gases. 

Particles with forming CNT are carried from the furnace into the chamber where the 

CNT can precipitate out of the gas onto a quartz surface (Breuer and Sundararaj 2004). 

The size of the nanoparticles will dictate the size of the diameter of the CNT that is 

formed. Certain metals are used for different types of CNT due to their ability to make 

smaller or larger particles. At high temperatures metal particles are soluble in carbon 

and these particles will reduce the carbon the sp2 hybridization (Inami, Mohamed et al. 

2007). The carbon forms tubes because of a free energy decrease and a lack of 

dangling bonds compared with the sheets. Typically the gases used are acetylene or 

ethylene, and the catalysts are iron, nickel, or cobalt (Joseyacaman, Mikiyoshida et al. 

1993; Eftekhari, Jafarkhani et al. 2006; Inami, Mohamed et al. 2007).  

 

 

Figure 2. 6: Chemical vapor deposition schematic 

 

One of the advantage of the CVD technique is its ability of produce aligned arrays of 

carbon nanotubes with controlled diameter and length. The production of well-aligned 

CNTs has been achieved by plasma-enhanced chemical vapour deposition (PECVD) 
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where the plasma is excited by a DC source (Huang, Wu et al. 1998; Ren, Huang et al. 

1998; Ren, Huang et al. 1999) or microwave source (Bower, Zhou et al. 2000; Cui, 

Zhou et al. 2000; Wang and Yao 2001). In addition, large amounts of carbon 

nanotubes can be produced by conventional CVD methods. Unlike PECVD, 

conventional CVD methods do not require specialized plasma equipment and tangled 

carbon nanotubes are grown in furnace. Figure 2.7 shows the SEM picture of furnace-

grown CNTs. These tangled, spaghetti-like CNTs can be produced by conventional 

CVD method at large production quantity and lower cost than PECVD CNTs, but 

there is less control over length, diameter, and structure(Thostenson, Ren et al. 2001).  

 

 

Figure 2. 7: Graphic showing tangled carbon nanotubes grown from conventional 

CVD method (Thostenson, Ren et al. 2001). 
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59B59B2.1.4 Properties of carbon nanotubes 

After discovery of carbon nanotube, it was found that there are interesting physical 

properties due to the high aspect ratio (small diameter and long length) and chemical 

structure. Carbon nanotubes possess high flexibility (Cooper, Young et al. 2001), low 

mass density (as low as 1.3 g/cm3) and large aspect ratio (300-1000). Because of 

carbon nanotubes unique combination properties in the mechanical, electrical and 

thermal area, it attracts many researchers’ attention in the recent years.   CNT have a 

unique combination of mechanical (Tetsuya and Satish 2005), electrical and thermal 

properties that make CNT as an excellent candidate to complement the nanofillers in 

the fabrication of multifunctional polymer nanocomposites (Moniruzzaman and 

Winey 2006). In this section, the extraordinary properties in mechanical, electrical 

and thermal area of CNTs are introduced as discussed.  

 

2.1.4.1 Mechanical Properties 

The carbon-carbon covalent bond in graphite and carbon nanotubes is considered to 

be one of the strongest atomic bonds in nature, different carbon forms have been 

found before CNTs including: graphite, diamond, carbon fiber and also buckyball. It 

is believed that CNTs can lead to better properties due to its perfect structure and 

much higher aspect ratio than other forms of carbons (Bokobza 2007). Single wall 

carbon nanotubes exhibit extraordinary mechanical properties; on the basis of their 

experimental strain measurements and an assumed elastic modulus of 1.25 TPa and 

yield strength of 45±7 GPa (Wong, Sheehan et al. 1997; Walters, Ericson et al. 1999).  

They are as stiff as a diamond. The estimated tensile strength is 30 GPa (Walters, 

Ericson et al. 1999). The properties of MWNTs are close to SWNTs and they exhibit 

similar properties. Direct measurement of the stiffness and strength of individual, 
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structurally isolated multi-wall carbon nanotube has been made with an atomic force 

microscope (AFM). The bending force was measured as a function of displacement 

along the length, and a value of 1.26 TPa was obtained for the elastic modulus (Wong, 

Sheehan et al. 1997).  

 

2.1.4.2 Electrical properties 

The electrical properties of carbon nanotubes are different from their 1-D character 

and peculiar electronic structure of graphite. They have extremely low electrical 

resistance. Resistance only occurs when an electron collides with some defect in the 

crystal structure of the material through which it is passing. The defect can be a defect 

in the crystal, an atom vibrating about its original position in the crystal, or impurity 

atom. Such collisions deflect the electron from its path way. The electrons in CNTs 

are not so easily scattered, because they have such small diameter and huge aspect 

ratios. In 3-D conduction, electrons can scatter at any angle, so there are a lot of 

chances to scatter the electron away. Any scattering can give rise to electrical 

resistance. In 1-D conduction electrons travel only forward or backward, so only 

backscattering can result in resistance. But backscattering requires very strong 

collisions and is thus less likely to happen. So electrons have fewer possibilities to 

scatter in CNTs. This gives CNTs very low resistance. The electronic properties of 

single wall carbon nanotube also depend on the diameter and chirality of the 

nanotubes (Mintmire and White 1995). As described in the section of CNT’s Structure, 

SWNT can be metallic or semi-conducting depending on the chirality. For the semi-

conducting tube, the energy gap is believed to be of the order of ~ 0.5 eV. This gap is 

highly dependent on the nanotube diameter and can be evaluated by 
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Equation 2. 2 

 
Where γ0, ac-c and d represent the C-C tight-binding overlap energy (2.45 eV), the 

nearest neighbour C-C distance (~ 1.42 Å) and the diameter of the nanotube, 

respectively (Lau and Hui 2002). It is obvious that the band gap energy decreases 

with increasing diameter of the nanotube. The band gap can reach approximately the 

same of that of graphite: a zero band gap semi-conductor.  

 

The investigation into the relationship between atomic structure and electri properties 

of individual SWNT was carried out by Odem et al. and Wildoer et al. in (Odom, 

Huang et al. 1998; Wildoer, Venema et al. 1998). They have shown conclusive 

evidence that the chirality and diameter of SWNTs has crucial effects on the electric 

properties as predicted by Saito (Saito, Fujita et al. 1992).  

 

The first measurement on the electric property of individual MWNTs was carried out 

by Dai et al. and Ebbesen et al. (Dai, Wong et al. 1996; Ebbesen, Lezec et al. 1996) . 

They demonstrated that each MWNT exhibits unique conductivity properties that can 

lead to both metallic and semi-conducting properties. It was suggested that the 

geometric differences play a key role in electronic response. The resistivity of most of 

the MWNTs measured in is between 5.1 Χ 10-6 to 1.2 Χ 10-4 Ohm·cm, which is 

comparable with the value obtained for crystalline graphite: 3.8 Χ 10-5 Ohm·cm 

(Ebbesen, Lezec et al. 1996). The current density was noted to be 6 Χ 106 A·cm-2 for 

metallic tubes, where the value is about 109 A·cm-2 for SWNTs and 105 A·cm-2 for 

metal (Baughman, Zakhidov et al. 2002).  
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2.1.4.3 Thermal properties  

Before CNTs were discovered, diamond was the best thermal conductor. CNTs have 

shown a thermal conductivity at least twice of that of diamond (Moniruzzaman and 

Winey 2006). The specific heat and thermal conductivity of carbon nanotube systems 

are determined primarily by vibration or phonons (Moniruzzaman and Winey 2006).  

 

60B60B2.1.5 Applications of carbon nanotubes  

Carbon nanotubes are attracting a wide range of interest from scientists and industries 

due to their physical properties. Many potential applications have been proposed for 

carbon nanotubes, including multi-functional carbon nanotube polymer composites; 

energy storage and energy conversion devices; sensors; field emission displays and 

radiation sources; hydrogen storage media; nanometer size semi-conductor devices 

and probes (Baughman, Zakhidov et al. 2002).  

 

2.1.5.1 Carbon nanotube polymer composites 

After the first CNTs/polymer composite were made in 1994 (B 1975; Ajayan, Stephan 

et al. 1994), The investigation of CNTs/polymer composites had become more and 

more popular. Because of the extra high aspect ratio and strong carbon-carbon 

covalent bond, the carbon nanotube could be treated as ultra strong fibres in a 

polymer matrix (Thostenson, Ren et al. 2001; Coleman, Khan et al. 2006; Coleman, 

Khan et al. 2006). Moreover, CNTs can enhance the electrical and thermal conducting 

properties for the polymer composites (Bokobza 2007). The first major application of 

CNTs/polymer composites is making conductive polymer composite. Because of high 

aspect ratio and direct current conductivity of CNTs, the low percolation threshold 
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can be found in CNTs/polymer composites (Sandler, Shaffer et al. 1999; Sandler, Kirk 

et al. 2003; Sandler, Windle et al. 2004; Bryning, Islam et al. 2005). Their high aspect 

ratio allows for low loading of MWNTs which allow for electronic conductivities to 

be achieved while maintaining the mechanical properties and flow properties of the 

pure polymers need for thin-walled moulding applications.  

 

According to the extraordinary mechanical properties of CNTs, incorporating 

nanotubes into plastics can potentially provide structural materials with dramatic 

increasing modulus and strength. Extensive studies have been carried out producing 

strong CNTs/polymer composites (Thostenson, Ren et al. 2001; Coleman, Khan et al. 

2006; Coleman, Khan et al. 2006; Moniruzzaman and Winey 2006). The crucial 

challengers are: 1. uniformly disperse the CNTs into the polymer; and 2. achieve 

efficient stress transfer between CNTs and the polymer. Some promising studies have 

already been reported, and detail will be discussed in the section 2.5.  

 

2.1.5.2 Electronics 

Because of large surface area, high electronic conductivity and mechanical properties 

of CNTs, they have great potential for electrodes for devices. A typical example --- 

supercapacitor which is an electrochemical capacitor that has an unusually high 

energy density compared to the normal dielectric based capacitor is introduced below 

(Baughman, Zakhidov et al. 2002). The supercapacitors have electrical double layer 

and each layer by itself is quite conductive; but the physics at the interface where the 

layers are effectively in contact means that no significant current flow between the 

layers. That means extra high electrical energy can be stored in those capacitor. 

Because the carbon nanotubes have excellent nanoporosity properties, it allows tiny 
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spaces for the polymer to sit in the tube and act as a dielectric. That would be perfect 

material to fill in the electrical double layer to store the energy.  

 

2.1.5.3 Fuel cell 

Fuel cells have been considered as one of the most important energy devices for the 

future; such systems can transform energy from chemical reaction between hydrogen 

and oxygen into electric energy (Endo, Kim et al. 2006). Some reported (Che, 

Lakshmi et al. 1998; Britto, Santhanam et al. 1999) doubled fuel cell performance for 

carbon nanotube decorated with metal nanoparticles as an electrode, the advantage of 

using CNTs is believed to be increased catalytic activity of CNT based electrodes. It is 

anticipated that carbon nanotube could contribute to the development of fuel cells. 

But more fundamental and applied research is necessary.  

 

2.1.5.4 Field Emission 

Industrial and academic researchers are interested in using SWNTs and MWNTs as 

field emission electron sources for gas discharge tubes providing surge protection, flat 

panel displays, lamps, X-ray and microwave generators (Baughman, Zakhidov et al. 

2002). Due to the small radius of the nanofibre tip and the length of the nanotube, a 

high local field could be applied between a carbon nanotube coated surface and an 

anode. Electrons are tunneling from the tip of a nanotube to the vacuum due to these 

local fields. The electrons are directed to the anode by electric fields, and the 

phosphor produces light or the flat panel display at the anode. Nanotube tip structure 

also play an important role in emission behaviour (Baughman, Zakhidov et al. 2002). 

More details of carbon nanotubes used in different areas as field emission can be 

found in several studies in literature (Rinzler, Hafner et al. 1995; Saito and Uemura 
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1999; Saito and Uemura 2000; Lee, Chung et al. 2001; Saito, Hata et al. 2002).  

 

2.1.5.5 Sensors  

Since nanotube electronic transport and thermopower are sensitive to substances that 

can affect the amount of injected charge, carbon nanotubes are very interesting for 

chemical sensor applications (Collins, Bradley et al. 2000; Kong, Franklin et al. 2000). 

The nano-size of nanotube sensing elements and the small amount of material 

required are the important advantages. But the main challenge is making devices that 

differentiate between absorbed species in complex mixtures and provide rapid 

respond (Baughman, Zakhidov et al. 2002). 

 

2.1.5.6 Probes 

The carbon nanotube scanning probe tip for atomic probe microscopes are already 

produced by Daiken Chemical Company Ltd. The mechanical robustness and low 

buckling force dramatically increase probe life and minimize sample damage during 

repeated crashes into substrates. More importantly, the shape and nanometer size 

improve resolution comparing to conventional probe, especially for high sample 

feature heights (Dai, Hafner et al. 1996; Dai, Wong et al. 1996; Hafner, Cheung et al. 

1999). These applications may not have significant impact on other business area, but 

they have made important contributions on measurement system on the nanometer 

scale. 

 

27B27B2.2 Review of Carbon Blacks  
Carbon blacks (CBs) are an industrial product obtained by partial combustion or 

thermal decomposition of hydrocarbon compounds. It is mainly produced in the 
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furnace process where feedstock oil, nature gas or other fuel is burned in a non-

stoichiometric reaction to form a very finely divided material composed of aggregates 

that are the CB mono-units (Hwang 2006). Aggregate is the smallest indivisible unit 

of CB; however, SEM and TEM images shown as in Figure 2.8 reveal that the 

aggregates appear to be formed by spherical particles which are fused together. 

Aggregates connect through Van-der-Walls forces into networks called agglomerates. 

A typical CB aggregate size could range from 50 to 300 nm.  

 

       (a)                                      (b) 

 

Figure 2. 8: (a) Carbon black aggregate of Printex XE2, taken using a scanning 

electron microscopy technique, with a single particle highlighted by the small circle; 

(b) Carbon black aggregate of Printex XE2 taken using a transmission electron 

microscope (TEM) (Jha, Thomas et al. 2010) 

 

There are some physical properties of CB that play a leading role in the reinforcing 

ability of CB in epoxy. These include surface area and structure. Surface area is very 

important for CBs because it determines how much CB surface area is available for 

interaction with other materials present in composite. A small particle-size carbon 

black will have a high surface area accessible for interaction with epoxy molecules 

per unit weight. Surface area is usually measured by absorption of nitrogen gas on the 

surface of CB by the BET technique. Structure defines the shape and distribution of 
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the CB aggregates and is sometimes called aggregate complexity which refers to size, 

distribution, degree of branching and shape. It gives the degree of irregularity of the 

CB units or the development of branching due to the aggregation of primary particles 

and the asymmetry of the aggregates.  

 

61B61B2.2.1 Internal Structure and Electrical Property of Carbon Black 

The internal structure of aggregates is very complicated. The carbon atoms react to 

form layer structures composed of hexagonal carbon rings, which tend to stack in 

three to four layers, forming crystallographic structures. These Graphite-like, 

quasicrystalline domains in which basal planes are parallel but angularly distorted 

with spacing between the layers are different from that of pure graphite. Biscoe and 

Warren identified those structures as intermediate between crystalline and amorphous 

material (Huang 2002). The internal structure of carbon black aggregates are shown in 

Figure 2.9.  
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                      (a)                                              (b) 

     

       (c) 

 

Figure 2. 9: (a) the random orientation of crystallites with a single carbon black 

particle; (b) a typical crystallite; (c) unit cell of the graphite 

 

Property of carbon blacks can be directly related with the graphite crystal because of 

their similar structure. The graphite crystal consists of stacks of multi-layers of carbon 

atoms separated by a spacing of 0.34 nm. The carbon atoms within the layer are 

linked together by covalent bonds having strengths of 400 (kJ/mol). These strong 

bonds are the major factors of the extremely strong and stiff nature of the graphite 

structure in plane. However, the strength of c-axis direction is relatively low due to 

weak van der Waals bonds between the layers. This explains the poor compressive 

properties of crystalline graphite due to low shear resistance (Jean-Baptiste Donnet 

1993). These characteristics of the graphite, also, affects on the electrical property of 
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the carbon black since carbon blacks are composed of graphite layers. Natural 

graphite single crystals behave as semi-metal due to the electrical behavior between a-

axis and c-axis. The specific resistance of graphite single crystals is about 5*10-5 

ohm.cm in the a-axis direction while c-axis directions shows about 104 higher 

resistance (Jean-Baptiste Donnet 1993). Therefore primary particle of the carbon 

black can be considered as semi-metal; however, it is usually regarded as a promising 

conducting material because of forming agglomerations. Within the carbon black 

primary particles, electron can flow through the highly conjugated carbon bonding 

present in the crystalline regions of the carbon particle when external electrical field 

are subject to the particle. Within the aggregates of primary particles electrons can 

flow along the conjugate bond. Consequently electrical conductivity can be shown in 

the carbon black particle. 

 

28B28B2.3 Epoxy resin 

62B62B2.3.1 Introduction 

Polymers are naturally occurring or synthetic: consisting of large molecules made up 

of a link series of repeated simple monomers. Epoxy is a thermosetting polymer 

formed from the reaction of an epoxide resin which is contained the epoxy groups 

(three-membered ring with two carbon and oxygen, etc) with polyamine hardener. 

Epoxy resins were first commercialized in 1946 and are widely used in industry as 

protective coatings and for structural applications, such as laminates and composites, 

tooling, molding, casting, bonding and adhesives, and others (May 1988). The ability 

of the epoxy ring to react with a variety of substrates gives the epoxy resins versatility. 

Treatment with curing agents gives insoluble and intractable thermoset polymer. 
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Some of the characteristics of epoxy resins are high chemical and corrosion resistance, 

good mechanical and thermal properties, outstanding adhesion to various substrate, 

low shrinkage upon cure, good electrical insulating properties and the ability to be 

processed under a variety of conditions. Depend on the specific needs for certain 

physical and mechanical properties, combination of choices of epoxy resin and curing 

agents can usually be formulated to meet the market demand. This section gives a 

brief introduction to epoxy resins. 

 

Epoxy resins are among the best matrix materials for many composites for following 

reasons: 

 

l Epoxy resins adhere well to a wide variety of fillers, reinforcing agents and 

substrates. 

l The wide variety of available epoxy resins and curing agents can be formulated to 

give a broad range of properties after cure and to meet a diverse spectrum of 

processing requirements. 

l The chemical reaction between epoxy resins and a curing agent does not release 

any volatiles or water. Hence, the shrinkage after curing is usually lower than that 

of phonetic or polyester resins. 

l Cured epoxy resins are not only resistant to chemicals, but also provide good 

mechanical properties and excellent electrical insulation.  

 

Because of so many advantages, epoxy resins are used in various composites for 

structural parts such as wind turbine rotor blades (skins, shear-webs, and almost all 

internal supporting structures), aircraft wings and wing boxes (most of fighter 
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aircrafts and latest passage aircrafts- A380 Boeing 787, etc), ; they are also used as 

potting and encapsulating compounds, tooling compounds, molding powders and 

adhesives. Their good adhesion characteristic with glass, aramid and carbon fibers 

have resulted in remarkable success as matrices for fiber reinforced composites. They 

also have a good balance of physical, mechanical, and electrical properties and have a 

lower degree of cure shrinkage than other thermosetting resins such as polyester and 

vinyl ester resin(Jang 1994). 

 

Today the epoxy industry amounts to more than 15 billion dollars world-wide. It is 

made up of approximately 50-100 manufacturers of basic or commodity epoxy resins 

and hardeners. The biggest 3 manufacturers are Hexion (formerly Resolution 

Performance Products, formerly Shell Development Company; which epoxy 

tradename is “Epon”), The Dow Chemical Company (trade name “D.E.R.”), & 

Huntsman Corporation’s Advanced Materials Business Unit (formerly Vantico, 

formerly Ciba Specialty Chemical; trade name “Araldite”).  

 

63B63B2.3.2 Synthesis 

Epoxy resins are compounds containing more than one epoxide group per molecule 

on average. Commercial epoxy resins contain aliphatic, cycloliphatic, or aromatic 

backbones. Most common epoxy resin are produced from a reaction between 

epichlorohydrin and bisphenol-A as shown in Figure 2.10.  
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Figure 2. 10: Epoxy resin (Bisphonal-A) polymerization process (80—180 oC, 10-20 

hr.) to form 3D cross-linked structures. (May 1988) 

 

Commercial liquid epoxy resins are prepared using different molar ratios of 

epichlohydrin to bisphenol A to afford different molecular weight products. High 

molecular weight solid epoxy resins with n values ranging from 2 to 30 are prepared 

by two processes. Lower molecular weight solid resins with n values up to 3.7 are 

prepared directly from epichlorohydrin, bisphenol A and a stoichiometric amount of 

NaOH. Higher molecular weight solid resins are prepared by chain extension reaction 

of liquid resin with bisphenol A using basic inorganic reagents such as NaOH or 

Na2CO3 as catalysts.  

 

64B64B2.3.3 Curing agent 

Treatment of epoxy resins with curing agents or hardeners gives three-dimensional 

insoluble and infusible networks. Epoxy resins can be cured with a wide variety of 

curing agents. The choice of curing agents depends on the required physical and 

chemical properties, processing methods and curing conditions.  
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Epoxy resins can be cured with either catalytic or co-reactive curing agents. Catalytic 

curing agents function as initiator for epoxy ring-opening homopolymerization. 

Epoxy resins can be catalytically cured by Lewis bases such as tertiary amines, or 

Lewis acids such as boron trifluoride monoethylamine. These catalytic curing agents 

can be used for homopolymerization, as accelerators or supplemental curing agents 

for other curing agents such as amines or anhydrides. Photoinitiated cationic curing of 

epoxy resins has received great attention for the application of coating from solvent-

free or high solid systems. 

 

The epoxide ring can react with chemicals with different structures, especially those 

that have activated hydrogen atoms such as alcohols, amines, and carboxylic acids, 

etc. Among them, primary and secondary amines are the most widely used curing 

agents for epoxy resins. A primary amine reacts with an epoxy group to produce a 

secondary amine and a secondary alcohol. The secondary amine can further react with 

an epoxy group to form a tertiary amine. No competitive reaction is detected between 

an epoxy group and a secondary alcohol when a stoichiometric equivalent or excess 

amine is used. Aliphatic amines cure epoxy resins at room temperature; aromatic 

amines are less basic and require elevated temperatures or accelerators or cure epoxy 

resins.  

 

Other commercially important curing agents are formaldehyde resins and acid 

anhydrides. Melamine-formaldehyde, urea-formaldehyde and phenol-formaldehyde 

resins react with hydroxyl groups of high molecular weight epoxy resins to form 

crosslink networks. Most commercial anhydride curing agents are based on 
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cycloaliphatic structure. Epoxy-anhydride systems exhibit low viscosity, long pot life 

and low exothermic heats of reaction. The cured epoxy thermo-sets have good 

mechanical and electrical properties.  

 

Other curing agents including carboxylic acids, mecaptans, phenol Novolac resins and 

isocynates are also commercially available. 

 

The majority of curing agents employed in epoxy systems provide a substantial 

contribution to the properties of the crosslink products. Thus the choice of curing 

agent is very important and needs to be considered very carefully. This is particularly 

true for modifications of epoxy resins, where the curing agents can influence the 

curing chemistry, the curing rate, crosslink density, morphology, etc.   

 

29B29B2.4 Composites 
65B65B2.4.1 Introduction  

A composite material is one which is composed of at least two elements working 

together to produce material properties that are different to the properties of those 

elements on their own. According to the different matrix materials, the composites can 

be classified into: polymer matrix composites (PMC’s), Metal Matrix Composite 

(MMC’s) and ceramic matrix composite (CMC’s). The PMC’s are the most common 

composites which use a polymer-based resin as the matrix and a variety of fillers 

or/and fibres as the reinforcement. The MMC’s are dramatically increasingly used in 

the automotive industry. It uses a metal such as aluminum as the matrix and reinforce 

it with fibres such as silicon carbide. CMC’s are used in very high temperature 

environments, and these materials use a ceramic as the matrix and reinforce it with 
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short fibres, or whiskers such as those made from silicon carbide and boron nitride. 

Composites can also be classified on the basis of their forming structures or 

components: fibrous (composed of fibres in a matrix), and particulate (composed of 

particles in a matrix). In general, the reinforcing agent can be fibrous, powdered, 

spherical, crystalline, or whiskered or organic, inorganic, metallic, or ceramic powder 

materials based on the functionalities the composite required. In this project, the 

nanofillers/epoxy composite is belonging to the polymer matrix composite. In the next 

section, the polymer matrix composites are introduced.  

 

66B66B2.4.2 Polymer matrix composites  

Typical resins used for the matrix cover polyester, phenolic, epoxy, silicone, alkyd, 

melamine, polyimide, fluorocarbon, polycarbonate, acrylic, acetal, polypropylene, 

ABS copolymer, polyethylene and polystyrene(Lubin 1982). Resins can be classified 

as thermoplastics (capable of being repeatedly hardened and softened through 

heating-up by increasing and decreasing the temperature) and thermo-sets (changing 

into a substantially infusible and insoluble material with 3-D cross-linking chemical 

structure when cured by the applying of heat or by chemical means). The use of 

reinforcing agents makes it possible for improving their mechanical properties of 

almost any thermo-set or thermoplastic as matrix to meet varying requirements.  
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30B30B2.5 Review of CNT/polymer composite  

67B67B2.5.1 Introduction 

In this section, a review of CNT/polymer composites will be introduced. As 

mentioned before, CNTs have attracted great attention in the field of polymer 

composites due to their fantastic mechanical, electrical and thermal properties. They 

have much larger surface area than traditional fibre due to their nanometer size, which 

leads to much more interaction between fibre and matrix when they are incorporated 

in polymer composites. That makes CNTs/polymer composites have wide applications 

in aerospace, automotive, and electronics industries (Sinnott and Andrews 2001; 

Demczyk, Wang et al. 2002; Baxendale 2003; Coleman, Khan et al. 2006; 

Moniruzzaman and Winey 2006). Their ultra high aspect ratio (near 1000) and 

outstanding conductivity could results in ultra low electric percolation threshold in 

polymer composites. So electrical conductive composites are interesting for 

developing carbon nanotube polymer composites for antistatic coating, 

electromagnetic interference (EMI) shielding, printable circuit wiring, and transparent 

conductive coating (Ramasubramaniam, Chen et al. 2003). A number of papers have 

been published on CNT reinforced polymer composites; for further references see 

(Mamedov, Kotov et al. 2002; Potschke, Abdel-Goad et al. 2004; Potschke, 

Bhattacharyya et al. 2004; Regev, ElKati et al. 2004; Potschke, Bhattacharyya et al. 

2005; Huang, Ahir et al. 2006).  

 

Carbon nanotubes are good materials for these composites due to their light weight, 

strength, and electrical characteristics (Liu, Huang et al. 2004). The problem existed 

in the carbon nanotube polymer composite is how to transfer the attractive mechanical 
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and functional properties between CNTs and the polymer(Thostenson, Ren et al. 2001; 

Lau and Hui 2002; Lau and Hui 2002; Breton, Desarmot et al. 2004; Liao, Marietta-

Tondin et al. 2004; Song and Youn 2005). There are still some issues that needed to be 

solved to effectively improve the material properties especially for the mechanical 

properties of polymer by adding carbon nanotubes as fillers. These main issues are the 

interfacial bonding, the dispersion and the alignment of the individual CNTs in the 

polymer matrix (Song and Youn 2005). In the following sections, the main issues 

(interfacial bonding, dispersion and alignment) of CNTs in polymers will be discussed 

first; then the electrical properties of CNT/polymer composite will be reviewed.  

 

68B68B2.5.2 Interfacial bonding 

Load transfer depends on the interfacial shear stress between the tube and the matrix. 

A high interfacial shear stress will transfer the applied load to the reinforcing 

nanotube over a short distance (Barber, Cohen et al. 2003). An influence of chemical 

bonding between the nanotubes and the matrix on the interfacial adhesion is predicted 

that if only one percent of carbon atoms of the CNT-surface are covalently bonded to 

the polymer matrix the interfacial shear strength would be improved by over an order 

of magnitude without decreasing the Young’s modulus(Frankland, Caglar et al. 2002). 

An enhancement of the interfacial bonding can be achieved by oxidation and chemical 

treatment to the nanotube surface (Gojny, Wichmann et al. 2004; Song and Youn 

2005).  

 

69B69B2.5.3 Dispersion 

To incorporate CNTs into polymer matrixes and utilize their fantastic properties into 
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the composites, a good level of CNT dispersion needs to be achieved. The CNTs 

which is belong to nano scaled particles exhibit an enormous surface area (1000 m2/g 

and more), which is several orders of magnitude larger than the surface of micro 

scaled conventional fillers. The intrinsic van der Waals attraction among tubes that are 

easily attract one another and to form agglomerates (Sung, Kim et al. 2004). The 

aggregation within the matrix will be a source of failure and trap electrons for 

electronic applications, which will cause a decrease in the physical properties. In 

order to fully take advantage of the CNT properties especially for the mechanical and 

electrical properties (Sandler, Kirk et al. 2003; Song and Youn 2005), some dispersion 

methods are used in the processing of CNTs/polymer composites. Those methods can 

be concluded as optimum physical blending(Qian, Dickey et al. 2000; Watts, 

Ponnampalam et al. 2003), in situ polymerization(Park, Ounaies et al. 2002) and 

chemical functionalization (Ebbesen, Ajayan et al. 1994; Xie, Mai et al. 2005). In this 

thesis, only the optimum physical blending is used for the composite preparation.  

 

106B106B2.5.3.1 Optimum physical blending  

The dispersion of nano-filler in polymer matrix is more difficult than that of 

conventional fillers due to the strong tendency to agglomerate for the nano-

fillers(Song and Youn 2005). CNTs are tightly held by van der Waals forces, and it 

requires a mechanical force to separate them in the case of physical methods of 

dispersion. There are three main mechanical processes that have been successful in 

dispersing tube in various media: metl compounding, ultrasonication and milling 

(Sandler, Shaffer et al. 1999; Qian, Dickey et al. 2000; Jin, Pramoda et al. 2002; Watts, 

Ponnampalam et al. 2003).  
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2.5.3.1.1 Melt compounding  

High shearing mixing is an effective way of dispersing carbon nanotubes in a viscous 

polymer melt. The advantages of the techniques are: direct dispersion into the host 

matrix; no chemical modification is required; nanotubes are prevented from 

aggregation by viscous forces (Xie, Mai et al. 2005). Moreover, it fits well with 

current industrial practices.  

 

2.5.3.1.2 Ultrasonication 

In an ultrasonication process, the polymer and CNTs need to be dissolved in a solvent, 

and then placed into an ultrasonic regime. There are two main instruments for that: 

ultrasonic bath and ultrasonic tip. Ultrasonic processes deliver high level of vibration 

energy to the system. The process starts from the outside and work its way in with 

each layer fraction independently from preceding and subsequent layers. So it has the 

possibility to make the tube bundles thinner as well as shorter(Gong, Liu et al. 2000).  

 

2.5.3.1.3 Milling and grinding  

The method uses one or several rotating cylinder filled with iron balls which working 

as grinding media to break down the aggregated tubes. Ball milling can be used to 

break up MWNT aggregates and reduce their length and diameter distribution (Kim, 

Hayashi et al. 2002). Ball milling is also the most destructive method for processing 

CNTs as large amounts of amorphous carbon can be produced (Pierard, Fonseca et al. 

2001). However, it might be considered as a cheap and fast method for industrial 

process.  
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107B107B2.5.3.2 Chemical method 

Physical methods can lead to scalable dispersion, but local homogeneous dispersion 

states are difficult to achieve without breaking down the carbon nanotube. Thus, other 

methods need to be considered for different types of CNTs, such as solvent processing. 

Due to these reasons, there has been much interest in using chemical functionalization 

of CNT surfaces to make the tube more soluble and separable in a given solvent or 

polymer matrix through changing the hybridization from sp2 to sp3. The further 

information of chemical functionalization method can be obtained in a number of 

papers (Chen, Hamon et al. 1998; Shaffer, Fan et al. 1998; Hu, Bhowmik et al. 2001; 

Banerjee, Hemraj-Benny et al. 2005). 

 

2.5.3.2.1 In-situ polymerization 

In-situ polymerization is another technique to disperse CNTs in polymer matrix. The 

advantage of this process is that the polymer chain and CNTs can be dispersed and 

grafted at a molecular scale. This gives excellent CNT dispersion and potential good 

interfacial strength between CNTs and the polymer matrix. Successful investigations 

have been reported in recent few years (Kumar, Dang et al. 2002; Park, Ounaies et al. 

2002; Saeed and Park 2007). Uniform dispersion of CNTs was obtained and 

improvement in both mechanical and electrical properties was observed.  

 

70B70B2.5.4 Alignment   

It has been summarized that aligning nanotubes may result in better dispersion, 

mechanical properties and functional properties(Andrews, Jacques et al. 1999; 

Thostenson, Ren et al. 2001; Gojny, Wichmann et al. 2004; Song and Youn 2005). 
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Alignment could be achieved by exposing nanotubes to an electric field because of 

their conductivity(Senthil Kumar, Lee et al. 2003).  

  

71B71B2.5.5 Electrical properties of CNT/polymer composites  

The demand for polymer composites is increasing every year due to their outstanding 

performance. There are some applications such as electrostatic discharge (ESD), 

electrostatic painting and electromagnetic-radio frequency interference (EMI) 

protection that require the composites to have certain levels of conductivity (Sandler, 

Shaffer et al. 1999).It is shown in Figure 2.11. Conductive polymer composites (CPCs) 

are conventionally made by adding carbon black, metal powder or carbon fibre into a 

polymer matrix. Even with the polymer matrix being an insulator; the conductivity of 

the composites can demonstrate a sudden jump when critical filler content is reached. 

This phenomenon is described as percolation. The percolation threshold of 

composites has been shown both experimentally and theoretically to decrease with 

filler aspect ratio (Celzard, McRae et al. 1996; Bin, Mine et al. 2006) (Yang, Gupta et 

al. 2005). Typically, 5 to 20 wt.% of conventional conductive fillers (such as carbon 

black) is added into the polymer matrix to achieve a percolating network. Such high 

filler contents quit often destroy the mechanical properties and processability of the 

composites.  
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Figure 2. 11: Electrical conductivity of SWNT/PC composite versus SWNT weight 

fraction. Dashed lines represent the approximate conductivity lower bound required 

for several electrical applications (Ramasubramaniam, Chen et al. 2003). 

 

CNTs are one of the most interesting fillers for CPCs due to their large aspect ratio 

and excellent conductivity. In one of the first studies on CPCs containing CNTs, 

Sandler et al. (Sandler, Shaffer et al. 1999) dispersed MWNTs in epoxy matrix, and 

the percolation threshold they obtained was as low as 0.04 vol.%. Soon after, they 

decreased the percolation threshold to 0.0025 wt.% by using aligned CVD-MWNT in 

the epoxy matrix (Sandler, Kirk et al. 2003). Similarly, a percolation threshold as low 

as 0.052 vol.% and between 0.05 to 0.023 wt.% were late reported for SWNT/epoxy 

composites by Bryning et al. (Bryning, Islam et al. 2005) and Moisala et al. (Moisala, 

Li et al. 2006), respectively. They reported that the lowest percolation threshold was 



Literature Review 

57 

obtained when the SWNTs were allowed to re-aggregate. Recently, Kovacs et al. 

(Kovacs, Velagala et al. 2007) obtained different percolation threshold in the same 

MWNT/epoxy system. Processing conditions were found to be responsible for these 

differences in percolation threshold. Similar results on process induced aggregation of 

CNTs have also been reported in other solvent based system in literature (Schmidt, 

Kinloch et al. 2007; Wang, Dai et al. 2008; Ugur, Yargi et al. 2010).  

 

31B31B2.6 Radar and Radar absorbing Fundamentals 
Radar is a system that uses EM waves to identify the range, altitude, direction, and 

speed of both moving and fixed target objects (http://en.wikipedia.org/wiki/Radar). A 

simple radar detection schematic diagram is shown in Figure 2.12. When radar is 

operating, it illuminates the space around it with a beam that is narrow in the 

horizontal plane and wide enough in the vertical plane to cover the altitudes that are 

used for air traffic. All the objects that are in illuminated area or space reflect some of 

the energy back to the radar, and the energy can be modified in various ways by the 

reflection process. Radars can exploit these modifications to differentiate between 

certain types of objects. 
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Figure 2. 12: Schematic diagram of a basic radar detection  

 

Any functional radar system must contain at least four basic elements. These are a 

transmitter, an antenna or antennas, a receiver, and an indicator. As illustrated in 

Figure 2.13, the transmitter produces a radio frequency signal which is delivered to an 

antenna to be beamed toward the target. A portion of the transmitted electromagnetic 

wave is scattered by the target in the direction of the receiving antenna, where it is 

collected and delivered to a receiver. The final component of the radar system is an 

indicator, which conveys target information to the radar operator (Eugene F. Knott 

1993).  

 

http://upload.wikimedia.org/wikipedia/commons/0/07/Sonar_Principle_EN.svg
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Figure 2. 13: Schematic diagrams of basic radar system elements 

 

Radar can be defined as a device which transmits an electromagnetic wave and 

detects objects by virtue of the energy scattered from them in the direction of the 

receiver. In that regard, radar could operate at any microwave frequency. Practically 

speaking, the devices which we normally designate as radars are limited to a relatively 

narrow slice of the electromagnetic spectrum for reasons of availability of 

components, propagation effects, angular resolution requirement, target scattering 

characteristics, and a host of other concerns. The radar band designations began in 

World War II. The bands are divided so that the power sources, propagation effects, 

and target reflectivity are similar for frequencies within a band, but may be very 

different from one band to another. The Radar frequency bands and their functions are 

as shown in XXTable 2. 1XX. 

 

 

 

Transmitter 
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Noise 

 
Signal Processor 
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Antenna 



Literature Review 

60 

Table 2. 1: Frequency band and their functions (Eugene F. Knott 1993) 

Band Designation Frequency Range General Usage 

VHF (Very High Frequency) 30-300 MHz Very Long Range Surveillance 

UHF (Ultra High Frequency) 300-1000 MHz Very Long Range Surveillance 

L 1-2 GHz Long Range Surveillance, Enroute Traffic 

Control 

S 2-4 GHz Moderate Range Surveillance, Terminal Traffic 

Control, Long Range Weather 

C 4-8 GHz Long Range Tracking, Airborne Weather 

Detection 

X 8-12 GHz Short Range Tracking, Missile Guidance, 

Mapping, Marine Radar, Airborne Intercept 

Ku 12-18 GHz High Resolution Mapping, Satellite Altimetry 

K 18-27 GHz Little Used ( Water Vapor Absorption) 

Ka 27-40 GHz Very High Resolution Mapping, Airport 

Surveillance 

 

In this thesis, wind turbine rotor blades are the major materials and structures 

concerned giving influence to the offshore marine radar and land air traffic radar in 

the L to X-band frequency range.  

 

72B72B2.6.1 Radar Cross Section 

The reflection characteristic from a target material is measured in terms of Radar 

Cross Section (RCS). RCS is a measurement of the electromagnetic radiation 

power/energy that is returned or scattered in a given direction, normalized with 

respect to the power density of the incident field. It is dependent on the distance 
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between the target and radar (Eugene F. Knott 1993). It is the minimum limit of that 

ratio as the distance from the scattered reflection to the point where the scattered 

power of energy is measured approaches infinity:(Jay 1984) 
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Equation 2. 3 

Where Escat is the scattered electric field and Einc is the field incident to the target and 

Escat is the scanted reflection to the radar receiver. The units for radar cross section are 

square meters (m2). 

 

This definition is made more recognized by examination of the basic radar equation 

for power receiver, Pr, in terms of transmitted, scattered, and return power:  
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Equation 2. 4 

The first term is the power density at the target due to radiation from the transmitter. 

This term has the units of watts per square meter. The second term represents the 

amount of the incident power reflected or scattered back to the receiver. The third 

term represents the amount of the returned power which is captured by the receiving 

antenna as a result of its effective area.  

 

So a target’s RCS is most easily visualized as the product of three factors: Projected 

cross section, reflectivity and Directivity. The reflectivity is the percent of intercepted 
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power scattered by the target. The directivity is the ratio of the power 

scattered/reflected back into the radar’s direction to the power that would have seen 

being backscattered in all directions.  

 

The two most practical and most influential factors often applied radar cross section 

reduction (RCSR) are the shape of the target and the Radar absorbing materials 

(Eugene F.Knott 1993). It is emphasized that radar cross section reduction is a study 

of compromises in which advantages are balanced against disadvantage, and this fact 

should become apparent. A reduction in RCS at one viewing angle is usually 

accompanied by an enhancement at another when target surfaces are reshaped or 

reoriented to achieve the reduction. In current designs, shaping techniques are first 

employed to create a platform design with inherently low RCS in the primary threat 

sectors. Radar absorbing materials (RAMs) are then used to treat or compensate the 

areas where the shape could not be further optimized in terms of RCS (Bahret 1993; 

Fulghum 1997).  

 

The objective of shaping is to orient the target surfaces and edges to deflect the 

scattered energy in directions away from the radar. This cannot be done for all 

viewing angles within the entire sphere of solid angles because there will always be 

viewing angles at which surfaces are seen at normal incidence and there the echoes 

will be high. The success of shaping depends on the existence of angular sectors over 

which low radar cross section is less important than over others.  

 

Radar absorbing materials reduce the energy reflected back to the radar by means of 

absorption. Radar energy is absorbed through a kind of ohmic loss, not unlike the way 
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a resistor dissipated heat when an electric current passes through it. The loss is 

actually the conversion of microwave energy into heat, and although most absorbers 

do not absorb enough energy to become hot, or even detectably warm, when 

illuminated by radar (Dishovsky and Grigorova 2000; Watts, Ponnampalam et al. 

2003; Alabaster 2004; Abbas, Chandra et al. 2006).  

 

73B73B2.6.2 Electromagnetic theory  

In order to more fully understand the physics of the radar wave, we must start with a 

description of Maxwell’s equations, which are the fundamental laws governing all 

electromagnetic behavior. They are shown below: 
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Equation 2. 5 

These equations can be summarized that:  

1. Sources for Displacement D
r

 and electric field E
r

 are: (1) Electric charge ρ; (2) 

Time changing magnetic field B
r

 

2. Sources for Magnetic flux B
r

 and Intensity H
r

 are: (1) Electric current J
r

; (2) 

Time Changing D
r

 

Maxwell derived a wave form of the electric and magnetic equations (in the free 

space):  
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Equation 2. 6 

 

The simplest type of Electromagnetic Wave is a Harmonic Plane Wave.  A harmonic-

plane-wave has its wave fronts parallel to each other and the electric field in a plane 

monochromatic electromagnetic wave with harmonic time dependence. In the 

following sections, all the electromagnetic waves concerned are harmonic plane 

waves.  

 

 

Figure 2. 14: Schematic diagram of a simple harmonic plane waves  

 

We assume the wave is propagating along the positive direction of the z-axis (which 

axis is Z-axis in Figure 2.14), with the electric field lying in the direction parallel to 

the x-axis and the magnetic field lying in the direction parallel to the y-axis in the free 

space. The equation of the harmonic plane wave can be expressed: 
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http://upload.wikimedia.org/wikipedia/commons/3/35/Onde_electromagnetique.svg
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Equation 2. 7 

The similar solutions in dielectric material are obtained compared to the free space: 

 

jkztjeEtzE −= ω
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Equation 2. 8 

 

The propagation constant which we mentioned before is εωγ jjk == . Because the 

permittivity is complex number, the wave number k is a complex number. We assume 

the wave number is αβ ik −= , and the wave equation will transform to 

 

zjtjzeeEtzE βωα −−= 0),(  

Equation 2. 9 

This means the attenuation of the wave can happen when the wave is propagating in 

the dielectric materials. And the rate of the attenuation is proportional to
ze α−

.  

 

Radar cross section phenomenology is inherently a study of what happens when a 

wave strikes a boundary. This study involves boundary condition and reflection 

coefficients. Based on the physical reasoning that charge can be neither created nor 

destroyed, and that electromagnetic fields are created by charge and current 

distributions, the fields must satisfy certain boundary conditions at the interface 

between two different media. The conditions can be derived from the integral form of 

Maxwell’s equation applied to an interface. The boundary conditions for the 

electromagnetic fields across material boundaries are given below: 
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E1t − E2t = 0                  D1n − D2n = ρs 

                      H1t − H2t = Js ×                      B1n − B2n = 0 

Equation 2. 10 

Where  is a unit vector normal to the boundary pointing from medium 2 into 

medium 1. The quantities ρs, Js are any external surface charge and surface current 

densities on the boundary.  

 

The tangential components of the E-field are continuous across the interface; the 

difference of the tangential components of the H-field are equal to the surface current 

density; the difference of the normal components of the flux density D are equal to the 

surface charge density; and the normal components of the magnetic flux density B are 

continuous. These conditions are very important to solve the reflection and 

transmission coefficients in the boundary.  

 

The strengths of the electric and magnetic fields reflected at a plane interface can be 

expressed in terms of the reflection and transmission coefficients associated with the 

interface. In general, If iE , rE , and tE  are the incident, reflected, and transmitted 

fields, respectively, then the reflection and transmission coefficients are defined as: 
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Equation 2. 11 

 

These coefficients are functions of the electromagnetic material parameters 
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(permittivity and permeability). For solving the oblique incident wave reflection and 

transmission coefficient, two well-known optical laws are considered: Snell’s law and 

the law of reflection. 

 

There are two canonical cases of this problem: the electric field is either in the xz 

plane (parallel polarization, TM wave), or normal to the xz plane (perpendicular 

polarization, TE wave). Here, the reflection and transmission coefficient of TE 

polarised wave is shown in Figure 2.15.  

 

 

                                        Figure 2. 15: TE polarised wave at the boundary 

 

In this thesis, the material’s relative permeability is assumed as 1. So the permittivity 

is the only factor to change the reflection and transmission coefficient. According to 

the Snell’s law ϕθ sinsin 21 nn = , boundary conditions and Harmonic plane wave 

equations, the reflection and transmission coefficients are: 
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Equation 2. 12 
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Equation 2. 13 

 

Propagation of electromagnetic waves in materials such as dielectrics and conductors 

is determined by their electrical parameters. EM propagation is characterised by the 

propagation constant 

 

 

Equation 2. 14 

 

Where α is the attenuation factor and β is the phase constant. From Maxwell’s 

equation the propagation constant can be solved: 

 

 

Equation 2. 15 

 

Where µ is the permeability, in non-magnetic materials the permeability is equal to 

free space permeability, µ0=4π * 10-7 Hm-1.  

 

So the permittivity is the main parameters for the EM propagation in the dielectric 

materials. The review of the permittivity and the determination factors for the 

permittivity will be introduced below. 
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2.7 32B32BReview of the permittivity 

The permittivity is a physical quantity that describes how an electric field affects and 

is affected by a dielectric medium material and is determined by the ability of a 

material to polarize in response to the field, and thereby reduce the total electric field 

inside the material. The response of normal materials to external fields generally 

depends on the frequency of the field. This frequency is dependence on that the 

material polarization does not respond instantaneously to an applied field. That makes 

permittivity a complex quantity, whereby: 

 

 

Equation 2. 16 

Where D is the electric flux density and E is the electric field strength and the real 

part of permittivity (ε’) is the dielectric constant and the imaginary part of permittivity 

(ε’’) is the dielectric loss factor. 

 

It is normal to refer to the relative permittivity, εr, of a dielectric as being its 

permittivity with respect to that of free space, ε0 

 

Equation 2. 17 

Dielectric loss can be expressed in terms of the loss tangent: 
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Equation 2. 18 

74B74B2.7.1 Frequency and permittivity 

Following the external electrical field frequency change, there are a number of 

different dielectric mechanisms as it is shown in Figure 2.16 below. In the frequency 

range 102 – 109 Hz, the relaxation effects associated with permanent and induced 

molecular dipoles are the main factors in the materials permittivity because the field 

changes slowly enough to allow dipoles to reach equilibrium. The ideal and simplest 

model to explain the dipole relaxation is Debye relaxation model with relation 

(Alabaster 2004): 

 

       

Equation 2. 19 

 

Where ε∞ is the permittivity at the high frequency limit, εs is the static permittivity, τ 

is the characteristic relaxation time of the medium. 

 

At higher frequencies, the resonance effects which arise from the rotation or vibration 

of atoms, ions or electrons will become the main factors for the material permittivity.  
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Figure 2. 16: The relationship between the permittivity and frequency 

 

In this thesis, the frequency range is from 109 to 1010, so it is difficult to exactly 

predict the complex permittivity from material’s static permittivity and conductivity. 

Both the relaxation effects and resonance effects may influence the material’s 

permittivity. From previous research (Harfield 2000; Chin and Lee 2007; Narita, 

Matsumura et al. 2007); the main effect will be relaxation effects, which is the main 

reason that the additive fillers with good conductivity are selected for the resin matrix 

to change its  imaginary part of permittivity of the composites.   

 

75B75B2.7.2 Conductivity and permittivity 

Electrical conductivity is a measure of a material’s ability to conduct an electric 

current. When electrical potential difference is placed across a conductor, its movable 

charges flow and gives rise to an electric current. The conductivity σ is defined as the 

ratio of the current density J to the electric field strength E: 
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E
J

=σ  

Equation 2. 20 

To analyse the conductivity of materials exposed to alternating electric fields, we can 

treat the conductivity as a complex number (it is also called admittivity): 

 

''' σσσ j+=  

Equation 2. 21 

An alternative description of the response to alternating currents uses the real part (but 

frequency-dependent) conductivity, along with a real permittivity. The large the 

conductivity is, the more quickly the alternating-current signal is absorbed by the 

material. 

 

According to the conductivity and permittivity definition, the complex conductivity 

and the complex permittivity are related by the harmonic wave model: 

 

ωεσ j=  

Equation 2. 22 

Expanding the equation, it can be expressed:  

 

''''''''' )( ωεωεεεωσσ jjjj +=−=+  

Equation 2. 23 

The real part and imaginary part permittivity can be expressed: 
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Equation 2. 24 

From the equations, it is clearly shown that the real and imaginary permittivity can be 

calculated through the frequency and the material’s conductivity. In the low frequency 

range, the real part of conductivity is approximate to the direct current (DC) 

conductivity. That means the imaginary part of permittivity can be determined the DC 

conductivity in low frequency range 

 

76B76B2.7.3 Electrical percolation threshold in conductive polymer composite 

The increasing conductivity of composite materials with conductive filler content can 

be described by a scaling law according to classical percolation theory: 

 

t
cPP )(0 −= σσ  

Equation 2. 25 

Where σ0 is a scaling factor, Pc is the percolation threshold, σ is the conductivity of 

the conductive polymer composite and P is the content of the filler in the composite. 

The exponent t is an exponent which depends on the dimensionality of the conductive 

network. It is expected to vary with different materials with calculated values of t≈1.3 

and t≈2.0 in two and three dimensions, respectively. Therefore, percolation threshold 

of the CPCs can be accurately determined and information on the dimensionality can 

be obtained for the conducting network before and after drawing by fitting classical 

percolation theory to conductivity data obtained experimentally.  
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77B77B2.7.4 Permittivity of composite materials 

In order to analyse the permittivity of the targeting composite, the complex 

conductivity of the composites has been modeled by a resistance capacitance (RC) 

network where the conducting dispersants are represented as resistors and the 

dielectric of the insulating matrix is represented by capacitors (Clerc, Giraud et al. 

1990; Zhihua, Jingcui et al. 2008). Two limited situations are considered in the work. 

The first is the resistors (matrix) and capacitors (additives) are in parallel; and it can 

be expressed as (Truong and Ternan 1995): 

 

ccmm ff σσσ +=  

Equation 2. 26 

Where mσ and mf  are the complex conductivity and volume fraction of the matrix 

cσ , and cf  are the complex conductivity and volume fraction of the additives. 

 

The second situation is the resistors (matrix) and capacitors (inclusions) are in series; 

and it can be expressed: 

 

111 )()()( −−− += ccmm ff σσσ  

Equation 2. 27 

According to these two limited situations, a more general case can be described by 

(David, Michael et al. 1990): 

 

γγγ σσσ )()()( ccmm ff +=                 )11( ≤≤− γ       

Equation 2. 28 

According to the equation, the permittivity can be expressed: 
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γγγ εεε )()()( ccmm ff +=             )11( ≤≤− γ  

Equation 2. 29 

The factors affecting the permittivity of composite materials can be concluded as 

follows (Koledintseva, Ravva et al. 2005): 

 

• Frequency dependence of permittivity of matrix material 

• Frequency dependence of permittivity of fillers 

• Shape of fillers 

• Volume fraction or weight fraction of a matrix and fillers 

• Orientation and alignment of electric dipole moment of fillers 

• Morphology of the composite 

• Distribution of fillers 

 

The permittivity prediction of a composite is very difficult even all the factors can be 

considered.   

 

There are some laws of mixture for prediction the permittivity of composite based on 

the excellent dispersion of the filler in the matrix. a number of equations for the 

permittivity based on the dielectric properties of mixture, are concluded in some 

review articles (Van Beek 1967; Achour, El Malhi et al. 1999).  

 

Maxwell-Garnett equation (Garnett 1904) 
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Equation 2. 30 

When the volume fraction Φ of the dispersion is small. 

 

Bruggeman’s symmetrical equation applicable to conductivities as well as to the 

complex permittivity is expressed for the permittivity:  
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Equation 2. 31 

Bottcher obtained the formula by applying the Onsager model to the case of a 

mixture of spherical particles: 
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(Bottcher 1952) 

Equation 2. 32 

An empirical equation was also established by Lichtenecker 

 

)ln()1()ln()ln( mc εφεφε −+=  

Equation 2. 33 

Expression based on a mathematical hypothesis was built by Lichtenecker and Rother 

(Lichtenecker and Rother 1931): 

 

k
m

k
c

k ))(1()()( εφεφε −+=  

Equation 2. 34 
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Where k is a nonvanishing constant.  This parameter k was deduced by numerical 

simulation: 

 

)005.0265.0()05.065.1()( ±+±= φφk  

Equation 2. 35 

2.8 33B33BRadar Absorbing materials (RAMs) 

Radar absorbing material (RAM) is a class of materials which have been used in 

stealth technology to disguise a structure from radar detection. The ideal RAM should 

be thin, light, durable, easily applied, inexpensive, and have broadband frequency 

coverage. Alternatively, we might wish to have a structural RAM which is 

mechanically sound and has no size, weight, or cost penalty over standard structural 

materials. As might be expected, neither of these ideal RAM types has yet been 

formulated. Generally speaking, Radar absorbing materials can reduce the energy 

reflected towards to radar by means of absorption. Here, the Radar wave energy is 

absorbed through one or several loss mechanisms which involve the contributed of 

dielectric or magnetic properties of the material (Oh, Oh et al. 2004). It is common to 

accept the effects of all loss mechanisms into the permittivity (ε) (Lagarkov and 

Sarychev 1996; Neo and Varadan 2004) and permeability (µ) of the material (Li, Hu 

et al. 2002; Verma, Mendiratta et al. 2002).  To achieve significant absorption 

capability, the RAMs should have certain level or strong electric and/or magnetic 

dipoles that interact with the electromagnetic fields in the radiation. The loss through 

the materials absorption is a function of the values of complex permittivity and 

permeability of tested materials, which can be achieved by conversion of the EM 

wave energy to heat energy or some other energy form which was taken place inside 

the material and materials structure.  It is difficult to notice most of the time, that most 
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of the absorbers do not dissipate enough electronic wave energy into heat, to become 

even detectably level of warm when illuminated by radar.  

 

Providing loss for minimizing reflection is the key idea in RAMs application. Thus, a 

broadband RAM design basically confronts two questions. The first is: How do I get 

the incident wave to propagate into the material, rather than simply to reflect off the 

front surface? The second question is: How do I provide the required level of energy 

absorption, once the wave is interior to the RAM? As with many engineering 

problems, the two requirements are often conflicting, and compromises in broadband, 

level of performance, and RAM thickness must be made. Because high loss materials 

often have intrinsic impedances much different from that of free space, and thus suffer 

high front-face reflections. There are two basic solutions to this conflicting, but each 

has it drawbacks. The first solution is to taper the loss from the front to the back of the 

absorber; this method is employed in Jaumann (Chambers 1994), graded dielectric 

(Dong, Huang et al. 2004), and geometric transition absorbers (Ford and Chambers 

2008). However, the increased performance obtained by tapering the admittance is 

accompanied by increased thickness. The second solution is to employ materials with 

both a high loss and an instrinsic impedance near that of free space, which implies a 

material with a high value for both permittivity and permeability. Many practical 

magnetic materials come close to meeting those requirements, but only over a very 

limited frequency range because of the highly resonant nature of the permeability.  

 

Radar absorbing materials are based on the fact that some materials can absorb some 

electromagnetic energy when electromagnetic field is passing through them. Such 

materials have complex index numbers of refraction. In the index of refraction, this 
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includes magnetic and electric effects, the imaginary part accounts for the loss in a 

material. The index of refraction n is the ratio of the wave number describing wave 

propagation within the material to the free-space wave number and is to geometric 

mean of the relative permittivity and permeability 

 

rrkkn εµ== 0/  

Equation 2. 36 

Where, k is the wave number in the material, and 000 εµω=k  is the free-space 

wavenumber, '''
rrr iεεε −=  is the relative permittivity and '''

rrr iµµµ −=  is the 

relative permeability.  

 

According to the material properties (permittivity and permeability), the RAMs can be 

classified into the dielectric absorbing materials and the magnetic absorbing materials. 

the development of magnetic absorbing materials using magnetic loss was widely 

achieved (Kim, Jo et al. 1991; Singh, Babbar et al. 2000; Chin and Lee 2007). The 

research into ferrite based electromagnetic wave absorbers is main stream of the 

research activities for developing RAM (Kim, Jo et al. 1991; Wu, He et al. 2000). 

However, there is a critical weakness for the magnetic absorber when it is the heavy 

composite (Oh, Oh et al. 2004). In recent years, the research on dielectric absorbers 

generally is the mechanism of materials dielectric loss (Watts, Hsu et al. 2003). The 

methods of combining the particles of carbon black, or carbon nanotubes, or silver, 

and using conductive polymer are widely accepted and applied to the radar wave 

absorbing materials (Watts, Hsu et al. 2003; Che, Peng et al. 2004; Wu and Kong 

2004; Abbas, Chandra et al. 2006; Chin and Lee 2007). The dielectric absorbers have 

a weight advantage but do not match up to the absorption percentage with the 
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magnetic absorbers. 

 

In this project, only the dielectric materials are used to investigate the designs of the 

RAM in which the permeability of the materials is the representation property. Hence 

here the permittivity is the only factor to give influence to the radar wave absorbing 

capability of a material.  

 

78B78B2.8.1 Type of the RAMs 

2.8.1.1 Salisbury Screens 

The Salisbury screen is a resonant absorber created by placing a resistive sheet on a 

low dielectric constant spacer in front of a metal plate. Figure 2.17 illustrates the 

geometry of the Salisbury screen. For simplify this analysis, the normalized 

permittivity of the spacer is assumed to be that of free space. The reflection 

coefficient can be expressed in Equation 2.37: 
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Equation 2. 37 

Thus, for zero reflectivity, a Salisbury screen requires an odd multiple of an odd 

multiple of an electrical quarter-wavelength in front of a perfectly reflective backing.  
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Figure 2. 17: Salisbury screen 

 

Dallenbach Layers 

Dallenbach layer is constructed of a homogeneous lossy layer backed by a metallic 

plate. The reflection at the surface of a material is due to the impedance change seen 

by the wave at the interface between the two media. For a single material layer backed 

by a conducting plate, the reflection coefficient is given by: 
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Equation 2. 38 

For non-magnetic material, the best RCSR performance occurs when the material is 

near a quarter-wavelength thick electrically.  

 

2.8.1.2 Multilayer Dielectric Absorbers 

It is difficult to achieve the bandwidths desired of microwave radar absorbers using a 

Metal backing 

Incident Plane Wave 

Resistive sheet 

Plastic form or honeycomb spacer  
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thin single-layer absorber. Thus, much work has been done in extending the 

bandwidth of absorbers through the use of multiple layers. The motivation behind this 

approach is the same as that for pyramidal and other geometric transition absorbers – 

slowly changing the effective impedance with distance into the materials to minimize 

reflections. Two important types of multilayer absorbers are Jaumann absorbers and 

graded dielectric absorbers (Camley and Mills 1997).  

 

The bandwidth of a Salisbury screen can be improved by adding additional resistive 

sheets and spacers to form a Jaumann absorber. To provide maximum performance, 

the resistivity of the sheets should vary from a high value for the front sheet to a low 

value for the back (Akhmetshin 1984). 

 

2.8.1.3 Magnetic RAM 

Magnetic materials generally depend on magnetic rather than dielectric losses, 

although there is always dielectric loss as well. Compounds of iron are most often 

exploited for these losses, and ferrites and carbonyl iron, a form of pure iron powder, 

are common ingredients. Ceramic materials employing ferrites are useful for high 

temperature applications, provided the ambient temperature remains below the Curie 

point. When the temperature approaches or exceeds the Curie temperature, the 

magnetic properties deteriorate, although the physical properties are usually retained 

to much higher temperatures. These ferrite materials are typically sintered in the form 

of small, rigid tiles, and application to a surface requires careful consideration of 

bonding techniques. 

 

Another method of manufacturing involves embedding the magnetic materials in a 
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flexible matrix of nature or synthetic rubber, which can be glued to the surface to be 

shielded. Because the solid particles are heavy, they tend to settle at the bottom of the 

container used for spraying, and constant agitation is required. The lossy coating is 

built up to the desired thickness by the deposition of several thin layers. The spray-on 

RAM, also referred to as “iron paint” has the advantage that irregular surfaces can be 

covered more easily than with the flexible sheets, although singly curved surfaces are 

amenable to the use of the sheets. A iron ball paint application in F117 Nightawk 

aircraft is shown in Figure 2.18.  

 

 

 

Figure 2. 18: F-117 Nighthawk with the iron ball paint for stealth technology 

 

2.8.1.4 Radar Absorbing Structure (RAS) 

In order to overcome the drawbacks of magnetic RAM and other RAM, the concept 

of radar absorbing structure (RAS) was suggested and several design criteria of it 

have been developed. Basically, RAS are the structures that have both the function of 

loading bearing and the EM energy absorbing capability, but it obviously do not 

interfere with the external profiles (Jiang, Xing et al. 2005). Nowadays studies on 

investigating RAS using fiber reinforced polymeric composite material are becoming 

http://en.wikipedia.org/wiki/File:F-117_Nighthawk_Front.jpg
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popular research field (Chin and Lee 2007). Since the electromagnetic properties of 

fiber reinforced polymer composites can be tailored effectively by just adding some 

electromagnetic powders, such as carbon black, carbon nanotube, ferrite, carbonyl 

iron, etc., to the matrix of composites, they are plausible materials for fabricating the 

RAS of desired performance (Jung, Kim et al. 2006).  

 

34B34B2.9 Liturature review the permittivity test methodology 

79B79B2.9.1 Resonant Methods 

Resonators and cavities form a special class of measurement cells that are especially 

useful for measurements of very low loss materials, but they also offer the highest 

possible accuracy of measurement of real permittivity (Krupka 2006). When a small 

sample of dielectric material is introduced into a resonant structure such as a cavity, 

the cavity is perturbed such that it resonates at a lower frequency and with a lower 

quality factor. The shift in resonant frequency, f, should be small compared with the 

resonant frequency, f0. f is a function of real part permittivity and the change in lower 

quality factor, which is a function of imaginary part permittivity (Rzepecka 1973; 

Campbell and Land 1992). This technique has been used for measuring EM 

absorption with biological materials (Campbell and Land 1992; Alabaster 2004). A 

typical experimental set-up is illustrated in Figure 2.19 below.  
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Figure 2. 19: Resonant cavity geometry 

 

The sample is placed in a region near uniform E-field such as the centre of the broad 

surface of a rectangular cavity resonant in its dominant TE101 mode. The probe is used 

to couple a swept frequency RF energy signal from a network analyzer. A single probe 

may be used to measure the reflection coefficient of the cavity and so determine its 

resonant frequency and Q-factor. The typical profiles of measured reflection 

coefficients are illustrated in Figure 2.20. 
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Figure 2. 20: |S11| response of empty cavity (black) and that with sample (red) 

 

80B80B2.9.2 Filled or partially filled waveguides  

A very popular method for the measurement of permittivity is based on the 

measurement of the reflection and/or transmission coefficients arising from a slice of 

the sample of known thickness fitted with a waveguide (Szwarnowski and Sheppard 

1977; Dudeck and Buckley 1992; Abbas, Pollard et al. 1998). Alternatively, the 

measurement may be made from the reflection coefficient of an open ended 

waveguide terminated in the sample material. These methods assume the dominant 

mode of propagation only and work well over the bandwidth of this mode. One 

practical difficulty associated with this method is that the sample must take a firm all-

round contact with the waveguide wall since in its analysis it is assumed that the 

surface currents in the waveguide walls flow at the wall/sample interface. Samples 

have to be prepared very carefully so as to provide a tight fit on all surfaces.   
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Figure 2. 21: Rectangular waveguide method 

 

The main features of the waveguide methods can be summarized as follows: 

Advantages 

l Relatively broadband frequency coverage 

l Suitable for measurements of magnetic materials 

l One of the best techniques at microwave frequencies for high loss and medium 

loss samples.  

Disadvantages 

l For solid specimens significant errors caused by air gaps 

l Limited resolution of loss tangent measurements 

 

81B81B2.9.3 Free-wave, reflectance and transmittance  

The permittivity of a sample still can be deduced from the reflection and/or 

transmission coefficients measured in free space. Such methods generally require 

planar samples of a known constant thickness and which are sufficiently large to 

intercept the entire beam. Computation of transmission and reflection coefficients is 

simple and an approximation becomes more accurate as frequency increases. By 

Rectangular Waveguide 
Impedance Transformer 
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rotating the sample about an axis perpendicular to the direction of propagation one 

can perform measurements at the Brewster angle of incidence (Campbell 1978). 

Measurements can also be performed as a function of the angle of incidence 

(Shimabukuro, Lazar et al. 1984). Such measurements are often more accurate than 

those performed at normal incidence(Harmer, Rezgui et al. 2008). The more 

theoretical details are in the next section. Free space techniques are generally less 

accurate then their guided-wave equivalents. It is difficult to assess uncertainties 

quantitatively but according to the paper from Clarke R N (N 2004) they lie in the 

range 1~10% for real permittivity and from 5% to over 20% for imaginary 

permittivity.  

 

This work used and further investigated the free space method (transmittance only) to 

determine the complex permittivity. In the case of the transmittance only method, it 

takes the simple and well known Fresnel equations for an isotropic layer in air, and 

this combined with prior data smoothing and subsequent non-linear regression to 

calculate the permittivity (Harmer, Rezgui et al. 2008). In next chapter, the theory, the 

apparatus, operation and the data processing of the transmittance only method are 

introduced.   
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6B6BCHAPTER 3                                                      

7B7BPermittivity Testing Method 
 
 
 
 

 

 

Permittivity is not measured directly but may be deduced from measured data of some 

variable such as impedance, reflectivity, transmission losses etc. which is dependent 

on the permittivity. by overview of frequency domain measurement techniques of the 

complex permittivity at microwave frequencies, the test methods can be divided into 

two categories: resonant and non-resonant ones (Krupka 2006). In the first category 

several methods include those such as cavity resonator techniques, dielectric resonator 

techniques and open resonator techniques (Cullen and Yu 1971; Yu and Cullen 1982; 

Afsar, Ding et al. 1998; Afsar, Ding et al. 1999). In the second category, the main 

methods are free space methods (Ghodgaonkar, Varadan et al. 1989; Munoz, Rojo et 

al. 1998) and waveguide methods (Catala-Civera, Canos et al. 2003). In this work, the 

transmittance only method for the permittivity test is belonging to the non-resonant -- 

free space methods. In this chapter the theoretical model of transmittance only method 

is introduced; and then the apparatus, operation and data processing of transmittance 

only method is explained, finally the complex permittivity data would be input into a 

error checking programe to prove if the data is reliable.  
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35B35B3.1 Theoretical model 

Measuring the oblique transmittance of a planar sample is a simple and fairly 

sensitive method for determining the complex permittivity ε, of the medium, 

where ''' εεε i−= . The transmittance of the planar sample is easily measured and is a 

function of the frequency ν, sample thickness h, angle of incidence θ and the complex 

permittivity of the medium. In this case the electromagnetic waves that are TE 

polarized and the layer is situated in air with permittivity ~ 1 

 

 

 

  Figure 3. 1: The theoretical model of the only transmittance method. 

 

 

An oblique incident TE polarized wave is propagated in free space and passes through 

the planar sample with the angle θ. The transmittance of the wave was calculated 

Incident wave  

Detector  

1---free space  1---free space  

2---Sample  

θ 
φ 
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below. The transmittance is the percentage of energy received. 

  

The energy loss is existed at the boundary and the planar sample. According to 2.4 

and 2.5, the transmittance can be expressed: 
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Equation 3. 1 

Where T --- Transmittance for this model 

           Γ  --- Reflection coefficient 

           t ----- Transmission coefficient 

           h----- Thickness of the planar sample 
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36B36B3.2 Experimental Apparatus and Operation 

The experimental apparatus is composed of an Agilent Technologies E8257D 

Microwave Synthesizer working from 250 KHz to 40 GHz, a rotational stage from 

Time and Precision, Model A4757-TSP, a sample holder, an RS stepper motor 

interface RS2173611, two horns used as transmitter and receiver, a Hewlett Packard 

11585A detector, an amplifier, a NI interface BNC-2110 and a National Instrument 

card PCI-6132. For the control of the system and data collection a PC is used in 

conjunction with a program written in Lab View 8.2.  



Permittivity Testing Method 

92 

 

 

 

 

 

 

Figure 3. 2: Transmittance only experiment apparatus and operation 

 

The Agilent microwave synthesizer is set to trigger externally. The start and stop 

frequencies are set at 5.5 and 11.5 GHz respectively, the power to 20 dBm and the 

number of points per scan is 64. The output of the microwave source or the harmonic 

generator is then connected to the transmitter horn. The transmitted signal is detected 

by a 20 dB gain receiver horn and the detector, amplified and then digitized by an A/D 

port of the National Instrument PCI-6132 card.  

 

The samples are attached to a holder fixed to top of the rotational stage situated 

between the transmitting and receiving horns. The rotational stage and holder can be 

PC  Agilent  
Synthesizer 

  

Amplifier BNC2110 Detector 

  Stepper Motor 
   Interface                 

Rotational Stage and 
sample holder  Harmonic       

Generator 
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rotated with a step angle of 50 from 00 to 650 using a stepper motor. The program 

controls the scan of the synthesized microwave source by sending pulses to its 

external trigger and the rotational stage by sending full steps to the stepper motor. The 

program then acquires and displays the data as amplitude against frequency.  

 

 

Figure 3. 3: Transmittance only method 

 

37B37B3.3 Data processing  

From the “transmittance only” experiment, the transmittance data is collected. But the 

aim of this experiment is to obtain the complex permittivity of the composite. It still 

needs some data process to calculate the complex permittivity. At first, the data 

smoothing was used to remove the standing wave interference into the transmittance 

data. Then the data was fitted into a non-linear regression function to calculate the 

complex permittivity. Finally the permittivity results were checked into the error 
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checking modeling. The details of data processing are introduced in the next three 

sections. The typical example of 0.025wt% Multiwall Carbon Nanotube/epoxy 

composite in 10 GHz data processing is given.  

 

82B82B3.3.1Data Smoothing (Appendix I) 

The detector output signal should be linear with received power over the range used, 

thus the output voltage is proportional to the power incident on the receiving horn. 

The transmittance of the sample can be obtained by dividing the signal with sample, 

at a given frequency, by the signal at the same frequency with no sample. When a 

sample is present an oscillation is seen in the signal with frequency. This is due to 

standing waves between transmitter and receiver.  

 

Smoothing was achieved by convolution integral technique, by using Fourier 

transforming data and multiplying by the Fourier transform of a function appropriate 

for removing the high frequency oscillations from the data, forming a low pass filter. 

A Gaussian function is used in this smoothing process, and then applying the inverse 

Fourier transform on the product. An example of a data set before and after the 

smoothing process as it is shown in Figure 3.4Fi.  
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Figure 3. 4: Data smoothing 

83B83B3.3..2Data Fitting (Appendix II) 

Through the smoothed transmittance data, the plot of Angle of incident and 

transmittance in certain frequency can be obtained in XFigure 3.5X.  
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Figure 3. 5: data about the incident angle from 0 to 65 degree after smoothing 

 

Non-linear regression  from  non-linear fitting package in Mathematica is then used to 

best fit the smoothed transmittance data, as a function of angle of incidence to 
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equation. The real and imaginary parts of the permittivity are the parameters which 

can be calculated through fitting the equations. In this case, the permittivity is 2.99751 

+ j*0.640632 in frequency of 10GHz.  

 

84B84B3.4Error checking  

The permittivity results are obtained by the non-linear regression method. For 

checking the results a program is written by the Mathematica language with an 

“Optics” package to check the results whether it is fit the transmittance data. 

(Appendix III). Here, the complex permittivity is used to draw the theoretical 

transmittance-incident angle graph through mathematical calculations. Through 

calculation the theory transmittance data from the permittivity values, the deviation 

between theory and experiment were compared. As it is shown in Figure 3.6: 
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Figure 3. 6: The comparison between the experiment and theory 

 

From the comparison between the experiment and theoretical predicted transmittance 

incident angle, it is obvious that the two graphs are in good agreement.  
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8B8BCHAPTER 4                                                      

9B9BExperimental Details 
 
 
 
 

 

38B38B4.1 Raw Materials 

85B85B4.1.1 Epoxy Resin  

A commercially available bisphenol-A type epoxy resin (Aradite@LY564, Huntsman 

Ltd) with average viscosity of 250-500 cps and density of 1.1-1.2 *103 g m-3 at 25 oC 

was used as matrix. As a curing agent, an amine type hardener (XB 3486, Huntsman 

Ltd) with viscosity of 10-20 mPa s and density of 0.94-0.95 *103 g m-3 at 250C was 

used. The basic information of the LY 564/XB 3486 epoxy system was given by in 

Table 4.1. XT.  
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Table 4. 1: epoxy resin information (Huntsman Ltd) 

Property name Value 

Mix Ratio (parts by weight) 100:34 

Pot Life at 23 oC (100g) (mins) 560-620 

Tg( oC) 80-84 

Flexural Strength (MPa) 118-130 

Ultimate Flexural Elongation (%) 10.5-12.5 

Recommended Cure Schedule 8 hr at 80 oC 

Gel time at 80 oC (mins) 33-43 

 

86B86B4.1.2 Nanoparticles for dielectric loss 

Dielectric lossy nanoparticles were used in this research project. They were acting as 

additives to be mix into the resin for modifying the permittivity of the composites. 

The multi-wall carbon nanotubes (MWNTs), carbon blacks (CBs), nano silver, nano 

tungsten carbide and nano titanium oxide were chosen to be the guest materials to fill 

into the epoxy resin system. The multi-wall carbon nanotubes (MWNTs) are 

fabricated by Shenyan Institute of Metal Research, China Academy of Science, using 

a conventional Chemical Vapour Deposition (CVD) process. The N330 carbon black 

was provided by NNS Chemicals PVT Ltd. The other nanoparticles (Nano WC, Nano 

TiO2 and Nano Ag) were provided by the QinetiQ Nanomaterials Ltd. All of the 

nanoparticles were fabricated through the plasma methodology to control the size of 

nanoparticles.  
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87B87B4.1.3 Reinforcement glass fibre fabrics: 

The 450/-450 E-glass fibre (FGE 104 ST) is provided by Formax Multiaxial 

Reinforcements. The lay-out (directions) of fibre structures was 450/-450. The E-glass 

fibre was used to fabricate the epoxy/E-glass fabric composite with nanoadditives. 

The effect of E-glass fibre for the complex permittivity in nanoaddtives/epoxy 

composite system would be investigated.  

 

39B39B4.2 Fabrication of nanoadditives/epoxy composite 
From the transmittance only permittivity testing, it is known that the requirement of 

the permittivity testing is the uniform thickness of the samples.  

 

Mould design for plate manufacturing: 

For achieving the uniform sample thickness, two iron plates and some wood-plastic 

slices are used. Three sides of iron plates are surrounded by the wood slices and the 

last side of the iron plate is open for infusing the resin. At the meantime, a number of 

clamps are used to prevent the resin leakage. Through this mould, the thickness of 

sample will be the same as the thickness of the wood slice.   

 

After adding the additives into the resin, a good dispersion will be needed, which is 

very important to make a homogenous composite. An ultrasonic probe was inserted 

into resin and the samples were vibrated with the ultrasonic frequency around 

30,000Hz in the energy import from 0 - 750W as maximum. For avoiding the mixed 

liquid overheating in the dispersion processing, a pulse setting (5 seconds on and 5 

seconds off) was used. The ultrasonic probe was used for about 20 minutes. Hardener 
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XB 3486 then was added into the mixture in the weight ratio of 100: 34 (LY 564: 

XB3486). A de-gas operation was also carried out for each batch mixed, and the 

mixture was de-gassed for about 10 minutes before putting into an oven for 

polymerization, which can effectively avoiding bubbles kept in the composite. The 

mixed samples were poured into the mould and left in an oven at 80 oC for at least 8 

hours for complete polymerisation. Because all the fabrication materials are going 

through a permittivity test, a special diamond saw was used to slice the panels into the 

uniform size (340mmx240mm).   

 

40B40B4.3 Fabrication of epoxy/E-glass fibre with carbon black composites 
Composites of thermosetting resins, such as polyester and epoxy, with fibre 

reinforcements can develop optimal mechanical properties when the resin to fibre 

volume ratio is over 40%. If excess resin remains in the composite, the mechanical 

properties will have to be compromised and the properties of the composite would be 

decreased. If less resin exists in the composite, the spots where the reinforcement is 

lacking in the binding resin matrix would cause the micro crack initiation once the 

load applied. The vacuum bag resin infusion manufacturing process is used with 

certain modifications to resolve these issues. 

 

The vacuum infusion is used to create mechanical pressure of atmosphere on a 

laminates during its cure cycle to remove trapped air between the layers, to compact 

the fiber layers, to prevent shifting of fibre orientation during the cure, to reduce 

humidity, and to obtain a maximized fibre-to-resin content in the composite by 

squeezing out any excess resin. These advantages have been used to maximize the 

physical properties of composite materials such as fiberglass and carbon fiber.  
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88B88B4.3.1 Vacuum resin infusion composite process 

As shown in Figure 4.1, the vacuum resin infusion uses vacuum bag normally is 

composed of vacuum bagging film, a peel ply, flow media (distribution media), 

reinforcements and the mould.  

 

Figure 4. 1: Schematic of resin infusion 

 

When the vacuum bag is first sealed, air pressure on both sides of the barrier 

equilibrate with that of atmospheric pressure. As vaccum applies inside the bag, air 

was removed from the closed system by using a vacuum pump, the pressure inside the 

bag decreases while the atmospheric pressure compresses its content.  

 

89B89B4.3.2 Processing  

The mould tool (400mm x 400mm iron plate) will be cleaned by Mould cleaner three 

times with 5 min intervals and be coated by semi-permanent mould release agent 

three times with 5min intervals. The release agent ensures that the epoxy resin will 

not stick to the mould tool and a clean interface exists between the tool and the part. 

The mould was prepared for the vacuum resin infusion. Firstly, the 8-plies E-glass 
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fibre was placed into the iron plate. Secondly, it will be covered with a peel ply and a 

resin distribution media. Thirdly, the resin inlet which is a plastic tube is placed on the 

middle of the stack from one side selected and a resin outlet of the same formation is 

placed from the other side. Fourth, a vacuum bag is applied on top and the edges are 

sealed with tacky tape. Finally, a vacuum gauge will connect with the resin outlet.  

 

The mixture of epoxy and nanoadditives was dispersed in the ultrasonication 

condition. A vacuum pump would be connected to the outlet and used to suck the air 

of the infusion cavity- mould. The inlet would insert into the epoxy 

resin/nanoadditives liquid. In vacuum, the resin rapidly flew over the reinforcement 

plies. Arrange the mould into the oven at 80 0C and cure for 8hours. 

 

Table 4. 2: List of the composites manufactured materials dimension- thickness 

Composite Filler content (wt %) Thickness(mm) 

Ag/epoxy 0.5% 4.05 

WC/epoxy 0.5% 3.97 

TiO2/epoxy 0.5% 3.90 

Carbon black/epoxy 0.5% 3.88 

Carbon black/epoxy 1% 3.90 

Carbon black/epoxy 1.5% 3.95 

Carbon black/epoxy 2% 3.99 

Carbon black/epoxy 2.5% 3.91 

MWNT/epoxy 0.025% 3.87 

MWNT/epoxy 0.05% 3.88 

MWNT/epoxy 0.1% 3.97 

MWNT/epoxy 0.25% 3.95 

MWNT/epoxy 0.5% 3.86 
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Epoxy/glass fibre with carbon black 0.5% 3.85 

Epoxy/glass fibre with carbon black 1% 3.80 

Epoxy/glass fibre with carbon black 2% 3.60 

Epoxy  3.95 

E-glass fibre/epoxy  3.50 

 

41B4.4 Electron microscopy 

 
Transmission electron microscopy (TEM) was performed using a high resolution 

electron microscope (Model JEOL 2010, Tokyo, Japan) operating with accelerating 

voltages of 200 kV and having a lattice resolution of better than 0.2 nm. Selected area 

electron diffraction (SAD) was used for microstructure analysis. The nanoparticles 

samples were ultrasonically dispersed in ethanol in an ultrasonic bath for half an hour   

and then collected using lacey microscope grids coated with carbon film for these 

investigation 

 

Scanning electron microscopes (JEOL 6300 and FEI Inspect F) were used for 

examination the degree of the dispersion of the nanoparticles in the composites. The 

samples were frozen by the liquid nitrogen and then the samples were broken by a 

hammer. The fracture surface of the nano-additives/epoxy composites was observed.  

 

42B42B4.5 Direct Current (DC) Conductivity Testing  
DC conductivities of all samples were measured by a simple four point resistivity 

measurement with a picoameter (Keithley 6485) and DC voltage source (Agilent 

6614C). Typically the inner two probes drive a voltage through the sample while the 
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outer two probes measure the current flowing through the sample. The resistivity can 

be calculated by measuring the current and voltage and using the following equations:  

VIR /=  and ltwR /)( ⋅⋅=ρ , 

where R is resistance, I is current, V= voltage, ρ= resistivity, w=width of sample, t is 

thickness of sample, and l=distance between the inner probes.  

 

The samples were prepared with the uniform thickness. The current-voltage curves 

were obtained to calculate the resistivity. In this experiment, for a sample with a 

resistivity as high as 106 Ω m, electrical resistivity was not measurable, and was 

considered nonconductive. Every type of composite was measured by three times and 

the average values were reported.  

 

 

                    Figure 4. 2: Direct conductivity (DC) testing 
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43B43B4.6 Permittivity testing  

The Novel, simple free space method – transmittance only method was developed and 

employed to measure the complex permittivity in the GHz frequency range. The 

theory, experimental apparatus, operation and data processing was given in the last 

chapter.  
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10B10BCHAPTER 5                                                     

11B11BComplex Permittivity of MWNTs 
Reinforced Epoxy Matrix for Composite 
 
 
 
 

 

 

 

It is well known that carbon nanotubes (CNTs) exhibit unique combination properties 

such as surface, mechanical, electrical and thermal properties because of their stable 

unique structure and high aspect ratio. Because of the extremely high conductivity of 

MWNTs, it is believed that MWNTs have great potential to improve the complex 

permittivity of epoxy resin system in X band frequency range. In this chapter, 

multiwall carbon nanotubes (MWNTs) were processed and dispersed into the epoxy 

matrix; the Direct Current (DC) conductivity and permittivity results are presented 

and discussed. 

 

44B44B5.1 Microstructure Analysis  

Multi-wall Carbon Nanotubes (MWNTs) 

Carbon nanotubes provide many properties from its unique structure as discussed by 

many researchers. The high aspect ratio and large surface area allows for low loadings 
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of MWNTs which allow for electronic conductivities to be achieved while 

maintaining the mechanical properties and flow properties of the pure polymers 

needed for electrical and mechanical applications. The TEM bright field images of 

MWNTs for their morphology are shown in Figure 5.1. From this Figure, The length 

and diameter of MWNTs are clearly given. It is also shown in Figure 5.2 that the 

diameter of MWNTs is around 40—50 nm and the length of MWNTs is more than 

3—5 µm and some of them even longer than 10 µm. 

 (a)                                                                   (b) 

 

Figure 5. 1 : TEM images of multiwall carbon nanotubes 
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Figure 5. 2: SEM nanocarbon tube image showing longer tubes made for 

reinforcement and electronic applications 

 

MWNTs/Epoxy Composites 

The SEM images (given by FEI Inspect F) of MWNTs/epoxy composites shown that, 

the nanotube clusters in the MWNT/epoxy composites. Figure 5.3 (a) and (b) are the 

images of fractured surface with 0.25 wt% MWNT/epoxy confirmed that some 

loosely clustered nanotubes were well dispersed during mixing processing of the 

composites. The entanglement of MWNT was not a major issue during dispersing the 

carbon nanotubes in the epoxy resin.  



Complex Permittivity of MWNTs Reinforced Epoxy Matrix for Composites 

109 

 

(a)                                                           (b) 

 

Figure 5. 3: SEM images (a) and (b) are on the fractured surfaces of 0.25 wt% 

MWNT/epoxy composite. 

45B45B5.2 Direct Current (DC) Conductivity  

 
The percolation theory predicts a critical concentration or percolation threshold at 

which a conductive path is formed in the composite causing the material to convert 

from an isolator to conductor (Ogasawara, Ishida et al. 2004; Wang, Dai et al. 2008; 

Bauhofer and Kovacs 2009). The conductivity can be expressed as: 

 

t
cppCp )()( −=σ             (Kim, Lee et al. 2003; Sandler, Kirk et al. 2003) 

Equation 5. 1 

Where p is the volume fraction of conductor, Pc the percolation threshold, and t is the 

critical exponent.  

 

The investigation of MWNTs/epoxy composite’s DC conductivity percolation 

threshold has been popular in recent years. The publications about MWNTs/epoxy 
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composite DC conductivity percolation threshold are listed in the below:  

 

Table 5. 1:The DC conductivity percolation threshold of CNT/epoxy composites by 

researchers. 

Dispersion Technique Epoxy System CNT Wt.% 

CNT at Pc  

Resistivity at Pc (S/m) 

Surfactant Hexcel Composites MWNT 0.2 108 (Barrau, Demont et 

al. 2003) 

Solvent-ethanol Araldite MWNT 0.04 104 (Sandler, Shaffer et 

al. 1999) 

Solvent-ethanol Stycast 1266 SWNT 0.074 200 (Ajayan, Schadler 

et al. 2000) 

Solvent-ethanol  Hexcel Composites MWNT 0.4 109 (Barrau, Demont et 

al. 2003) 

Solvent-ethanol Kukdo Chemical MWNT 0.4 104 (Shen, Curran et al. 

2005) 

Shear-dissolver disk Araldite Aligned 

MWNT 

0.002 106 (Martin, Sandler et 

al. 2004) 

Shear-dissolver disk Araldite Aligned 

MWNT 

0.001 100 (Sandler, Kirk et al. 

2003) 

Bulk Bisphenol-A-

epichlorohydrin 

MWNT 1 105 (Allaoui, Bai et al. 

2002) 

 

In this work, the DC conductivity of MWNT/epoxy composites was tested in Figure 

5.4 which shows the plot of relationship between the DC conductivity and the weight 

concentration of MWNT fillers. From the plot, a typical percolative behaviour of the 

composite is observed when CNT concentration researched 0.1wt%. A dramatical 

increase is observed between the 0.025wt% MWNT sample and 0.05wt% (close to or 
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less than 0.1 wt. %) MWNT, where the conductivity changed from 10-7 to 10-3 S/m or 

to 10-5 S/m around 0.1wt%. And this result has a very good agreement with some 

publications about the conductivities of CNT/epoxy composites (Sandler, Kirk et al. 

2003; Bryning, Islam et al. 2005; Kim, Shin et al. 2005; Gojny, Wichmann et al. 2006; 

Moisala, Li et al. 2006; Kovacs, Velagala et al. 2007; Bauhofer and Kovacs 2009).  

 

Figure 5. 4: the DC conductivity of the MWNT/epoxy composites 

 

However, compared to other conductive additives, the results from the MWNT/epoxy 

composite have a very low percolation threshold which link to the remarkable 

properties of carbon nanotubes, such as small size, large aspect ratio and high 

electrical conductivity, as well as good dispersion in epoxy matrix. All these give 

supports to create extensive conductive networks that make electron transportation 

possible in the composite with an extremely low MWNTs loading (Sandler, Kirk et al. 

2003; Sluzarenko, Heurtefeu et al. 2006).  
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46B46B5.3 Complex Permittivity 
 
The real and imaginary part of relative permittivity spectra of MWNTs/epoxy are 

shown in Figure 5.5 in the frequency range of 6.5-11.5 GHz. When the 

electromagnetic radiation is incident directly on to the composite surface, the electric 

field induced two different electrical currents within the material, a conduction current 

and a displacement current respectively (Misra 2000). The former arises from free 

electrons in conducting inclusion which give the rise to electric loss (imaginary 

permittivity), and the latter comes from the bound charges, i.e., polarization of 

dielectric matrix (real permittivity, also called dielectric constant) (Watts, 

Ponnampalam et al. 2003). In this study, ionic polarization is the dominant 

polarization because of their frequency range and materials. The electric loss of 

material in high frequencies is contributed by both dc conductivity and ac 

conductivity based on the expression (Yusoff, Abdullah et al. 2002): 

 

''

0

''
ac

dc
r εωε

σε +=  

Equation 5. 2 

Where, εr” is the imaginary part of the relative permittivity, dcσ  is the dc conductivity, 

ω  is the angular frequency, 0ε is the permittivity of free space, ''
acε  is the ac loss 

contribution in high frequencies (mainly caused by the relaxation effect). From the 

Figure 5.5, it shows that an increase of CNT content results in enhanced 

electromagnetic permittivity in microwave frequency range especially for the 

imaginary permittivity. It is noticed that the imaginary part permittivity is much more 

sensitive than the real part. That is because of the extra high conductivity of the 

MWNTs. These results are good agreement to similar results which have already been 
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found by various authors (Watts, Ponnampalam et al. 2003; Fan, Luo et al. 2005; Lee, 

Kang et al. 2006; Makeiff and Huber 2006; Nanni, Travaglia et al. 2009).  

                          (a) 

      

(b) 

 

Figure 5. 5: (a) the relative real part permittivity of MWNTs/epoxy composites; (b) 

the imaginary part permittivity of MWNTs/epoxy composites. 
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For analysing the effect of the DC conductivity to the imaginary part of the relative 

permittivity and the effect of the volume fraction of MWNT for the complex 

permittivity, the results of complex permittivity at 10 GHz is plotted, as an example. 

Figure 5.6 shows the variation of the real part and imaginary part of the relative 

permittivity of the composite with respect to the weight fraction of multiwall carbon 

nanotubes to epoxy resin at 10GHz. The real part permittivity in Figure 5.6(a) shows 

the tendency of linear increment with respect to the MWNT loading. From the figure 

5.6(b), it is found that the percolation threshold in the imaginary permittivity results is 

in between the 0.025 wt% and the 0.05 wt% of MWNTs content. Because of the 

similar result tendency of DC conductivity results of MWNTs/epoxy composites, the 

imaginary part of the relative permittivity can be compared with the results of the DC 

conductivity of the composites. The DC conductivity is the main factor to influence 

the imaginary permittivity at 10 GHz and the AC loss contribution is very small. It is 

also found that the results were difficult to fit the mixing rules which were discussed 

in the literature review. The reason is that the mixing rules are produced under the 

micro scale fillers/ polymer composite and in this study the nano size fillers which 

have larger surface area and aspect ratio than the micro fillers are used.  The different 

dispersion state and the different matrix might also be the reasons to fit any mixing 

rules.  
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(a) 

 

(b) 

 

 

Figure 5. 6: (a) The relative real part permittivity MWNTs/epoxy composite at 10 

GHz; (b) the relative imaginary part permittivity MWNTs/epoxy composite at 10  
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GHz. 

5.3.1 DC conductivity and imaginary part of permittivity  

 

According to the equation: 

 

''

0

''
ac

dc
r εωε

σε +=  

Equation 5. 3 

Where, εr” is the imaginary part of the relative permittivity, dcσ  is the dc conductivity, 

ω  is the angular frequency, 0ε is the permittivity of free space, ''
acε  is the ac loss 

contribution in high frequencies. The imaginary part of relative permittivity can be 

calculated when the DC conductivity data was obtained in the low frequency range. 

(It is believed that the ''
acε  can be negligible in the low frequency range). The 

calculated data and the experimental data of imaginary part of relative permittivity 

were compared in Figure 5.7.  It is clearly seen that the calculated data and 

experimental data have the same tendency respect to the increment of the MWNTs 

content. And it also found that the gap between the calculated and the experimental 

data exist. It implies that value of the gap is the ac loss contribution at 10 GHz.  
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Figure 5. 7: the comparison of the experimental data and the calculated data of the 

imaginary part of relative permittivity 

 

47B47B5.4 The effect of the other Nano-additives in epoxy composites 

 
For comparison to the effect of the multiwall carbon nanotubes in epoxy composites 

for the complex permittivity in GHz frequency range, the other nanoadditives (Ag, 

TiO2, WC and Carbon black) with same weight concentration in epoxy resin were 

fabricated to test their complex permittivity in GHz frequency range. Firstly, the 

microstructure of the nanoparticles and epoxy/nanoparticles were investigated. Their 

microstructures and the surface morphology of the nanoparticles in epoxy were shown 

a good dispersion of nanoparticles in the epoxy resin. All these mixtures produced 

different levels of permittivity and they all are compared with MTWNTs/epoxy 

system. 
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90B90B5.4.1 Microstructure 
 
5.4.1.1 Nano-functional additives 

The nanoadditives (Nano WC, Nano TiO2 and Nano Ag) were observed by JEOL 

6300 field emission scanning electron microscopy and N330 carbon blacks were 

observed by FEI Inspect scanning electron microscopy. The morphology of these 

nanoadditives is shown in Figure 5.8 and Figure 5.9.  

  (a)                                                                 (b) 

 

(c) 

 

Figure 5. 8: The morphology of the nano Ag (a), nano WC (b) and nanoTiO2 (c) 
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Figure 5. 9: The SEM images of carbon blacks 

 

5.4.1.2 Nanoadditives/epoxy composites 

The fracture surface of the nanoparticles/epoxy composite is observed by SEM. The 

dispersion state of the nanoparticle in epoxy resin is shown in Figure 5.10. From the 

figure, the aggromation of nanopartilces is not a major issue during dispersing the 

nanopartilces in the epoxy resin. 
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(a)                                                                 (b) 

 

(c)                                                                  (d) 

  
 

Figure 5. 10: The SEM images of the fracture surface of the nano Ag/epoxy 

composite (a), nano WC/epoxy composite (b), nano TiO2/epoxy composite (c) and 

Carbon black/epoxy composite (d) 

 

48B48B5.4.2 Permittivity 

For the investigation of the effect of the different nanoadditives in the epoxy resin to 
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the complex permittivity in 6.5—10.5GHz frequency range, five type’s nanoadditvies 

(nano Ag, nano WC, nano TiO2, carbon black and MWCNT) with the same weight 

concentration (0.5%) were fabricated for the permittivity tests. From Figure 5.11, the 

real part and imaginary part of complex permittivity of epoxy composites with 

different nanoadditves with the same concentration of additives is shown. This shows 

that the MWNT was the best additives to tailor the both of real part and imaginary 

part of complex permittivity of the epoxy resin in low concentrations.  

 

For better comparison the effect of MWNTs to the other nano-addives for the complex 

permittivity, the certain frequency 10 GHz is set up and the complex permittivity of 

nano-additves/epoxy is plotted in Figure 5.12. It is clear that in the MWNTs/epoxy 

composite the real part permittivity is improved from 1.7 to 4 and the imaginary part 

of relative permittivity is improved from 0.001 to 0.7; in the other nano-

additives/epoxy composites the real part and imaginary part of permittivity can be 

improved slightly compared to the plain epoxy resin.  Especially in the imaginary part 

of permittivity, the MWNTs can increases the permittivity in an order magnitude 

compared to the other nanoaddives. As it is discussed before, the electrical percolation 

threshold is the main contribution to the imaginary part of complex permittivity in the 

GHz frequency range. That means only the MWNTs can reach the percolation 

threshold in the very low concentration. These also can be proved by other research 

papers which investigated the electrical percolation threshold of composite (Mamunya, 

Davydenko et al. 2002; Bryning, Islam et al. 2005).  
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    (a) 

 

               (b) 

 

Figure 5. 11: real part (a) and imaginary part (b) relative permittivity of 

nanofillers/epoxy composite 
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Figure 5. 12: The relative permittivity of nanofiller/epoxy composite in 10 GHz 
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12B12BCHAPTER 6                                                      

13B13BComplex Permittivity of Carbon 
Blacks/Epoxy Composites 
 
 
 
 

 

Because of good conductivity, light weight and cheap price, the carbon blacks (CBs) 

are traditional conductive additives to make the conductive polymer composite 

(Sumita, Sakata et al. 1991). In past ten years, most of the dielectric radar absorbing 

materials are used by CBs because of its cheap price and high electrical conductivity. 

In this chapter, low concentration CBs/epoxy composites and E-glass fibre/epoxy with 

low concentration carbon blacks composite are fabricated for their direct current (DC) 

conductivity test and complex permittivity test in frequency range 6.5-10.5 GHz.  

 

49B49B6.1 CBs/epoxy composite 

91B91B6.1.1 Microstructure analysis 
 
The carbon blacks (CBs) additives were dispersed into the epoxy matrix. The degree 

of the dispersion of CBs in epoxy matrix is important to achieve the high DC 

conductivity and high complex permittivity of the composites. The serious 

agglomerations can weaken the effect of the additives to change the dc conductivity 

and complex permittivity of composites. The specimens’ microstructure was observed 

by field emission SEM (FEI inspect F). As shown in Figure 6.1, the fracture surface of 
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CBs/epoxy composite and the CBs particles were observed by scanning electron 

microscope (SEM). Through the comparison of CBs/epoxy composite and CBs 

particles, it is found that the clusters of CBs particles are appeared in the fracture 

surface of the epoxy/carbon black composite. It is also proved that the agglomeration 

of CBs in epoxy resin is not very serious; the dispersion degree is acceptable.   

(a)                                                                 (b) 

  

(c) 

 

Figure 6. 1: (a) and (b) are the SEM image of the fracture surface of the carbon 

black/epoxy composite; (c) is the SEM image of the carbon black powder 
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92B92B6.1.2 Direct Current Conductivity and permittivity 
 
Because of the sensitivity limitation of the measurement (the samples were shown 

nonconductive when the dc conductivity was lower than the 10-6 S/m), the composites 

with weight concentration of carbon blacks between the 0.5 wt. % and 2.5 wt. % were 

tested and the dc conductivity results showed that those composites are nonconductive. 

These tests prove that the percolation threshold is not reached to the concentration of 

2.5 wt %. These results are matched the previous works in the CBs/polymer 

composites. Previous papers show that DC conductivity percolation threshold of the 

carbon black concentration in polymer composite was over 10 wt. % (Sumita, Sakata 

et al. 1991; Tang, Chen et al. 1996; Mamunya 1999; Dishovsky and Grigorova 2000; 

Li, Qi et al. 2000).  

 

Both the real part and imaginary part of complex permittivity are increased with 

respect to the content of the carbon black. However, compared to MWNT/epoxy 

composites with same weight concentration of nanoadditives, the degree of the 

increment can be negligible. It is believed that the conductivity of CBs/epoxy 

composites is the most important factor to influence the complex permittivity. 

Because of the high conductivity percolation threshold, the complex permittivity of 

CBs/epoxy composite with low weight concentration is not increased dramatically. 

The real and imaginary part of relative permittivity spectra of CBs/epoxy composites 

in the frequency range of 6.5—10.5 GHz have been shown in Figure 6.2. 
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(a) 

 

(b) 

 

Figure 6. 2: The real part (a) and imaginary part (b) relative permittivity of CB/epoxy 

composites 
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In wind turbine blade applications, 10 GHz was often used as a comparison frequency. 

In Figure 6.3 (a) and (b), the real part and imaginary part of the relative permittivity of 

CBs/epoxy composites with different content of carbon black in 10GHz is plotted. 

Both the real part (εr
’) and imaginary part (εr

’’) of relative permittivity are increased 

with respect to the weight concentration (wt.%) of carbon black. The εr
’ increased 

from 1.77 to 2 when the wt.% of carbon black is increased from 0 to 2.5. It is found 

that the relationship between εr
’ and wt.% of CBs is linear and the linear equation for 

this relations can be expressed as: y=0.08124x + 1.76188. The εr
’’ for the plain epoxy 

is nearly 0; εr
’’ for the 0.5 wt% epoxy/carbon black is nearly 0.8; and the εr

’’ for the 1 

wt%, 1.5 wt%, 2 wt%, 2.5 wt% epoxy/carbon black is around 0.13 to 0.18. The 

relationship between εr
’’ and wt.% carbon black is linear when the wt.% carbon black 

is from 0 to 1.5%. The linear equation can be expressed as:  y=0.05573x + 0.04516. It 

is also found that the increment of εr
’’ is not increased from the carbon black content 

1.5 wt% to 2.5 wt%. The main possibility is because of the limitation of the dispersion 

method. High content nanoadditvies (CBs) in epoxy resin make for the high viscosity 

of the mixture, and the dispersion was not very uniform by just sonication.  
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   (a) 

 

                  (b) 

  

Figure 6. 3: (a) the relative real part permittivity CB/epoxy composite in 10GHz; (b) 

the relative imaginary part CB/epoxy composite in 10 GHz 
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93B93B6.1.3 Data fitting with mixing rules 
 
From the literature review (Garnett 1904; Lichtenecker and Rother 1931; Bruggeman 

1935; Bottcher 1952; Achour, El Malhi et al. 1999), the permittivity of the conductor-

insulator composite is dependent on the complex permittivity of matrix, the complex 

permittivity of conductive additives and the volume fraction of the conductive 

additive in the matrix in the certain frequency. And there are a lot of mixture laws to 

predict the permittivity of composite according to the matrix permittivity, filler 

permittivity and volume fraction of the additives. It is expected from these equations 

which are supposed to be applied to conductor-insulator composites to account for 

both the real and the imaginary parts of the complex permittivity. Here, it is assumed 

that the complex permittivity of carbon black to be of the form )/( 0
' ωεσεε ccc j−= , 

in which σc is the dc electrical conductivity (σc = 1500 (Ωm)-1), so the imaginary part 

of the relative permittivity of the carbon black at 10 GHz is 2699 and the real part of 

the relative permittivity is an adjustable parameter (it is always in range 10-20. we 

collect the 18 for the real part of the relative permittivity for the carbon black in the M. 

E. Achor et al paper (Achour, El Malhi et al. 1999)) . The permittivity of epoxy at 10 

GHz is je *006.077.1 −=ε . The predicted results of the various equations from 

equation to equation are indentified as follows: Maxwell-Garnett (MG) Bruggeman 

(BR) Bottcher (BT), Lichtenecker (LC) and Lichtenecker-Rother (LR).  

 

The respective permittivity of carbon black and plain epoxy resin used in the 

calculation is shown above. It is observed that the differences of the predicted values 

from the different mixture law are very huge. The experimental values of the real part 

of complex permittivity are closed to the MG mode and BR mode and the 

experimental values of the imaginary part of complex permittivity are closed to the 
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BT mode, MG mode and BR mode. It implies that the best mode to fit the 

experimental data in the complex permittivity of CBs/epoxy composites is the 

Maxwell-Garenett (MG) mode. Figure 6.4(a)(b) reports, respectively, the 

experimental and the calculated values of real part and imaginary part of the relative 

complex permittivity of the carbon black/epoxy composites at a frequency of 10 GHz. 

 

 

Figure 6. 4: The real part (a) and the imaginary part (b) of the complex permittivity of 

the carbon black/epoxy composites as a function of the wt .% at 10GHz. 

(b) 

(a) 
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50B50B6.2 The effect of E-glass fibre in carbon black/epoxy composites  
 
As the structure materials, E-glass fibre as the reinforcement was always used in the 

epoxy resin system composite for improving the mechanical properties. In this section, 

10 vt.% E-glass fibre/epoxy with different weight concentration carbon black 

composites are fabricated to test their complex permittivity in 6.5—10.5 GHz 

frequency range. The effect of E-glass fibre for the complex permittivity of 

CBs/epoxy composite is investigated.  

 

94B94B6.2.1 Microstructure analysis 
 
The carbon blacks (CBs) were dispersed in the E-glass fibre/epoxy composites. The 

dispersion situation was detected by the scanning electron microscope (SEM). Some 

clusters of carbon black are found in the cross section of composites with the several 

hundreds nanometers diameter range. The degree of dispersion was similar to 

CBs/epoxy composites.  The fracture surface of epoxy/E-glass fibre and the epoxy/E-

glass fibre with carbon black was shown in Figure 6.5.     



Complex Permittivity of Carbon Black/Epoxy composite 

133 

   (a) 

 

        (b) 

 

Figure 6. 5: (a) SEM image of epoxy/E-glass fibre; (b) SEM image of epoxy/E-glass 

fibre with carbon black 
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95B95B6.2.2 Permittivity 
 
The complex permittivity of CBs/epoxy with 10 vt. % E-glass fibre composites were 

tested and analysed. It was found that the real part (εr
’) and imaginary part (εr

’’) of 

relative complex permittivity is increased respect to the carbon black content. It was 

also found that the degree of the increment of the permittivity is similar to the carbon 

black/epoxy composite. The complex permittivity of the 10 vt. % E-glass fibre/epoxy 

with different content carbon black in the frequency range 6.5—10.5 GHz was shown 

in Figure 6.6.  

 

Certain frequency at 10 GHz was set up for analysis the effect of E-glass fibre in the 

CBs/epoxy composite for the complex permittivity; the complex permittivity of the 

CBs/epoxy composites and CBs/epoxy with E-glass fibre composites is plotted in 

Figure 6.7. Through the comparison of the results of carbon black/epoxy composite 

and CBs/epoxy with E-glass fibre composites in 10 GHz, it is clearly shown that both 

of two complex permittivity results have the similar tendency respect to the increment 

of wt. % of carbon black. It is also observed that the real part of relative permittivity 

of CBs/epoxy with E-glass fibre composites is increased by 1 ~ 2 and the imaginary 

part of it is increased by 0.1. It proves that both of E-glass fibre and carbon black can 

affect the complex permittivity of epoxy resin in 6.5 –10.5 GHz independently.  
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      (a) 

 

     (b) 

 

Figure 6. 6: The real part (a) and imaginary part (b) relative permittivity of E-glass 

fibre/epoxy with carbon black 
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 (a) 

 

    (b) 

 

Figure 6. 7: The relative permittivity of CB/epoxy composite and E-glass fibre/epoxy 

with CB composite in 10 GHz. (a) the real part; (b) the imaginary part
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14B14BCHAPTER 7                                                      

15B15BThe Modelling of Wind Turbine Blade 
 
 
 
 

 

 

 
 

51B51B7.1 Background 

96B96B7.1.1 Wind turbine 
 
The energy problem we are facing today is articulated around two main drivers: 

supply and greenhouse gas emission. Renewable energy sources are an inevitable part 

of the solution and wind power as a carbon free source energy is one of the most 

commercially developed and rapidly growing renewable energy technologies in the 

UK and worldwide (Poupart 2003; Geoffrey Lean 2005). Wind energy is mainly 

produced by the uneven sun heating between the dry lands and seas; it can be treated 

as a kind of  energy from sun. About 1% to 2% of the energy coming from the sun is 

converted into wind energy. On the earth, wind is the flow of air that composes an 

atmosphere. Differences in density between air masses lead to wind. On our earth, the 

total amount power available from the wind is considerably more than present human 

power use from all sources. An estimated 72 TW of wind power on the Earth 

potentially can be commercially useable. According to Figure 7.1 from the Global 

Wind Energy Council Association (GWEA), Electricity production from wind energy 
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has grown at a fast pace over the last few years. In 10 years, the installed capacity for 

wind power increased 10 times. But it is still only 0.1% useable wind power on our 

planet. The development of wind energy exist great potential in the future decades.  

 

[Global Wind Energy Council Association (GWEA) statistics] 

 

Figure 7. 1: Global cumulative installed capacity 1995-2006 

 

For wind energy, a converter in needed to turn the kinetic wind energy into 

operational energy, e.g. electricity and/or heat. The wind turbine which is this kind of 

converter is designed to collect the wind energy. A wind turbine is a rotating machine 

which converts the kinetic energy in wind into mechanical energy and then converts 

into electricity. A typical wind turbine is composed of foundation, tower, nacelle, and 

hub and turbine blade. It is shown in the Figure 7.2 below. (Stiesdal 1999; Paul A. 

Bonnet 2007) A steel or concrete tower is equipped with the nacelle on top, which is 
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turning around a vertical axis in a way that the rotor always faces the wind. When 

wind flows, the rotor turns and drives an electric generator. The generation of electric 

power depends on wind speed, area of the rotor and air density. The capacity of the 

wind turbine can be expressed by: 

 

3AvP αρ=            (Brondsted, Lilholt et al. 2005) 

Equation 7. 1 

Where α is an aerodynamic efficiency constant, ρ the density of air, A the area of wind 

turbine blade swinging around, and v the wind velocity.  

 

 

Figure 7. 2: The shape and components of wind turbine 

 

Through wind turbine technology’s development, the size of wind turbine become 

larger and larger especially regarding rotor blade components. In the Figure 7.3, it is 
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shown that the rotor diameters from 30 m to 80m and tower heights from 40m to 

100m for enlarging the power output (from 200 kW up to 4MW) (Geoffrey Lean 

2005).  

 

 

Figure 7. 3: Wind turbine size developments (Brondsted, Lilholt et al. 2005) 

 

97B97B7.1.2 Wind turbine Blade 
 
The basic wind turbine blade has an aerofoil cross section which is largely a hollow or 

sandwich structure for most of its length, tapering into a solid circular cross section at 

the root. The structural performance of the blade is determined by the central spar and 

in particular the spar caps which provides the flap-wise stiffness of the blade, together 

with skins and the shear webs of the spars which provide torsion rigidity. The 

schematic of the structure of wind turbine blade is shown in Figure 7.4.  
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Figure 7. 4: The structure of the wind turbine blade 

 

The materials of the wind turbine blade should meet the requirements focused on 

stiffness, density, and long-time fatigue: 

 

n High material stiffness is needed to maintain optimal aerodynamic performance 

n Low density is needed to reduce gravity forces 

n Long fatigue life in needed to reduce material degradation 

 

The materials properties requirements of high stiffness, low weight and long fatigue 

life can be used to perform a material selection. In a simplified form, the diagram of 

stiffness versus density in Figure 7.5 shows the material selection through the merit 

index. It is shown that the potential candidate materials are wood, composites, porous 

ceramics, metals, and ceramics in the merit index 0.003. If the merit index is doubled 
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to 0.006, the candidate materials are woods, composites and ceramics. The 

composites constructed with carbon/glass fibre reinforcements are currently the blade 

materials of choice for wind turbine blades. This class of materials is called simply 

fibre reinforced plastics (FRP). They are usually composed of E-glass in polyester, 

vinyl ester or epoxy matrix.  

 

 

Figure 7. 5: Stiffness versus density for all materials. The merit index M= E0.5/ρ is 

represented by sloping lines with equal to 0.003 and 0.006. The criterion for absolute 

stiffness E= 15 GPa by the horizontal line(Brondsted, Lilholt et al. 2005). 

98B98B7.1.3 Interference in the radar system 
 
With the growth of interest in offshore wind farms, the size of wind turbines is set to 
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grow to larger blade lengths. With the growth there, the wind farm appeared on the 

display of air traffic control radar and marine radar. Different radars are affected by 

different parts of the turbine: the Air Traffic Control radar is particularly sensitive to 

blade movement producing Doppler returns which look to the radar as potentially real 

targets and the Marine radar used for safety and navigation purposes do not utilize 

Doppler processing but are strongly affected by the large reflections from the wind 

turbines and farms (L. Rashid 2009). From the Figure 7.6, it is seen that the wind 

turbines appear in the marine radar detection screen. Because of the interference in the 

radar system, the wind turbine farm is always built up in the area which is not covered 

by radar in the UK. But the UK government’s drive to increase the fraction of energy 

generated from renewable sources to 10% by 2010. The problem of radar interference 

is set to become increasingly acute. 

 

Figure 7. 6: wind turbine displayed in radar system 

 

From Figure 6.8, it is very clear the radar cross section form the wind turbines are 

quite large. So the conflict exists between the wind farm development and the safety 

of air traffic. Accordingly reduction in the radar cross section (RCS) has been a highly 

desirable goal.  
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Figure 7. 7: Radar cross section of the wind turbine (Poupart 2003) 

 

99B99B7.1.4 The Characteristics of wind turbines in radar system 
 
There are basically two features of any reflecting object that are significant to the 

receiving radar. The first is the magnitude, i.e. the strength of the reflection and the 

second is the Doppler frequency shift caused by movement of the reflecting surface. 

The RCS of a wind turbine is mainly controlled by the tower and the blade. The radar 

cross section of a tower is proportional to the square of its height so the trend to 

bigger and higher turbines escalates the effects rapidly. The blades are very large, with 

current designs reaching 120 meters long. Because of their aerodynamic shapes, the 

reflection characteristics are complex to predict accurately. In this thesis, only the 

wind turbine blade is investigated in the EM field.  

 

100B100B7.1.5 The aim of the modeling 
 
Because of the complex structure of the wind turbine blade, the prediction of the radar 

cross section of the wind turbine blade is not reliable. The effect of the material 

properties (permittivity) for the reduction of radar cross section is desirable to figure 

out. This modeling is to build up wind turbine blade in the plane electromagnetic field 
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and calculate the scattered energy from the wind turbine blade. The relationship of the 

permittivity and the backscattered energy is trying to solve. And the permittivity 

results in the chapter 5 are input into the modeling to calculate the effect of the 

multiwall carbon nanotubes for the backscattered energy.  

 

52B52B7.2 Single layer of Radar Absorbing Structure (RAS)  

For better understanding the relationship between the radar absorbing and the 

permittivity of the materials in the wind turbine blade modeling, the simplest model—

plain panel model is analysed firstly. A normal, 10 GHz plane wave is incident 

between air, plain panel and air.  

 

Figure 7. 8: Schematic diagram of plain panel model 

 

A three layer modeling is introduced from the standard package using mathematica 

software. This package provides functions for the calculation of optical properties of 

absorbing layers.  

Ei1 
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ET3 ER2 
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The reflectance or relative backscattered energy is given as: 
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Equation 7. 2 

The influence of the permittivity and the thickness of panel for the incident wave 

reflectance are investigation. 

101B101B7.2.1 Results and discussions 
 
From the equation of reflectance of 3-layer system, it is seen that the reflectance is 

determined the complex permittivity, complex permeability and the thickness of panel. 

In this case, the dielectric materials are used, so the relative permeability is assumed 

to 1. That means the complex permittivity and thickness of panel are two factor to 

determine the reflectance. A mathematica program with optic package is written to 

achieve the reflectance results with different complex permittivity and different 

thickness of panel in 3-layer system for plain panel structure. In the results, different 

thicknesses of panel models are running, and the 3 dimension (real part of relative 

permittivity -- imaginary part of relative permittivity -- reflectance) plots are obtained 

in Figure 7.9.  It is shown that both of the real part and the imaginary part of relative 

permittivity can affect the reflectance but with the different tendency. The real part of 

relative permittivity can change the reflectance periodically. Through changing the 

real part of relative permittivity, the minimum reflectance can be found with the 

certain thickness of plain panel. The Table 7.1 shows the thickness of plain panel and 

the real part of permittivity for the optimized reflectance.  
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Table 7. 1: the optimization minimum reflectance from the thickness and real part 

permittivity 

Thickness (mm) Real part permittivity 

4 14 

5 9 

6 5.5 

7 4.25 

 

It is also found that the imaginary part of relative permittivity can smooth the value of 

reflectance. It is clearly seen that peak value of reflectance can be reduced respect to 

the increment of the imaginary part of relative permittivity; But also the minimum 

reflectance can be increased respect to its.  This is very meaningful for designing the 

radar absorbing materials because most of the radar issue is disturbed because of their 

peak value. 

 

Through the plain panel modeling, it is found that the imaginary part of relative 

permittivity can play the key role to reduce the radar cross section through the 

smoothing the peak value of the reflectance. And also the tendency is not relevant to 

the structure of the material, so it is believed that the imaginary part of relative 

permittivity can affect the radar cross section in wind turbine blade with the same way.  
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(a) 
  

 

(b) 
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(c) 

 

(d) 

 

Figure 7. 9: Reflectance data from the plane panel model in different thickness of the 

panel; (a) 4 mm panel; (b) 5 mm panel; (c) 6 mm panel and (d) 7 mm panel 
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53B53B7.3 Wind Turbine Blade Modeling  

102B102B7.3.1 Introduction 
 
Finite element analysis software -- COMSOL is used in this case. The COMSOL is 

developed by the COMSOL Group Company for multi-physics modeling. Several 

application-specific modules are available for COMSOL Multi-physics: AC/DC 

Module, Acoustics Module, CAD Import Module, Chemical Engineering Module, 

Earth Science Module, Heat Transfer Module, Material Library, MEMS Module, RF 

Module and Structural Mechanics Module.  

 

In this work, wind turbine blade modeling is built up by COMSOL with the RF 

Module package. The RF Module is an optional package that extends the COMSOL 

Multi-physics modeling environment with customized user interfaces and 

functionality optimized for the analysis of electromagnetic waves. For simplifying the 

issue, 2-dimension model is considered because comparing to wind turbine blades 

cross section the length of wind turbine blade can be assumed as infinity. It is 

assumed that there is a detector 100m away from the wind turbine blade. The 

modeling results about the effect the permittivity for the backscattered energy, the 

effect the content of the MWNT for the backscattered energy are obtained. As it is 

known, the wind turbine blade is not any kind of symmetry. The different incident 

angle definitely respects to the different backscattered energy. The investigation of the 

effect of the different incident angle for the wind turbine blade is also given.  

 

103B103B7.3.2Modeling process 
 
The modeling processing is separated into following steps: 
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Step 1 Model Navigator 

In the Model Navigator select 2D in the space dimension list. Open the file RF 

Module, and then select In-Plane Waves/TE Waves/Scattered harmonic 

propagation to load the RF Module’s package.  

 

Step 2 Geometry Modeling 

Draw the wind turbine blade cross section in the center and draw two squares for the 

perfect matched layer. The wind turbine blade cross section is shown in Figure 7.10. 

Here, it is defined that the orientation of the wind turbine blade in the figure 6.11 is 

the 00. And the rotation of the wind turbine blade is anti-clockwise respect to the 

degree.   

 

Figure 7. 10: Geometry Modeling 
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Step 3 Physics Settings 

Scale variables: set a series of constants and variables. Frequency of EM wave is 10 

GHz; permittivity of vacuum is 8.854187817e-12 F/m; permeability of vacuum is 

4*pi*1e-7 H/m; the incident electric field in z component is exp(-j*k0*x), where the 

k0 is the wave number in the vacuum. The EM wave is propagated in the x direction. 

Boundary Condition Setting: set the outer square as Scattering Boundary Condition. 

Set the other boundary as Continuity. Subdomain Setting: select PMLs 

type/Coordinate direction for the layer between two squares. Set two parameters for 

the real part and imaginary part permittivity of wind turbine x and y. Set the 

permittivity of the rest area as vacuum permittivity. 

 

Step 4 far field setting 

The far field analysis is for calculating the backscattered energy in the detector which 

is 100 meters away from the wind turbine blade. The far electromagnetic field can be 

calculated from the near field using the Stratton-Chu formula 

 

∫ ⋅××−××= dSrrjkHnrEnr
jk

E p )exp()]([
4 00000

0 η
π

           (Orfanidis 2004) 

Equation 7. 3 

Select the whole wind turbine blade as a far field source and the one point away from 

wind turbine blade 100m as far field Destination.  

 

Step 5 Mesh Generation 

The model is meshed by 131456 elements for scattered electrical field modeling. The 

mesh diagram is shown in the Figure 7.11. 
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Figure 7. 11: Mesh 

 

Step 5 solve  

Figure 7.12 shows the scattered electrical filed of the wind turbine blade and the area 

around the wind turbine blade after the modeling.   
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Figure 7. 12: Scattered electrical field around the wind turbine blade 

 

104B104B7.3.3 The effect of complex permittivity for wind turbine blade 
modeling  
 
7.3.3.1 The effect of the imaginary part of relative permittivity 
 
For analysis the effect of the imaginary part of relative permittivity, the real part of 

relative permittivity is fixed in the certain vaule (3, 4 and 5). In Figure 7.13, the 

relationship between the imaginary part of relative permittivity and the relative 

backscattered energy in the wind turbine blade modeling is shown. It is seen that 

imaginary part of relative permittivity is very important factor to reduce the 

backscattered energy. The relative backscattered energy is reduced with respect to the 

increment of the imaginary part of relative permittivity.  The value of the relative 

backscattered energy is decreased by one or several magnitude order when the 
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imaginary part of relative permittivity is increased from 0 to 1 whatever the real part 

of relative permittivity is 3, 4 or 5.  That means the materials with high value of 

imaginary part of relative permittivity can be used as the radar absorbing materials in 

the wind turbine blade.   

 

 

Figure 7. 13: The relationship between the imaginary part of relative permittivity and 

relative backscattered energy with the fix value of real part of relative permittivity in 

wind turbine blade modeling 

 

7.3.3.2 The effect of the real part of relative permittivity 
 
For analysis the effect of the real part of relative permittivity, the imaginary part of 

relative permittivity is set up as zero. The relationship between the real part of relative 

permittivity and the relative backscattered energy is shown in Figure 7.14. From this 

figure, it is seen that it is hard to find the relationship between the real part of relative 
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permittivity and relative backscattered energy.  The real part of permittivity can 

influence the value of relative backscattered energy with the unpredictable way. 

 

Figure 7. 14: Backscattered energy and permittivity y (y from 0 to 10) 

 

From the analysis of the real part and imaginary part of relative permittivity for the 

relative backscattered energy in wind turbine blade modeling, it is found that the 

effect of the real part and imaginary part of relative permittivity has the similar 

tendency in both of wind turbine blade modeling and 3 layer plain panel modeling.  It 

implied that the materials with the high value of imaginary part of permittivity can be 

used as the radar absorbing materials to reduce the radar cross section in the wind 

turbine blade.  

105B105B7.3.4 MWNTs/epoxy composite in the modeling 
 
Because of the high value of imaginary part of relative permittivity of MWNTs/epoxy 
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composites, the data of the complex permittivity of MWNTs/epoxy composite is input 

into the wind turbine blade modeling. The effect of MWNTs for the relative 

backscattered energy in wind turbine blade modeling is analysed. Figure 7.15 shows 

the effect of the MWNT content for the backscattered energy at 10 GHz with the 

incident angle 00. It is seen that the increment of the content MWNT can reduce the 

backscattered energy. The backscattered energy is reduced two order of magnitude 

from the plain epoxy resin to 0.5 wt% MWNT/epoxy composite. It proved that the 

MWNT has a great ability to reduce the radar cross section in the wind turbine blade 

model.  

 

 

Figure 7. 15: MWNT/epoxy composite in wind turbine blade with 00 incident angle 

 

Figure 7.16 shows the wind turbine blade’s backscattered energy respect to using the 

different content MWNT/epoxy composite with the different incident angle. It is 
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clearly seen that the tendency of the backscattered energy is the same as with the 

incident angle 00. It means that if the wind turbine blade material is the low weight 

fraction MWNT/epoxy composite, the radar cross section is reduced whatever the 

incident angle is.  

 

Figure 7. 16: MWNTs/epoxy composites in wind turbine blade modeling with 

different incident angle 
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16B16BCHAPTER 8                                                      

17B17BConclusions and Future Work 
 
 
 
 

 

 

 

 

54B54B8.1 Conclusions 

Nanoadditives/epoxy polymer composites were made to find dielectric radar 

absorbing materials with very low concentration of nanoadditives. In this research, the 

sonication method was used to prepare the nanoadditives/epoxy polymer composite to 

form the uniform network in the composite. Electrical properties of composites (DC 

conductivity and permittivity) were tested for designing the radar absorbing materials. 

The novel permittivity testing method – Transmittance only method was developed to 

determine the complex permittivity of nanoadditives/epoxy composites in 6.5 – 10.5 

GHz frequency range. For these materials to be useful, the composite must have a 

percolation threshold at low weight percent.   

 

 The complex permittivity of nano Ag/epoxy, nano WC/epoxy, nano TiO2/epoxy, 

multiwall carbon nanotube/epoxy, carbon black/epoxy and E-glass fibre/epoxy with 



Conclusion and Future Work 

160 

carbon black composites were obtained in the 6.5 GHz to 10.5 GHz band using the 

free space measurement of the amplitudes of transmittance data. The summaries can 

be concluded in 8.1.1 and 8.1.2 sections.  

 

A model of wind turbine rotor blade made of the nanoadditives/epoxy composite was 

developed using Comsol-multiphysics software. The data obtained from the 

experimental work was inputted in to the model to generate result of backscattered 

energy verses composite permittivity as a function of nanoadditives content. The 

summaries were concluded in 8.1.3 section.       

 

8.1.1 MWNTs/epoxy composites 

In this work, the DC conductivity of MWNTs/epoxy composites was tested.  A 

percolation threshold is found when the weight concentration of MWNTs in epoxy is 

between 0.025% and 0.05%. The real and imaginary part of relative permittivity 

spectra of MWNTs/epoxy composites were tested and calculated through 

transmittance only method in the frequency range of 6.5 – 11.5 GHz. The results show 

that an increment of MWNTs content results in enhanced electromagnetic permittivity 

in X band frequency especially for the imaginary part of relative permittivity. The 

effect of DC conductivity on the imaginary part of relative permittivity is analysed.  

 

For comparison to the effect of MWNTs in epoxy composites for the complex 

permittivity in 6.5 – 10.5 GHz frequency range, the other nanoadditives (nano Ag, 

CBs, nano WC and nano TiO2) with same weight concentration in epoxy resin were 

fabricated to test their complex permittivity. It was proved that MWNTs were the best 

additives to tailor the both of real part and imaginary part of relative permittivity in 
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the epoxy composites with the low concentration. Especially, it was shown that the 

value of imaginary permittivity of the MWNTs/epoxy composites is improved by an 

order magnitude compared to other nanomaterials/epoxy composite with the same 

weight concentration of nanomaterials.  

 

The analysis of the DC conductivity effect the imaginary part of relative permittivity 

was given. It was found that the calculated value of imaginary part of relative 

permittivity through the DC conductivity results had the same tendency to the 

experimental data of imaginary part of relative permittivity. It also found there is a 

gap between the calculated data and experimental data. It was believed that this gap 

was contributed by the ac electric loss.  

 

8.1.2 CBs/epoxy composites 

The CBs/epoxy composites were fabricated with the CBs weight concentration from 0 

to 2.5%. The microstructure, DC conductivity and complex permittivity in 6.5 – 10.5 

frequency range of CBs/epoxy composites were observed and test. From the DC 

conductivity test, it was shown that the percolation threshold was not reached when 

the CBs weight concentration in epoxy composite from 0 to 2.5%. Both the real part 

and imaginary part of relative permittivity were increased respect to the content of the 

carbon black. However, compared to MWNTs/epoxy composites with same weight 

concentration of nanoadditives, the degree of the increment can be negligible. It was 

believed that the conductivity of CBs/epoxy composites was the most important factor 

to influence the complex permittivity.  

 

The mixing rules (Maxwell-Garnett mode (MG), Bruggeman mode (BR), Bottcher 
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mode (BT), Lichtenecker mode (LC) and Lichtenecker-Rother mode (LR)) were used 

to calculate the complex permittivity of CBs/epoxy composites in 10 GHz frequency 

range. The experimental and the calculated data were compared. The experimental 

values of the real part of complex permittivity were closed to the MG mode and BR 

mode and the experimental values of the imaginary part of complex permittivity were 

closed to the BT mode, MG mode and BR mode. It implied that the best mode to fit 

the experimental data in the complex permittivity of CBs/epoxy composites was the 

Maxwell-Garenett (MG) mode.  

 

The effect of E-glass fibre in CBs/epoxy composite was investigated. The same 

weight percentages of E-glass fibre with different wt. % CBs in epoxy composites 

were fabricated. The microstructure and complex permittivity in 6.5 – 10.5 GHz 

frequency range were observed and test. It was found that the real part (εr
’) and 

imaginary part (εr
’’) of relative complex permittivity is increased respect to the carbon 

black content. It is also found that the degree of the increment of the permittivity is 

similar to the carbon black/epoxy composite. Through the comparison of the results of 

carbon black/epoxy composite and CBs/epoxy with E-glass fibre composites in 10 

GHz, it is clearly shown that both of two complex permittivity results have the similar 

tendency respect to the increment of wt. % of carbon black. It is also observed that the 

real part of relative permittivity of CBs/epoxy with E-glass fibre composites is 

increased by 1 ~ 2 and the imaginary part of it is increased by 0.1. It proves that both 

of E-glass fibre and carbon black can affect the complex permittivity of epoxy resin in 

6.5 –10.5 GHz independently.  
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8.1.3 Wind turbine blade modeling 

Because of the complex structure of the wind turbine blade, the prediction of the radar 

cross section of the wind turbine blade is not reliable. The effect of the material 

properties (complex permittivity) for the reduction of radar cross section is desirable 

to figure out.  

 

For better understanding the relationship between the radar absorbing and the 

permittivity of the materials in wind turbine blade, the simplest model – plain panel in 

free space model was analysed firstly. It was shown that both of the real part and the 

imaginary part of relative permittivity can affect the reflectance of the EM wave 

which propagated into plain panel with 90 degree. However, they affect the 

reflectance with the different tendency. The real part of relative permittivity can 

change the reflectance periodically. Through changing the real part of relative 

permittivity, the minimum reflectance can be found with the certain thickness of plain 

panel. It was also found that the imaginary part of relative permittivity can smooth the 

value of reflectance. It was clearly seen that peak value of reflectance can be reduced 

respect to the increment of the imaginary part of relative permittivity. But also the 

minimum reflectance can be increased respect to its. This is very meaningful for 

designing the radar absorbing materials because most of the radar issue was disturbed 

because of their peak value.  

 

The modeling of wind turbine blade for the radar detecting was built. Through 

changing the complex permittivity parameter of wind turbine blade, the far field 

backscattered energy was simulated. It was seen that the imaginary part of relative 

permittivity was very important factor to reduce the relative backscattered energy. The 
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relative backscattered energy is reduced respect to the increment of the imaginary part 

of relative permittivity. The value of the relative backscattered energy was decreased 

by one or several magnitude order when the value of the imaginary part of relative 

permittivity was increased from 0 to 1 whatever the real part of relative is 3, 4 or 5. 

The real part of relative permittivity can influence the value of relative backscattered 

energy with the unpredictable way.  

 

Because of the high value of imaginary part of relative permittivity of MWNTs/epoxy 

composites, the data of the complex permittivity of MWNTs/epoxy composite is input 

into the wind turbine blade modeling. The effect of MWNTs for the relative 

backscattered energy in wind turbine blade modeling is analysed. It is seen that the 

increment of the content MWNT can reduce the backscattered energy. The 

backscattered energy is reduced two magnitude order from the plain epoxy resin to 

0.5 wt% MWNT/epoxy composite. It proved that the MWNT has a great ability to 

reduce the radar cross section in the wind turbine blade model.  

 

55B55B8.2 Future work 
 

8.2.1Dielectric nanoadditives for the complex permittivity 

According to the complex permittivity results, it is believed that the MWNTs would 

have great potential to improve the complex permittivity of epoxy resin in 6.5 – 10.5 

GHz during the high aspect ratio and high conductivity. In the recent year, another 

carbon material – carbon nanofibres (CNFs) can exhibit the similar properties to the 

MWNTs with much cheaper price when it was used as the reinforcement in the 

polymer composites. CNFs are cylindric nanostructures with grapheme layers 
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arranged as stacked cones, cups or plates. CNFs with grapheme layers wrapped into 

perfect cylinders are called carbon nanotubes. Therefore, it is necessary to investigate 

the effect of CNFs for the complex permittivity in the future.  

 

8.2.2Magnetic nanoadditives for the complex permittivity  

The magnetic additives such as ferrite (Fe3O4) and barium titanate (BaTiO3) can be 

used in the composite radar absorber (Kim, Jo et al. 1991; Abbas, Dixit et al. 2005). In 

GHz frequency range, the conductive losses are the main mechanism for absorption of 

microwaves. The complex permittivity is an important parameter to be measured., and 

also the permeability remains constant in X band frequency range. These determined 

the better propagation constant can be obtained compared to the dielectric material. 

The RAMs can be designed with thinner thickness. However, the magnetic materials 

are very heavy. It is not very suitable to be used in wind turbine blade.  

 

8.2.3Wind farm design for the reduction of radar cross section 

In the modeling part, it is seen that this study only simulates wind turbine rotor blade 

in 2 dimension modeling. However, it is know that wind turbine blade is not the only 

component in wind turbine can affect the radar cross section. The whole wind turbine 

modeling is necessary to build up and simulate the relative backscattered energy in 

EM wave filed. And also, in 3-D wind turbine model the yaw angle and rotational 

angle of wind turbine blade should be considered and investigated.    

 

The interference of wind turbines with radar usually arises when more than one 

turbine is within the line of sight of the radar. Hence, when dealing with a large wind 

farm that comprises of hundreds of turbines, a model is required to simulate the wind 
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farm in the EM wave and calculate the far field backscattered energy. A simple idea is 

built up a single wind turbine model which must be able to rapidly calculate the 

backscattered energy at various yaw and rotation angles. And then, backscattered 

energy can be calculated from the wind farm.   

 

However, those two modeling exist some difficulties to build up. Nowaday the 

diameter of wind turbine is more than 100 m and the total size of wind turbine is very 

larage, and meanwhile, to obtain the accurate the result in this modeling, the mesh 

size should be less than one quarter of wavelength at least. That means in FEA 

modeling the mesh number of this modeling would be too large to bulid up. Computer 

clusters are needed to run this modeling.  
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19B19Appendix I: Transmittance data smoothing program  
 

datain0 = {}; 

datain5 = {}; 

datain10 = {}; 

datain15 = {}; 

datain20 = {}; 

datain25 = {}; 

datain30 = {}; 

datain35 = {}; 

datain40 = {}; 

datain45 = {}; 

datain50= {}; 

datain55 = {}; 

datain60 = {}; 

datain65 = {}; 

 

<<Statistics`DataSmoothing` 

 

{np=65,freqstart=6.576923,freqfinish=11.5,detail=0.02} 

 

deltx=(freqfinish-freqstart)/(np-1) 

 

 

dat0 = Table[{N[freqstart+(j-1) deltx],datain0[[ j ]]} , {j, 1, np }] ; 

 

dat5 = Table[{N[freqstart+(j-1) deltx],datain5[[ j ]]} , {j, 1, np }] ; 

 

dat10 = Table[{N[freqstart+(j-1) deltx],datain10[[ j ]]} , {j, 1, np }] ; 
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dat15 = Table[{N[freqstart+(j-1) deltx],datain15[[ j ]]} , {j, 1, np }] ; 

 

dat20 = Table[{N[freqstart+(j-1) deltx],datain20[[ j ]]} , {j, 1, np }] ; 

 

dat25 = Table[{N[freqstart+(j-1) deltx],datain25[[ j ]]} , {j, 1, np }] ; 

 

dat30 = Table[{N[freqstart+(j-1) deltx],datain30[[ j ]]} , {j, 1, np }] ; 

 

dat35 = Table[{N[freqstart+(j-1) deltx],datain35[[ j ]]} , {j, 1, np }] ; 

 

dat40 = Table[{N[freqstart+(j-1) deltx],datain40[[ j ]]} , {j, 1, np }] ; 

 

dat45 = Table[{N[freqstart+(j-1) deltx],datain45[[ j ]]} , {j, 1, np }] ; 

 

dat50 = Table[{N[freqstart+(j-1) deltx],datain50[[ j ]]} , {j, 1, np }] ; 

 

dat55 = Table[{N[freqstart+(j-1) deltx],datain55[[ j ]]} , {j, 1, np }] ; 

 

dat60 = Table[{N[freqstart+(j-1) deltx],datain60[[ j ]]} , {j, 1, np }] ; 

 

dat65 = Table[{N[freqstart+(j-1) deltx],datain65[[ j ]]} , {j, 1, np }] ; 

 

 

 

a0:=Sum[datain0[[j]], {j, 1, 6}]/6 

 

a1:=Sum[datain5[[j]], {j, 1, 6}]/6 

 



Appendix 

200 

a2:=Sum[datain10[[j]], {j, 1, 6}]/6 

 

a3:=Sum[datain15[[j]], {j, 1, 6}]/6 

 

a4:=Sum[datain20[[j]], {j, 1, 6}]/6 

 

a5:=Sum[datain25[[j]], {j, 1, 6}]/6 

 

a6:=Sum[datain30[[j]], {j, 1, 6}]/6 

 

a7:=Sum[datain35[[j]], {j, 1, 6}]/6 

 

a8:=Sum[datain40[[j]], {j, 1, 6}]/6 

 

a9:=Sum[datain45[[j]], {j, 1, 6}]/6 

 

a10:=Sum[datain50[[j]], {j, 1, 6}]/6 

 

a11:=Sum[datain55[[j]], {j, 1, 6}]/6 

 

a12:=Sum[datain60[[j]], {j, 1, 6}]/6 

 

a13:=Sum[datain65[[j]], {j, 1, 6}]/6 

 

 

 

 

conv0fin = ExponentialSmoothing[datain0, detail,a0]  ; 
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conv5fin = ExponentialSmoothing[datain5,  detail,a1]  ; 

 

conv10fin = ExponentialSmoothing[datain10,  detail,a2]  ; 

 

conv15fin = ExponentialSmoothing[datain15, detail,a3]  ; 

 

conv20fin = ExponentialSmoothing[datain20,  detail,a4]  ; 

 

conv25fin = ExponentialSmoothing[datain25,  detail,a5]  ; 

 

conv30fin = ExponentialSmoothing[datain30, detail,a6]  ; 

 

conv35fin = ExponentialSmoothing[datain35,  detail,a7]  ; 

 

conv40fin = ExponentialSmoothing[datain40,  detail,a8]  ; 

 

conv45fin = ExponentialSmoothing[datain45, detail,a9]  ; 

 

conv50fin = ExponentialSmoothing[datain50,  detail,a10]  ; 

 

conv55fin = ExponentialSmoothing[datain55, detail,a11]  ; 

 

conv60fin = ExponentialSmoothing[datain60,  detail,a12]  ; 

 

conv65fin = ExponentialSmoothing[datain65,  detail,a13]  ; 
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datanew0 = Table[{N[freqstart+(j-1) deltx],conv0fin[[ j ]]} , {j, 1, np }] ; 

 

datanew5 = Table[{N[freqstart+(j-1) deltx],conv5fin[[ j ]]} , {j, 1, np }] ; 

 

datanew10 = Table[{N[freqstart+(j-1) deltx],conv10fin[[ j ]]} , {j, 1, np }] ; 

 

datanew15 = Table[{N[freqstart+(j-1) deltx],conv15fin[[ j ]]} , {j, 1, np }] ; 

 

datanew20 = Table[{N[freqstart+(j-1) deltx],conv20fin[[ j ]]} , {j, 1, np }] ; 

 

datanew25 = Table[{N[freqstart+(j-1) deltx],conv25fin[[ j ]]} , {j, 1, np }] ; 

 

datanew30 = Table[{N[freqstart+(j-1) deltx],conv30fin[[ j ]]} , {j, 1, np }] ; 

 

datanew35 = Table[{N[freqstart+(j-1) deltx],conv35fin[[ j ]]} , {j, 1, np }] ; 

 

datanew40 = Table[{N[freqstart+(j-1) deltx],conv40fin[[ j ]]} , {j, 1, np }] ; 

 

datanew45 = Table[{N[freqstart+(j-1) deltx],conv45fin[[ j ]]} , {j, 1, np }] ; 

 

datanew50 = Table[{N[freqstart+(j-1) deltx],conv50fin[[ j ]]} , {j, 1, np }] ; 

 

datanew55 = Table[{N[freqstart+(j-1) deltx],conv55fin[[ j ]]} , {j, 1, np }] ; 

 

datanew60 = Table[{N[freqstart+(j-1) deltx],conv60fin[[ j ]]} , {j, 1, np }] ; 
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datanew65 = Table[{N[freqstart+(j-1) deltx],conv65fin[[ j ]]} , {j, 1, np }] ; 

 

 

 

 

 

 

thang0 := Interpolation[datanew0,InterpolationOrder->1] 

 

hmmm0 := Interpolation[dat0,InterpolationOrder->1] 

 

thang5 := Interpolation[datanew5,InterpolationOrder->1] 

 

hmmm5 := Interpolation[dat5,InterpolationOrder->1] 

 

thang10 := Interpolation[datanew10,InterpolationOrder->1] 

 

hmmm10 := Interpolation[dat10,InterpolationOrder->1] 

 

thang15 := Interpolation[datanew15,InterpolationOrder->1] 

 

hmmm15 := Interpolation[dat15,InterpolationOrder->1] 

 

thang20 := Interpolation[datanew20,InterpolationOrder->1] 

 

hmmm20 := Interpolation[dat20,InterpolationOrder->1] 

 

thang25 := Interpolation[datanew25,InterpolationOrder->1] 
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hmmm25 := Interpolation[dat25,InterpolationOrder->1] 

 

thang30 := Interpolation[datanew30,InterpolationOrder->1] 

 

hmmm30 := Interpolation[dat30,InterpolationOrder->1] 

 

thang35 := Interpolation[datanew35,InterpolationOrder->1] 

 

hmmm35 := Interpolation[dat35,InterpolationOrder->1] 

 

thang40 := Interpolation[datanew40,InterpolationOrder->1] 

 

hmmm40 := Interpolation[dat40,InterpolationOrder->1] 

 

thang45 := Interpolation[datanew45,InterpolationOrder->1] 

 

hmmm45 := Interpolation[dat45,InterpolationOrder->1] 

 

thang50 := Interpolation[datanew50,InterpolationOrder->1] 

 

hmmm50 := Interpolation[dat50,InterpolationOrder->1] 

 

thang55 := Interpolation[datanew55,InterpolationOrder->1] 

 

hmmm55 := Interpolation[dat55,InterpolationOrder->1] 

 

thang60 := Interpolation[datanew60,InterpolationOrder->1] 

 

hmmm60 := Interpolation[dat60,InterpolationOrder->1] 
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thang65 := Interpolation[datanew65,InterpolationOrder->1] 

 

hmmm65 := Interpolation[dat65,InterpolationOrder->1] 

 

 

 

 

 

Print[" Data and fit comparison for 0 degrees "] 

 

 

Plot[{thang0[z],hmmm0[z]},{z,6.576923,11.5}] 

 

Plot[{thang5[z],hmmm5[z]},{z,6.576923,11.5}] 

 

Plot[{thang10[z],hmmm10[z]},{z,6.576923,11.5}] 

 

Plot[{thang15[z],hmmm15[z]},{z,6.576923,11.5}] 

 

Plot[{thang20[z],hmmm20[z]},{z,6.576923,11.5}] 

 

Plot[{thang25[z],hmmm25[z]},{z,6.576923,11.5}] 

 

Plot[{thang30[z],hmmm30[z]},{z,6.576923,11.5}] 

 

Plot[{thang35[z],hmmm35[z]},{z,6.576923,11.5}] 

 

Plot[{thang40[z],hmmm40[z]},{z,6.576923,11.5}] 
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Plot[{thang45[z],hmmm45[z]},{z,6.576923,11.5}] 

 

Plot[{thang50[z],hmmm50[z]},{z,6.576923,11.5}] 

 

Plot[{thang55[z],hmmm55[z]},{z,6.576923,11.5}] 

 

Plot[{thang60[z],hmmm60[z]},{z,6.576923,11.5}] 

 

Plot[{thang65[z],hmmm65[z]},{z,6.576923,11.5}] 

 

chiffer[q_] := 

{{0,thang0[q]},{5,thang5[q]},{10,thang10[q]},{15,thang15[q]},{20,thang20[q]},{25,thang25[q]}

,{30,thang30[q]},{35,thang35[q]},{40,thang40[q]},{45,thang45[q]},{50,thang50[q]},{55,thang55

[q]},{60,thang60[q]},{65,thang65[q]}} 

 

 

 

chiffer[7] 

chiffer[8] 

chiffer[9] 

chiffer[10] 

chiffer[11] 
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20B20BAppendix II: Program for Permittivity data caluculation 
 

<< Statistics`NonlinearFit` 

 

ν=10 

 

wav=(3*10^11)/(ν 10^9) 

 

 

λ=wav 

εa=1 

h=4 

 

k0:=(2 Pi)/λ 

 

ξ:=((εr-εa (Sin[(Pi θ)/180])^2)^2+εi^2)^(1/4) 

ϕ:=ArcTan[εi/(εr-εa (Sin[(Pi θ)/180])^2)] 

 

 

 

k:=k0 ξ Cos[ϕ/2] 

α:=k0 ξ Sin[ϕ/2] 

 

Γabr:=(k0^2 εa (Cos[(Pi θ)/180])^2-k^2-α^2)/((k0 ,εa Cos[(Pi θ)/180]+k)^2+α^2) 
Γabi:=(-2 α k0 ,εa (Cos[(Pi θ)/180]))/((k0 ,εa Cos[(Pi θ)/180]+k)^2+α^2) 
Γbcr:= -(k0^2 εa (Cos[(Pi θ)/180])^2-k^2-α^2)/((k0 ,εa Cos[(Pi θ)/180]+k)^2+α^2) 
  
Γbci:=(2 α k0 ,εa (Cos[(Pi θ)/180]))/((k0 ,εa Cos[(Pi θ)/180]+k)^2+α^2) 
 

Tabc:=((((1+Γabr) (1+Γbcr)-Γabi Γbci)^2+(Γabi (1+Γbcr)+Γbci (1+Γabi))^2) Exp[-2 α 
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h])/((1+((Γabr Γbcr-Γabi Γbci) Cos[2 k h]-(Γabi Γbcr+Γabr Γbci) Sin[2 k h]) Exp[-2 α 

h])^2+((Γabi Γbcr+Γabr Γbci) Cos[2 k h]+(Γabr Γbcr-Γabi Γbci) Sin[2 k h])^2 Exp[-4 α h]) 

 

data =chiffer[10] 

 

NonlinearRegress[data,Tabc,θ, {{εr,2.0,εa (Sin[(Pi 65)/180])^2,100},{εi,0.1,-1,100}}] 
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21B21BAppendix III: Program for error checking of permittivity 
results  

 

<<”Optics’OptMod’” 

 

expdata = {}  (* experiment data of transmittance*) 

 

exp = Interpolation[expdata, InterpolationOrder -> 1] 

Plot[exp[x],{x,0,65}] 

 

freq = 10 

 

wav = 3*108/freq 

 

thickness = 4 * 106 

 

theory:= transmit3[{wav,x,1,1, 2.99751 + i*0.640632,1,1,1,thickness},polTE,0] 

 

Plot[{theory,exp[x]},{x,0,65},PlotRange -> {0,1}] 
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