
 

 

Advanced Carbon Fiber Composite Materials for Shielding and 

Antenna Applications 

 

 

AIDIN MEHDIPOUR 

  

 

A THESIS 

IN  

THE DEPARTMENT  

OF 

ELECTRICAL AND COMPUTER ENGINEERING 

 

 

 

PRESENTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY AT 

CONCORDIA UNIVERSITY 

MONTREAL, QUEBEC, CANADA  

 

 

MAY 2011 

 

© AIDIN MEHDIPOUR, 2011 



CONCORDIA UNIVERSITY  

 

SCHOOL OF GRADUATE STUDIES  

This is to certify that the thesis prepared 

 

By: Aidin Mehdipour  

 

Entitled:           Advanced Carbon Fiber Composite Materials for Shielding and                                                                                        

Antenna Applications 
 

and submitted in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY (Electrical & Computer Engineering) 

 

complies with the regulations of the University and meets the accepted standards with respect to 

originality and quality. 

 

Signed by the final examining committee: 

 

                                                                                                            Chair 

                        Dr. R. Glitho 

 

                                                                             External Examiner 

 Dr. C. Caloz 

 

                                                                              External to Program 

 Dr. V.S. Hoa 

 

                                                                              Examiner 

 Dr. T. Denidni 

 

                                                                              Examiner 

 Dr. R. Paknys 

 

                                                                              Thesis Co-Supervisor 

 Dr. A.R. Sebak 

 

                                                                Thesis Co-Supervisor 

 Dr. C.W. Trueman 

 

Approved  by                                                                                                                           Chair of Department or Graduate Program Director 

    Dr. M. Kahrizi, Graduate Program Director  

 

May 16, 2011           

    Dr. Robin A.L. Drew, Dean 

    Faculty of Engineering & Computer Science 



 iii  

Abstract 

Advanced Carbon Fiber Composite Materials for Shielding and Antenna Applications 

Aidin Mehdipour, Ph.D. 

Concordia University, May 2011 

 

Due to the low weight, ease of fabrication, low cost, high stiffness, high thermal and 

electrical conductivity, advanced carbon fiber composite (CFC) material is one of the 

most desirable materials which have been considered recently in the aerospace, 

electronic, and infrastructure industry.  

This thesis examines the use of CFC materials for electromagnetic field shielding and 

antenna applications. Using a suitable electromagnetic model of composite materials, we 

evaluate the shielding effectiveness (SE) and other EM properties of composites paying 

attention to antenna design. Analytical and simulation results are compared with 

experimental data. Two kinds of composite materials are investigated, namely reinforced 

continuous carbon-fiber (RCCF) composites and carbon nanotube (CNT) composites.  

For analytical SE analysis of multilayer RCCF composites, the material shows 

anisotropic behavior along the direction of the fibers, and we employ the transmission 

matrix method in conjunction with the anisotropic properties of each layer. The shielding 

performance of composites is also experimentally investigated. In order to enhance the 

conductivity of an RCCF composite, a small volume fraction of multi-walled carbon 

nanotubes (MWCNTs) is added to the RCCF material. We investigate the SE of the 

proposed MWCNT ñnanocompositeò over a wide frequency band up to 26.5 GHz. The 
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effect of aspect ratio on shielding performance is addressed as well. The effective 

conductivity of the nanocomposites was determined over the frequency range of interest.    

The use of RCCF and single-walled carbon nanotube (SWCNT) composite is 

investigated for building antennas, by replacing the metal with CFC. We use an RCCF 

composite to build resonant and wideband antennas. The effect of the conductivity tensor 

of RCCF composite on the antenna performance is addressed. We also study the 

performance of a microstrip patch antenna with the ground plane made of RCCF 

composite.  

As one of the most highly-conductive composite materials, single wall carbon 

nanotube (SWCNT) buckypapers are used to build composite antennas. A new 

fabrication method is proposed to print arbitrarily-shaped full-composite SWCNT 

antenna on any type of substrate. Various types of SWCNT antennas are fabricated for 

different antenna applications, namely UHF-RFID, WLAN, UWB, and mm-wave 

applications. Good agreement is observed between simulation and experimental results 

for all the aforementioned composite antennas.     

Using the spectral domain method, the Greenôs function is obtained for an 

infinitesimal HED on a dielectric slab over a CFC ground plane. Due to the high 

conductivity, CFCs are modeled using a surface impedance. The expressions for the 

electric field components are derived. The numerical integration details particularly 

dealing with low-converged tail of the integrand for fields at the air-dielectric interface 

are addressed. Numerical results based on this method compare well with results based 

on a time-domain finite integration technique. The effect of conductivity and anisotropy 

of the composite ground plane on electric field is investigated. 
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Chapter 1 : Introduction  

 

Different kinds of metals such as copper and aluminum are extensively used in 

aerospace and many other industrial applications. In fact, the high value of the 

conductivity of metal makes it a very good candidate for shielding applications. 

However, some disadvantages of metals are their high weight, manufacturing cost and 

poor corrosion resistance, which make designers want to produce a good alternative 

material to metals. For this purpose, many kinds of ñcompositeò materials have been 

proposed [1]-[7]. 

Due to the low weight, ease of fabrication, low cost, high stiffness, high thermal and 

electrical conductivity, a carbon fiber composite (CFC) is one of the most desirable 

materials which have been considered recently in the aerospace, electronic, and 

infrastructure industry [8]-[13]. In electrical applications, CFCs are used for 

electromagnetic interference (EMI) shielding, thermoelectric energy conversion, radar 

absorbing material, sensors, switches, electronic devices like diodes and transistors, and 

thermal pastes [14].  However, one of the main disadvantages of CFC is their relatively 

low conductivity compared to metals. The low conductivity leads to low shielding 

effectiveness (SE), which is a very critical factor for electromagnetic compatibility 

(EMC) purposes. The characterization and analysis of the SE of composites is a very 

challenging issue for EMC engineers [11], [15]-[25].  

Metals are regularly used in antenna and microwave structures as the material for the 

radiating element, transmission lines and feed networks. In new antenna and microwave 
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technologies, low-cost, low-weight, low-corrosion and high thermal conductivity 

characteristics are factors with high degree of importance. For this purpose, one should 

think about the materials other than metals. Recently, a few conductive materials have 

been introduced as a replacement of metals for some limited antenna applications [26]-

[31]. Due to the low conductivity of conductive composites, replacing metals with such a 

material is challenging and needs much more investigation.    

1.1 Motivations 

Recently, CFCs have been used extensively in the aerospace and aircraft industry. 

There are many sensitive electronic equipments inside the fuselage of spacecraft, aircraft, 

and helicopters, susceptible to interference from external electromagnetic waves [32]-

[35].  Interference can degrade the performance of electronic devices considerably and so 

the fuselage is required to be a good electromagnetic shield against external fields. But by 

using a composite as the material for the fuselage instead of a metal, the shielding 

properties degrade drastically. As a result, in addition to the mechanical properties, the 

EM shielding characterization of composites is very important factor which should be 

investigated carefully. There are many parameters which affect the SE of CFC, such as 

the fabrication process, the fiber percentage, and the thickness of sample [22]. It should 

be noted that because of the complicated structure of composites, they may show 

frequency-dependent shielding properties over wide frequency ranges [22][25],[37]. 

Moreover, the direction of fibers in some kinds of CFCs such as reinforced continuous 

carbon fiber (RCCF) composite is a very critical factor which makes the material show an 

anisotropic property along the fiber direction [25],[38]-[40]. Therefore, one should use 
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appropriate analytical and modeling approaches to analyze the shielding properties of 

composites. However, since in practical cases the composite material is not exactly like 

an assumed model for analytical methods, the experimental verification of shielding 

performance of composites is another important factor which should be evaluated over 

the frequency range of interest. The analysis of SE is associated with the conductivity 

characterization of composites, which is also necessary for composite antenna design. 

Aside from shielding analysis, in order to use CFC in antenna structures as radiating 

elements, two challenging issues arise. The first challenge is the radiation properties of 

composite antennas which could be significantly different than copper antennas due to 

the lower conductivity of composite. Another challenge is the fabrication of composite 

antennas, including printing composite material on the substrate and making any arbitrary 

shape of an antenna on the substrate. Providing a strong adhesion between the composite 

and substrate is another significant challenge.  

1.2 Objectives 

One objective of this work is to investigate the shielding properties of different kinds 

of CFC materials. For this purpose, first we use appropriate models of these composites 

for analytical or numerical analysis. Then, by applying suitable methods the shielding 

behavior of the composite material is determined and the effect of the different physical 

parameters of composite on the SE is obtained. Choosing the appropriate model for a 

composite material highly depends on the carbon fibers distribution inside the material. 

After proposing the model, the useful method, whether analytical or numerical, should be 

employed to solve the problem. Depending on the type of composite, different kinds of 
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methods could be used, such as the transmission matrix method (TMM) [36], Floquet-

mode theory [38], the method of moments (MoM)[41],  homogenization methods [42], 

finite element method (FEM), or the finite difference time domain (FDTD) method [43]. 

By doing the analytical or numerical study, we can find out the effect of different 

physical parameters of composites on SE. SE of composites is also experimentally 

examined over a very wide frequency range up to 50 GHz. It is done by using different 

standard measurement setups such as a coaxial fixture at low frequencies, and various 

waveguide setups at higher frequencies. We consider two famous types of CFCs, namely 

reinforced continuous carbon fiber (RCCF) and carbon nanotube (CNT) composites. The 

composite samples were produced at the Concordia Center for Composites (CONCOM) 

Laboratory [44].  

Another main objective of this dissertation is to explore using CFCs in antenna 

structures and associated applications. The performance of various types of antennas is 

investigated when the metal parts are replaced with composites. By doing so, a new 

generation of antennas is proposed, having no metal in their structure. We will consider 

different types of resonant, multiband, and wideband antennas designed for various 

applications.    

1.3 Thesis Organization 

This thesis is organized as follows. 

In Chapters 2 and 3, we introduce two commonly-used CFC materials, namely RCCF 

and CNT composites, respectively. We investigate the electrical and shielding 

characteristics of these composites using appropriate analytical and numerical models. 
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The TMM method along with accurate equivalent EM model is used to calculate the SE 

of multilayered RCCFôs. The shielding property of both RCCF and CNT composites is 

addressed experimentally over a wide frequency range, from DC to 26.5 GHz. The effect 

of CNT loading and aspect ratio (AR) on SE and conductivity of CNT composites is 

studied in detail.  

In Chapter 4, using the spectral domain method, we calculate the exact solution for the 

Greenôs function of a dielectric slab backed by a CFC ground plane and excited by a 

horizontal electric dipole (HED). The expression for the electric field is obtained and the 

numerical integration is addressed in detail. Finally, some numerical results are presented 

and compared to that of the slab with a perfect electric conductor (PEC) ground plane. 

Moreover, numerical results based on this method compare well with results based on a 

time-domain finite integration technique (FIT). 

In Chapters 5 and 6, we explore the use of CFCs for antenna structures. RCCF, 

RCCF/CNT, and CNT composites are used as the replacement of metal in the antenna 

structures. The effect of adding fractional CNT loading to RCCF samples is investigated, 

which leads to an improvement in the conductivity of the RCCF/CNT composite 

compared to the RCCF material itself. Different types of antennas are considered for 

study operating over UHF radio frequency identification (UHF-RFID), Bluetooth, 

wireless local area network (WLAN), UWB, X-band, and mm-wave frequency ranges. 

The effect of conductivity tensor of CFCs on the antenna performance such as bandwidth 

and gain is addressed. For wideband applications, the dispersion characteristic of the 

antenna is investigated. Experimental verification is provided for the performance of 

these CFC antennas. The fabrication process and the associated challenges are discussed. 
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A new fabrication technique is proposed to print CNT buckypaper on both sides of 

substrate to make full-composite antennas with desired shape and structure. Different 

kinds of substrate are considered to show the versatility of the proposed fabrication 

process.   

Chapter 7 contains conclusions of the thesis and addresses future research into the use 

of CFCs for shielding, antenna, and microwave applications.     
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Chapter 2 : Shielding Characteristics of 

Reinforced Continuous Carbon Fiber 

Composites 

 

The reinforcing fibers of the carbon-fiber composites could be in various forms such 

as RCCF, short carbon fiber (SCF), carbon nanotube (CNT), and carbon black (CB). In 

this dissertation, we consider two frequently-used CFCs, namely RCCF and CNT 

composites. These materials have good mechanical and chemical properties. Moreover, 

the electrical conductivity of these CFCs is typically higher than other types of 

composites, making them more suitable for EM and shielding applications.   

A typical RCCF composite is composed of a resin reinforced by fibers that are 

oriented in a specific direction, as shown in Figure 2.1. Such materials are often made in 

several or many layers, with the carbon fibers oriented in a different direction in each 

layer, to approximate isotropic behavior. The cross-sectional view of a single-layer 

RCCF is shown in Figure 2.1 (b). The average diameter of fibers is 4.98±0.36 mm and 

separation distance between fibers is typically 1 ɛm. The density of RCCF composites is 

around 1.5 g/cm
3
, half that of aluminum and more than five times lower than copper. 

From an EMC point of view, since for most applications the shielded device is under 

far-field electromagnetic field exposure, plane wave shielding effectiveness is adequate  
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Figure 2.1 (a) RCCF composite, (b) Cross-view, (c) Optical micrograph of RCCF 

Composite (scale bar 50 ɛm). 

 

for analysis. A full-wave numerical solution simulation must use a very fine 

discretization step to represent the individual composite fibers, which leads to a very 

time-consuming process. Therefore, due to the complex structure of composites, some 

analytical techniques with specific assumptions have been introduced to simplify the 

problem [36], [38], [41]. In [38], a model based on filament currents and the ñthin current 

assumptionò was proposed to provide a highly accurate result at high frequencies. 

However, the accuracy of this model depends on both frequency and incidence angle so 

that it is not valid for some particular oblique incidence directions. In [41], a periodic 

surface integral equation was employed to analyze one-layer fiber-reinforced composite 

materials. Even though this method predicts the composite shielding behavior well at 

very high frequencies for all incidence angles, it requires a lot of CPU time particularly 

when applied to multilayer composite material structures.  

When the period of periodic structure is much less than wavelength, the structure can 

be approximated as a uniform medium with an effective value for the conductivity. In 

order to simplify the solution, a lossy isotropic model for multilayer conductive 
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composites has been introduced in [24]. By assuming an isotropic model for each layer 

and applying the TMM, the shielding analysis of such a multilayer medium can be easily 

performed. However, the isotropic model may not be very accurate when the anisotropic 

behavior in each individual layer is important. The conductivity in each layer of RCCF is 

high along the direction of fibers (ůxȭ), but low in the perpendicular direction (ůyȭ) so that 

ůxȭ/ůyȭ>>1 [39]. In [36][45],[46], the plane-wave shielding properties of multilayer RCCF 

composites are studied by using the homogeneous anisotropic bulk model of the 

structure. Each layer is characterized by an anisotropic permittivity tensor. Since the 

carbon fiber composite is a non-magnetic medium, the permeability of composites is 

considered as free space permeability (ɛ0).  The proposed anisotropic bulk model shows 

much better accuracy than isotropic model particularly at high frequencies and also when 

the fibers in different layers are in different directions. By using the anisotropic model of 

each layer, the main structure is converted to a multilayer anisotropic medium, making 

the TMM suitable to characterize the shielding properties of the structure.  

2.1 Effective Anisotropic Models of RCCF Composite 

Although the one-layer anisotropic homogeneous model can be efficiently used, it 

cannot predict the shielding behavior of composite at high frequencies. Two other types 

of anisotropic equivalent-models have been introduced for one-layer composite, namely 

three-layer homogeneous and inhomogeneous models [25], [47]. The models are shown 

in Figure 2.2. These models include more of the internal detail of the structure so that 

high frequency behavior such as resonances can be captured. In the three-layer model,  
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Figure 2.2. (a) RCCF composite, (b) three-layer homogeneous model, (c) three-layer 

inhomogeneous model [25]. 

 

each layer of composite is divided to three sub-layers. The middle sub-layer includes the 

conducting fibers and is represented with an effective anisotropic homogeneous or 

inhomogeneous medium. Although the homogeneous model shown in Figure 2.2(b) 

increases the validity of composite model for higher frequencies, it cannot capture the 

resonant behavior at high frequencies for some cases. The resonances at high frequencies 

occur due to a phenomenon called as ñgrating effectò of periodic structures. When the 

separation distance between fibers are in the order of wavelength, the periodic structure 

lets the electric field parallel to fibers go through and as a result, SE drops. The three-

layer inhomogeneous model is proposed to increase the validity of model. Similar to 

three-layer homogeneous model, in this case each layer is divided to three parts. The 

middle part is an inhomogeneous medium with effective permittivity tensor given by [25] 

 1 1 1(1 )y m fg ge e e- - -

¡= - +  (2.1) 

 (1 )x z m fg ge e e e¡ ¡= = - + (2.2) 
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where 22 /g Dz z P¡ ¡= - . For the homogeneous model, g is equal to ́ D/4P which is the 

ratio of fiber cross section area to the total cross section area at the middle layer. The 

inhomogeneous property of middle layer is due to the variation of structure geometry 

along the z direction. When a wave reaches to the middle layer and propagates through, 

the wave sees an increasing cross-section of the fiber until the center of the fiber and then 

the wave sees a decreasing fiber cross-section. The three-layer inhomogeneous layer 

represents much more of the detail of structure so that the accuracy of this model is high 

for a very wide range of frequency. Using the effective anisotropic models, we study the 

SE characteristics of RCCF composite by applying the TMM technique. Since the 

electromagnetic properties of an anisotropic medium are completely different from an 

isotropic one, the plane wave propagation inside these kinds of material is first briefly 

explained.  

2.2 Plane Wave Propagation in Anisotropic Materials  

An anisotropic medium is described with a dielectric tensor, given by 
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where
1 1
,x ye eand

1z
eare the permittivities along the principal axes (x1 , y1, z1). Generally, 

the principal axes do not correspond to the global coordinate directions (x, y, z). 

Therefore, the dielectric tensor in xyz coordinates can be written as 
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Figure 2.3. (a) A plane wave in anisotropic media with specificĔn  [48]. (b) A plane wave 

in anisotropic media with specific nx. 
 

where T is the coordinate rotation matrix. Hence, in global xyz coordinates, we have a 

non-diagonal dielectric tensor given by 

 .

xx xy xz

yx yy yz

zx zy zz

e e e
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=é ù
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 (2.5) 

For the following analysis, we assume that the principal axes coincide with xyz axes. The 

plane wave may be represented as 

 
Ĕjke-= .

0

n r
E E  (2.6) 

where 

 Ĕ
x y zn n n= + +n x y z  (2.7) 

and 2 2 2 2 2

0 0 0 0 0, , ,x x y y z zk k k k k k kw me e e e= = = =. Using Maxwell equations we have [48] 

 2( ) 0.w me³ ³ + Ö =n n E E  (2.8) 

When the principal axes coincide with the xyz axes, if we set the determinant of 

coefficients in (2.8) to zero, we obtain 
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The solution to this ñdispersion equationò is always a spherical surface and an ellipsoid. 

For example, if we assume the xz plane (ny = 0), (2.9) becomes 

 2 2 2 2 2 2 2 2 2 2( ) ( ) ( ) 0.y x x z z z xk k n k k k n k k kè ø- - + - =ê ú  (2.10) 

As shown in Figure 2.3 , for a specific vectorĔn , by regarding the forward and backward 

propagation, we have generally four propagation constants. Figure 2.3(a) shows the 

propagation constants of a plane wave in the specific direction ofĔn . In Figure 2.3(b), the 

propagation constants for waves with a specific nx value are illustrated. The constants ko 

and kex are associated with ñordinaryò and ñextraordinaryò modes, respectively. Where 

the circle and the oval intersect each other, we have a single value of the propagation 

constant for that one specific direction, and that direction is called an ñoptical axisò. It 

should be noted that in some planes the circle and ellipse do not intersect. Since both 

ordinary and extraordinary modes are excited inside an anisotropic medium, the TMM 

formulation of multilayer anisotropic media is expressed as a 4×4 matrix rather than  two 

2×2 matrices as for isotropic media. It should be noted that when the principal axis is not 

parallel to the xyz coordinates, coupling between ordinary and extraordinary modes 

exists.  

2.2.1 Shielding Analysis of Multilayered RCCF Using Transmission 

Matrix Method  

It was noted above that the equivalent models can predict the electromagnetic 

properties of composites. The three-layer anisotropic inhomogeneous model is the most 

accurate equivalent one among proposed equivalent models. The effective parameters of  
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Figure 2.4. The g-factor and magnitude of permittivity inside composite layer 

characterized by equivalent inhomogeneous model. 

 

composites displayed in Figure 2.2 can be obtained from (2.1). Figure 2.4 shows the 

calculated magnitude of permittivity along the fiber direction in the layer at three 

different frequencies. It is observed that at the permittivity of middle region has a 

considerable inhomogeneous behavior.  

D = 50 µm 
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D = 50µm 

L= 750µm 

ůf =10000 S/m 

D = 50µm 

L= 750µm 

ůf =1 S/m 



 15 

 

Figure 2.5. Dividing inhomogeneous layer to several homogeneous sub-layers.   

 

 

Figure 2.6. Multilayer RCCF composite inhomogeneous model characterized by a 

number of homogeneous sub-layers.  
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In order to convert an inhomogeneous problem to a homogeneous one, we may split each 

inhomogeneous layer to M homogeneous sub-layers as displayed in Figure 2.5. By doing 

so, it is observed that each layer of a multilayer reinforced composite comprises M+2 

layers. The number of sub-layers M depends on how rapidly the permittivity changes 

with distance and by choosing higher values, the results would converge better. After 

converting the inhomogeneous medium to a multilayer homogeneous one, we obtain the 

multilayer anisotropic model shown in Figure 2.6. The TMM technique along with 

anisotropic medium characteristics is used to solve the problem. 

2.3 Incident Plane Wave on Multilayer Anisotropic Medium 

As shown in Figure 2.7, the reinforced composite can be modeled as one anisotropic 

medium with principal axis (xǋ, yǋ, zǋ) so that xǋ and zǋ are parallel to fiber direction and z-

axis, respectively. The angle of reinforced-fiber direction to the global coordination axis 

is assumed as ű. By solving Maxwellôs equations in each layer, the TMM is applied to 

find the SE of multilayer composites. The dielectric constant and conductivity tensor are 
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in xǋyǋzǋ coordinates, and are  not diagonal in xyz coordinates. In case the layers are lossy, 

we combine the real permittivity and conductivity into a complex permittivity,  
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Figure 2.7. Composite material with reinforced carbon fibers. 
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where 

 2 2sin cosxx y ze e j e j¡ ¡= +  (2.14) 

 2 2cos sinyy y xe e j e j¡ ¡= +  (2.15) 

 zz ze e¡=  (2.16) 

 ( )sin cos .xy yx y xe e e e j j¡ ¡= = -  (2.17) 

A plane wave can be decomposed into parallel and perpendicular components, 

corresponding to the parallel and perpendicular polarization. As explained earlier, when 

an anisotropic medium is excited by a plane wave, we have two ordinary and 

extraordinary modes with different propagation constants. When principal coordinate 

directions coincide with the global coordinates, each parallel mode and perpendicular 

mode excitation separately leads to ordinary and extraordinary modes and there is no 

coupling between these modes. However, when principal axes are not parallel to the 
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global axes, coupling between two modes exists which leads to coupled equations. The 

solution of such a problem is explained as follows. The incident plane wave is given by 
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By substituting (2.14)-(2.18) in Maxwellôs equations, we obtain: 
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In a multilayer anisotropic media, as shown in Figure 2.8, the parameters kx and ky should 

be constant in all layers to satisfy the boundary condition at interfaces. Moreover, for 

convenience suppose that the plane wave is incident in the x-z plane, and hence ky = 0. 

Therefore given (kx, ky) and the dielectric tensors(2.14)-(2.17), the roots of the coefficient 

matrix determinant give us the propagation constants kzi as 
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which leads to 

 4 2
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By solving (2.21), four wave vectors (Ki vectors) are obtained which are related to 

ordinary and extraordinary modes which are forward and backward in the z-direction 
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Figure 2.8. Multilayer anisotropic media excited by an incident plane wave. 
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with the corresponding polarization vectors 

 ix iy izp p p= + +ip x y z (2.24) 
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Also the vector ip can be normalized by using normalization constant (ip /| ip |). Hence, as 

shown in Figure 2.8, in each layer two transmitted and two reflected waves exist. We can 

write the electric field as 
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By applying the Maxwell equations, the H-field is 
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Imposing the boundary conditions for tangential electric and magnetic fields, we are able 

to ensure continuity between layers m and m-1 with 
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where 
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and 
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D and P are called dynamical and propagation matrices. The dynamical matrix will be 

diagonal if the coupling between modes does not exist. The matrix R is the coordinate 

rotation matrix which is applied to avoid singularity of some inverse matrixes. Finally the 

relation between fields in regions 0 and N+1 is  
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  (2.32) 

where 0 0 cosz ik w me q=  and ɗi is the incidence angle as shown in Figure 2.8.  Finally, 

by given incident plane wave with arbitrary propagation direction, after some 

mathematical procedures, the SE of multilayer composite can be obtained as 

 20logSE
å õ

= æ öæ ö
ç ÷

i

t

E

E
 (2.33) 

in which |Et| and |Ei| can be expressed in terms of Ci coefficients using (2.26) . 

2.3.1 Simulation Results Using Three-Layer Anisotropic 

Inhomogeneous Model 

By implementing the above code, we generate the simulation results for some case 

studies. By setting t = 3 mm, Ůrm = Ůrf = 2, ůf  = 10000 S/m, D = 0.05mm, P = 0.1 mm, L = 

0.75 mm, the SE of a four-layer composite using two different models, namely the 

anisotropic one-layer homogeneous model and the three-layer inhomogeneous model, is 

calculated as displayed in Figure 2.9. It is observed in Figure 2.9(a), for the E||-mode that 

at high frequencies, the three layer inhomogeneous model agrees much better with the 

FEM result than does the one-layer homogeneous model. FEM is a well-known full -wave 

numerical technique which is based on discretization of structure to a number of 

elements/meshes [49]. 
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Figure 2.9. SE of four layer composite, (a) (0/90/0/90), (b) (0/30/90/-60). 

 

The inhomogeneous model includes more details of the structure such that it can 

predict the high frequency behavior much better than the homogeneous model. As shown 

in Figure 2.9(b), the SE shows highly different behavior for two different electric field 

polarizations (E|| and Eƍ).  Since in RCCF composites there is a coupling between modes, 

the shielding properties could be very different for parallel and perpendicular modes as 

observed in Figure 2.9(b).  

2.3.2 Simulation Results Using One-Layer Anisotropic Homogeneous 

Model 

Here, the SE of multilayer composite laminates is obtained analytically by using the 1-

layer anisotropic homogeneous model of each layer along with the TMM technique. The 

SE sensitivity analysis is performed as a function of fiber orientation and plane wave 

parameters, which are the angle of incidence and the polarization of the electric field. The 

SE of 1 mm-thick 8-layer and 12-layer composites are calculated for different fiber  

× × × × × × × × 
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Figure 2.10. SE of 8-layer reinforced composite material, (a) perpendicular E-field (Eƍ), 

(b) parallel E-field (EƐ). 

 

 

Figure 2.11. SE of 12-layer reinforced composite material, (a) perpendicular E-field (Eƍ), 

(b) parallel E-field (EƐ). 

 

orientation patterns in Figure 2.10 and Figure 2.11, respectively. The relative permittivity 

is considered as 3.3 for all layers and the conductivity tensor in principal coordinate is 

(10000,0.1,0.2) /S ms=  for all cases. It can be observed that at frequencies greater than 1 

GHz, we have more than 10 dB difference between SE for various orientation patterns in 

both Eƍ and E|| cases, which can be explained as follows. Due to the coupling between 

modes in anisotropic layers, both components of the electric field, Ex and Ey, always exist  

(a) (b) 

(a) (b) 
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Figure 2.12. The effect of polarization angle on SE, (a) 12-layer and (b) 8-layer 

composites. 

 

Figure 2.13.  The effect of incident angle on SE, (a) Eƍ and (b) E||. 

 

independent of the polarization of the incident plane wave. Hence, the different 

orientation patterns have different effects on the attenuation of these components. On the 

other hand, the orientation of fibers can be used to control the shielding effectiveness of 

multilayer composites at the frequency range of interest. It should be noted that the SE 

calculated in Figure 2.10 and Figure 2.11 is just for Eƍ and E|| modes which are 

correspond to ɔ = 0º and ɔ = 90º, respectively. Figure 2.12 shows the effect of the 

(a) (b) 

(a) (b) 
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polarization angle ɔ on the SE of 8-layer (0/30/60/90/90/60/30/0) and 12-layer 

(0/30/45/90/-45/-30/0/30/45/90/-45/-30) composite materials. It can be seen that the SE 

changes considerably with the polarization angle ɔ at higher frequencies. The effect of 

incidence angle ɗ on the SE is calculated for Eƍ and E|| modes in Figure 2.13(a) and 

Figure 2.13(b), respectively. It is observed that the SE decreases for E|| and increases for 

Eƍ as the incidence angle increases. The reflection coefficient between air and a highly 

lossy material decreases in the E|| case as the incidence angle increases from zero up to 

the angles close to the grazing incidence [50]. As a result, the power transmission 

increases for the E|| mode versus incidence angle. Contrarily, in the Eƍ case, the 

transmission coefficient and as a result the SE decreases as the incidence angle increases. 

2.4 Measurement Setups and Experimental Results 

In order to use composites in industry, the measurement result of shielding properties 

is a key factor which should be presented to verify the performance of a composite 

experimentally. Actually the numerical and analytical models are often used to 

understand the electromagnetic properties of a material and to obtain a design outline to 

get better SE. In a design outline, one may provide a table showing the effect of different 

parameters like sample thickness, fiber orientation, carbon concentration on SE of 

composite. Different types of measurement setups are used to evaluate the SE of 

composites experimentally [51]-[55]. For example, the dual TEM-cell setup [51], lens 

antennas for free space measurements [52], the coaxial cable fixture [53][54] and 

standard waveguide setups [22][55] can be used for shielding measurements. Choosing 

the appropriate kind of measurement setup depends on the frequency range of interest.  
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The coaxial cable fixture is one of the most common setups. This setup is widely used for 

low-frequency SE measurements. The cut-off frequency of a coaxial cable depends on 

the diameter of inner and outer conductor so that a coaxial cable with 33mm and 76mm 

diameters has a 1.7 GHz cut-off frequency and with 6mm and 14mm has a 9.5 GHz cut-

off frequency. Since the plane wave parameters (incident angle and polarization angle) 

affect the SE, it is important to determine the plane wave parameters in measurement 

setups. In the coaxial cable fixture, the incident angle is normal because the propagation 

mode is transverse electromagnetic (TEM).  And because of electric field vector is in the 

radial direction, all polarizations altogether are tested in the SE measurement. However, 

the operating frequency range is limited by cut-off frequency of next mode (TE11) in the 

coaxial cable fixture.  Above the TE11 cut-off frequency other modes exist and the results 

of an SE measurement become difficult to interpret.  

To cover a wide frequency range a set of standard waveguide setups can be used, each 

over a limited frequency range where only the dominant mode propagates. Thus, we can 

measure SE by using G-, X-, Ku- and K-band waveguides. The dimensions of standard 

waveguides and their operating frequency ranges are given in [56].  

In a waveguide setup, the fundamental mode is TE10 with the electric field distribution 

as shown in Figure 2.14(a).  The y-directed electric field distribution is 

 sin j z
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x
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 (2.34) 

where ɓ is the propagation constant of dominant mode. Equation (2.34) can be re-written 

as 
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Figure 2.14. Rectangular waveguide setup, (a) TE10 electric field distribution at cross-

section, (b) Waveguide top-view along with two plane-wave rays. 
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From (2.35) and observing Figure 2.14(b), we find that the incident wave in a waveguide 

is composed of two oblique-incident plane waves with constant amplitude.   

It is important to note that the waveguide setup tests the SE with the electric field   

oriented in the y direction and so for anisotropic materials, the results will  depend on the 

orientation of the sample in the waveguide. Although the waveguide setup tests the SE 

for a particular incidence direction, it is in xz-plane and not yz so that the polarization of 

the electric field does not depend on the incidence angle. 

As experimental setup for low frequency measurements, up to 1.7 GHz, we used the 

coaxial cable fixture shown in Figure 2.15(a). A one-layer RCCF sample was fabricated 

in CONCOM laboratory using the following procedure [57]. Provided by Hexion 

Specialty Chemicals [58], the mixture of epoxy resin Epon 862 and the curing agent (26.4 

wt%) Epikure W was degassed in a vacuum oven at 90 °C for 30 min. After impregnating  
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Figure 2.15. (a) Coaxial cable fixture, (b) Measurement results. 

 

one ply of unidirectional carbon cloth (T300), produced by MF Composites [59], with the 

mixture between two aluminum plates coated with demolding agent, the plates were 

tightened. Then, the composite was cured at 120°C for 6 hours. The thickness of sample 

is 0.399 mm. 

Using an HP8720 network analyzer, the SE of three fabricated composite samples was 

measured as shown in Figure 2.15(b). There are two samples of RCCF composite that are 

4.5 mm thick and have 12 layers. The orientation of the fibers is different in the two 

samples. In one it is 0/15/-15/30/-30/45/-45/60/-60/75/-75/90 and in the other it is 

0/90/0/90/0/90/0/90/0/90/0/90. The third sample is 6 mm thick and has 24 layers. The 

measured SE in Figure 2.15(b) shows that even though the thickness of 24-layer sample 

is one-third larger than that of the 12-layer samples, the SE of 24-layer composite is 

much less than 12-layer one. It is owing to this fact that the fiber orientations of all layers 

in 24-layer sample are in the same direction, and so only block the component of the 

electric field parallel to the fibers, and not the perpendicular component.   

Coaxial Cable Fixture  

(a) (b) 

Multi -mode 

region 
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Figure 2.16. SE for two different configurations using waveguide measurement setup. 

 

Note in Figure 2.15(b) that the SE of the two 12 layer samples is similar, but is different 

in detail. The 0/15/-15/30/-30/45/-45/60/-60/75/-75/90 sample has a higher SE at 400 

MHz, but the SE is lower between 800 and 1500 MHz. This may be due to the some 

differences between fabricated sample and EM model of sample.  

For high frequency measurements, we used an X-band (8.2-12.4 GHz) waveguide 

setup. The waveguide cross-section size is 22.86 × 10.16 mm
2
.  For example, the 

measured SE of a one-layer unidirectional carbon fiber (T300-12K) sample is reported in 

Figure 2.16. SE is measured for two different cases, with the fibers parallel to the electric 

field, and with the fibers perpendicular. It is observed that SE is about 40 dB lower for 

the case that electric field is perpendicular to fiber orientation. 

2.5 Summary 

In this chapter, the electromagnetic and shielding properties of RCCF composites were 

investigated. The equivalent inhomogeneous anisotropic model was efficiently used to 

Carbon fibers  

Vertical Config.  Horizontal Config.  

y 

E 

Vertical electric field (E) 

8.2-12.4 GHz 
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analyze the shielding characteristics of RCCF composites. The effect of orientation 

pattern and incident plane wave parameters on shielding effectiveness of multilayer 

RCCF composites was studied. It was shown, both numerically and experimentally, that 

using different orientation patterns in the multilayer composites controls the shielding 

properties of the structure. The effect of incident angle was different on the shielding of 

perpendicular (Eƍ) and parallel (E||) modes. Moreover, the effect of incident plane wave 

polarization angle was evaluated for two typical multilayer composites. It is observed that 

shielding effectiveness varies considerably at higher frequencies for different polarization 

angles.   
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Chapter 3 : Carbon Nanotube 

Composites 

 

CNTs were discovered by Ijima in 1991 [60]. CNTs are made from rolled sheets of 

graphite. Generally there are three types of CNTs, namely zigzag, armchair, and chiral 

nanotubes [61]. CNTs are found in two categories, namely single wall carbon nanotubes 

(SWCNT) and multiwall carbon nanotubes (MWCNT). The diameter of CNTs is in the 

order of a few nanometers whereas the length could be in the order of few micrometers. 

Details about CNT types and models of materials are given in [62]. There are different 

techniques to produce CNTs such as arc discharge, laser ablation, high pressure carbon 

monoxide (HiPCO), and chemical vapor deposition (CVD) methods. The CVD method, 

known as catalyst method, is the most common technique to make cheaper CNTs in 

higher quantities [63]. The Youngôs modulus and tensile strength of a CNT are 1.2 TPa 

and 150 GPa, respectively, whereas the strength of steel is about 2GPa. The density of 

CNTs is around 1.4 g/cm
3
, half that of aluminum and more than five times lower than 

copper. The thermal conductivity of CNT is about 3500-6000 W/m·K, more than ten 

times that of copper at 385 W/m·K. The electric current carrying capability is around 10
9
 

amp/cm
2
, about one thousand times that of copper. CNTs are stable at high temperatures 

up to 2800 
°
C in vacuum and 750 

°
C in air.   

Outstanding mechanical properties, high electrical conductivity and high aspect ratio 

(AR) make the CNTs one of the most promising filler materials for conductive polymer 
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composites [64]-[73][78]-[79][81][80]. AR is the ratio of length to diameter of nanotube.  

Compared to other kind of carbon composites such as carbon black (CB), CNT 

composites show higher conductivity with lower carbon percentage. For example, for 

composite with 0.35% CNT, one may need to use 20% CB composite to reach to the 

same level of conductivity [79]. The other advantages of CNT composites are the 

uniformity and isotropy. Due to the high AR and small size of CNTs which is about a few 

nanometers in diameter and few micrometers in length, the CNT composite maintain its 

uniformity and isotropy even for higher carbon concentration. The AR of the nanotubes is 

one of the main parameters that affect the percolation behavior and as a result, the 

conductivity of the nanocomposites [64],[69]-[71],[80][81]. Due to the low price and 

scalable production, MWCNTs are extensively used to produce conductive composites 

[64] with epoxy resins, one of the most widely used thermosets. The conductivity of the 

composite and its SE depend on the loading and characteristics of the MWCNTs, and 

also the properties of the conductive network formed by the MWCNTs all over the matrix 

[80][81]. In order to produce a conductive network, highly-entangled accumulations of 

MWCNTs should be distributed efficiently in the resin by shear mixing or by ultrasonic 

processing. Among the shear mixing techniques, three-roll milling [65]-[68] is one of the 

best methods as it is solvent free, scalable, uniformly shears the entire volume of the 

material, and can easily handle high nanotube loadings [80][81].   

The majority of the studies on nanocomposites made of CNTs and thermoplastics 

[72]-[75] or thermosets [76]-[78] have reported the shielding effectiveness to be up to 60 

dB over various frequency ranges, from low frequencies (130 MHz) up to the K-band 

where the maximum SE of 20 to 60 dB is achieved only at very high nanotube loadings 
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(15 to 50 wt%). However, high CNT loading (>10 wt%) is detrimental to the process and 

cost of the composite. Therefore, it is very demanding and desirable to make highly 

conductive composites with low CNT loading.    

Recently in the CONCOM laboratory, highly conductive nanocomposites have been 

produced so that they are made of mass-produced MWCNTs at low loadings (<10 wt%) 

and epoxy resin [81]. Three-roll milling was used for MWCNTs dispersion. The high 

shielding performance of various samples over G-, X-, Ku- and K-band frequency range 

is investigated and compared with SE of other types of CNT samples reported in the 

literature. In addition to the conductivity, the thickness of the sample determines the SE 

as well. The effect of sample thickness on the SE of our nanocomposites is assessed and 

verified experimentally.   

In what follows, we first briefly introduce the preparation process and DC 

conductivity properties of the proposed highly conductive composites. Then, the SE and 

effective conductivity results over the desired frequency range will be presented.    

3.1 Sample Preparation and Percolation Curves 

The samples were produced by CONCOM using the preparation method explained in 

[81]. MWCNTs synthesized by CVD were provided by Arkema (Graphistrength-C100), 

Bayer Material Science (Baytubes-C150P) and NanoLab (Industrial Grade CNTsïNLIG). 

Their main characteristics are presented in Table 3.1. 

Table 3.1: Characteristics of the MWCNTs given by the manufacturer [81] 

Acronym Lot no. Outer Diam. (D)., nm Length (L), ɛm 

C100 7127 10-15 0.1-10 

C150P 103 13-16 1->10 

NLIG 43008 10-30 5-20 
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Figure 3.1. SEM micrographs of NLIG composites (a) 1 wt% loading, (b) 8 wt% loading 

[80]. 

 

3.1.1 Composite Preparation 

The composite preparation details were given by Dr. Rosca from CONCOM as 

follows [81]: 

 The resin, the curing agent (26.4 wt%) and the MWCNTs were weighed and hand 

mixed to form batches of 12 g. As the reactivity of the curing agent is very low at room 

temperature, we added the curing agent from the beginning in order to reduce the mixture 

viscosity, especially for high nanotube loadings. The batch was three-roll-milled for 

several times on a laboratory scale mill (EXAKT 80E, EXAKT Technologies, Inc.) at 

different shearing intensities. Next, the mixture was degassed in a vacuum oven at 90 °C 

for 30 min and loaded between two aluminum plates coated with demolding agent and 

(a) (b) 
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separated by a PTFE spacer of 1.6 mm thickness. Finally, the plates were tightened 

together by bolt joints, and the composite was cured at 120 °C for 6 hours. After 

demolding, the composite was trimmed to form 50 × 50 × 1.6 mm
2
 plates.  Batches with 

nanotube loading lower then 0.5 wt% were prepared by dilution of the 0.5 wt% mixture. 

The SEM micrographs of Figure 3.1 shows that three-roll milling is a very suitable 

method for homogeneously dispersing MWCNTs over a wide range of loadings.  

3.1.2 DC Conductivity Measurements 

The van-der-Pauw method is used to measure the conductivity of MWCNT 

composites [82] [83]. According to the percolation theory [84] the conductivity of 

composite can be expressed as   

 ( )0

t

cp ps s= -  (3.1) 

where p is nanotube weight fraction, pc is percolation threshold,  t is critical exponent and 

ů0 is the conductivity of an element of the percolating network. Figure 3.2 and Table 3.2 

present the percolation curves and the percolation parameters respectively for our 

MWCNT samples. 

Figure 3.2 shows that AR has a significant effect on the conductivity of a composite. 

Having the aspect ratio 5.5 times greater, the NLIG composite shows a conductivity 

about 10 times higher than the C150P composite. The maximum conductivity of 239.1 

S/m obtained for NLIG at 8 wt% is one of the highest values reported for epoxy-

MWCNT composites at similar loading. 
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Table 3.2: Percolation parameters of the MWCNT samples [81] 

MWCNT pc , wt% t ů0 , S/m 

NLIG 0.012 1.77 23075 

C100 0.097 1.86 5724 

C150P 0.188 1.96 3981 

 

 

Figure 3.2. Percolation curves of the considered MWCNTs, giving the DC conductivity 

as a function for the CNT loading [81]. 

 

3.2 Shielding Effectiveness of MWCNT Composites 

The shielding effectiveness of our nanocomposites was experimentally investigated 

over a wide frequency range, up to 26.5 GHz, using rectangular waveguides. As shown in 

Figure 3.3, we have used G-, X-, Ku- and K-band rectangular waveguides with 

dimensions of 47.548 × 22.148 mm, 22.86 × 10.16 mm, 15.8 × 7.9 mm and 10.668 × 

4.318 mm, respectively. Using an Agilent-E8364B network analyzer, which can operate 

from 10 MHz to 50 GHz, the measured SE of NLIG samples with different MWCNT  
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Figure 3.3. G-, X-, Ku- and K-band waveguides with cables and the network analyzer. 

 

 

Figure 3.4. Measured SE of NLIG samples over G-, X-, Ku- and K-band frequency 

ranges. 
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Table 3.3: Specifications of Tested NLIG Samples 

MWCNT (% wt ) Volume fraction (% vf) Thickness (mm) 

1 0.602 1.65 

2 1.210 1.67 

4 2.439 1.8 

8 4.959 1.9 

 

loading is presented in Figure 3.4. The sample specifications are given in Table 3.3. The 

SE increases from less than 20 dB from 1 %wt to 20 to 25 dB for 2 %wt, 35 to 45 dB for 

4 %wt to 60 to 90 dB for 8 %wt.  The SE is roughly constant with frequency at G and X 

band, and increases with frequency at higher frequencies and higher CNT loadings, 

especially at K band up to 26.5 GHz. This increasing can be explained by considering the 

skin depth of the composite, which will be addressed in next section. 

In Figure 3.5 we have compared the shielding properties of our samples containing 4 

and 8 %wt NLIG with similar composites reported in the literature. It is observed that our 

nanocomposites based on NLIG with lower nanotube loading and smaller thickness have 

a much higher SE than those reported in [55], [74]-[76]. It should be noted that the 

MWCNT samples reported in [55] are characterized over an 8-10 GHz frequency range 

so that the corresponding shielding performance in Figure 3.5 is calculated only over that 

frequency band.  

Figure 3.6 presents the SE of nanocomposites made of MWCNTs with different aspect 

ratios (Table 3.1). The DC conductivity in Figure 3.2 is strongly dependent on the aspect 

ratio. Figure 3.6 shows that the SE is much higher using nanotubes with a high aspect 

ratio. Thus the SE with NLIG is 60 to 90 dB over the 4 to 26 GHz frequency range, much 

larger than C100 which has an SE of 30 to 40 dB. 
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Figure 3.5. Comparison of NLIG shielding performance with other samples from the 

literature: (a) 4%wt and (b) 8%wt MWCNT NLIG. 
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Figure 3.6. The effect of aspect ratio on the SE of proposed nanocomposites. 

 

3.3 Effective Conductivity of NLIG -MWCNT Samples and 

Simulation Results 

In Section 3.1, D.C. conductivity (ůDC) of the nanocomposites was reported along with 

the percolation curves (Figure 3.2). However, since composite materials may show 

noticeably frequency-dependent behavior, it is important to characterize the effective 

parameters (conductivity, permittivity and permeability) of samples over a wide 

frequency range. In this section, we obtain the effective conductivity (ůeff) of the 

nanocomposites by minimizing the difference between the measured scattering 


