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Abstract

Advanced Carbon Fiber Composite Materials for Shielding and Antenna Applications
Aidin Mehdipour, Ph.D.

Concordia UniversityMay 2011

Due to the lowweight, ease of fabrication, low cost, high stiffndsgh thermal and
electrical conductivityadvancedcarbon fiber composite (CFGhaterialis one of the
most desirable materials which have been considered recentiyeiraerospace,
electronic, and infrastructure industry

This thesis examingbe use ofCFC materials foelectromagnetic fieldhielding and
antenna applications. Usiregsuitableslectromagnetic model of composite materials, we
evaluate the shielding effectiveness (SE) and other EM properties of compasites
attention to antenna desigAnalytical and simulation results are compared with
experimental datarwo kinds of composite materiadse investigatedhamely reinforced
continuous carbofiber (RCCF) composites and carbon nanotube (CNT) composites.

For analytical SE analysis of mtilayer RCCF composites, the material shows
anisotropic behavior alonthe direction of the fibers and we employthe transmission
matrix method in conjunction witthe anisotropic propeisof each layer. The shielding
performance of composgas also experimentally investigated. In order to enhance the
conductivity ofan RCCF composite, a small volume fraction ratilti-walled carbon
nanotubes NIWCNTS) is added to the RCCF materidNe investigate the SE of the

proposedVIWCNT A n acomposit® over a widefrequency band up to 26.5 GHEhe



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 andginglewalled carbon nartabe (SWCNT)composite is
investigated for building antennasy replacing thenetal with CFCWe usean RCCF
composite to build resonant and wideband antenitas effect of the conductivity tensor
of RCCF composite on the antenna performance is addre¥gedalso study he
performance of a microstrip patch antenna witle ground plane made of RCCF
composite.

As one of themost highly-conductive composite materials, single wall carbon
nanotube $WCNT) buckypapers are used to build composite antennas.eW n
fabrication method is proposed to print arbitrashaped fulcomposite SWCNT
antenna on any type of substrate. Various types of SWCNT antennas are fabricated for
different antenna applications, namely URFID, WLAN, UWB, and mrmwave
applications. God agreement is observed between simulation and experimental results
for all the aforementioned composite antennas.

Using the spectr al domai n met hod, t he Greenod
infinitesimal HED on a dielectric slab over a CFC ground plabee to the high
conductivity, CFCs are modeled usiagsurface impedance. The expressions for the
electric field components are derived. The numerical integration details particularly
dealing with lowconverged tail of the integrand for fields at thedi@lectric interface
are addressed. Numerical results based on this method compare well with results based
on a timedomain finite integration technique. The effect of conductivity and anisotropy

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

Different kinds of metalssuch ascopperand aluminum are extensively used in
aerospace and mangther industrial applications. In fact, the high value of the
conductivity of metal makesit a very good candidate for shieldir@pplications.
However, some disadvantages of metals are their high weight, manufacturing cost and
poor corrosion resistance, which make designers want to produce a good alternative
materi al to metals. For thi s pulhapeobeen, ma n
proposedl1]-[7].

Due to the lowweight, ease of fabrication, low cost, high stiffness, high thermal and
electrical conductivity,a carbon fiber composit¢CFC) is one of the most desirable
materials which have been considered recentlythie aerospace, electronic, and
infrastructure industry[8]-[13]. In electrical applicabns, CFCs are used for
electromagnetic interference (EMI) shielding, thermoelectric energy conversion, radar
absorbing material, senspiswitcles electronic devices like diodes and transistors, and
thermal pastefl4]. 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) purposesThe characterization and analysis of the SE of compositeyesy
challenging issue for EMC engine¢id], [15]-[25].

Metalsare regularly used in antenna and microwave structures as the nfatettia

radiating element, transmission lines and feed networks. In new antenna and microwave



technologies, lowcost, lowweight, lowcorrosion and high thermal conductivity
charactestics 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 appli&&jens

[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, CEs have been usedxtensively inthe aerospace and aircraft industry.
There are many sensitive electronic equipments inside the fuselage of spacecraft, aircraft,
and helicopters, susceptible to interference from external electromagnetic [8ajres
[35]. Interference can degrade the performance of electronic devices considerably and so
the fuselage is required to be a gebectromagnetishield against external fields. But by
using a composite aghe material for the fuselage instead aoimetal, 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 cafully. There are many parameters which affect the SE of, G&¢h as
the fabrication procesghe fiber percentageand thethickness of samplg2]. It should
be noted that because of the complicated structure of composites, theghmay
frequencydependst shielding properties over wide frequency rang@2][25],[37].
Moreover, the direction of fibers in some kinds of CFCs such as reinforced continuous
carbon fiber (RCCF) compositeassery critical factor which makes the material shanv

anisotropic propay alongthe fiber direction[25],[38]-[40]. Therefore, one should use



appropriate analytical and modeling approacteesnalyze the shielding properties of
composite. 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 impartactor which should bevaluaéd 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 ise CFC in antenna structures as radiating
elemens, two challenging issues aris€he frst challenge is the radiation properties of
composite antengavhich could be significantly different than copper antenhae to
the lower conductivity of composit Another challenge is the fabrication of composite
antenna, including printing composite material on the substrate and making any arbitrary
shape ofanantenna on the substrate. Providing a strong adhesion betvesmmposite

and substrates anothesignificantchallenge.

1.2 Objectives

Oneobjectiveof this workis 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. Thdmy applyingsuitablemethods the shielding
behavior of the composite material is determined and the effect of the different physical
parameters of composite on the SE is obtained. Choosingpitrepriatemodel for a
composite material highly depends dr tcarbon 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



methods could be used, suchtlas transmission matrix method (TMM3B6], Floquet

mode theory[38], the method of moments (MoM)l], homogenization method42],

finite element methodFEM), or the finite difference time domain (FDTD) metHd4].

By doing the analytical or numerical study, we can find out the effect of different
physical parameters of composites on SE. SE of compositatsasexperimentally
examined over a very wide frequency range up to 50 GHz. It is done by using different
standard measurement setups such esaxial fixtureat low frequencigsandvarious
waveguide setupat higher frequenciesVe consider two famougges of CFCs, namely
reinforced continuous carbon fiber (RCCF) and carbon nanotube (CNT) composites. The
composite samplesere produced athe Concordia Center for Composites (CONCOM)
Laboratory[44].

Another main objective of this dissertation is to explore using CFCs in antenna
structures and associata@plications.The performance of various types of antennas is
investigated when thenetal partsare replacedvith composite. By doing so, anew
generation of antennas is proposkdving nometal in their structure. Wwill consider
different types of resonant, multiband, and wideband antennas designedrifars

applications.

1.3 Thesis Organization

Thisthesisis organized as follows.
In Chapters 2 and 3, we introduce two commeua$ed CFC materials, namely RCCF
and CNT composites, respectively. We investigate the electrical and shielding

characteristics of these composites using appropriate analytical and numerical models.



The TMM method ang with accurate equivalent EM model is used to calculate the SE
of multilayered RCCB .sThe 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 aget 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
Greent6s function of a dielectric slab bacl
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 (PEQ)dgotane.
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 arsed 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. Difat types of antennas are considered for
study operating over UHF radio frequency identification (URED), Bluetooth,
wireless local area network (WLAN), UWB,-iand, and mnawave frequency ranges.

The effect of conductivity tensor of CFCs on the antgeréormance 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 andgsoeiated challenges are discussed.



A new fabrication technique is proposed to print CNT buckypaper on both sides of
substrate to make fulomposite antennas with desired shape and structure. Different
kinds of substrate are considered to show the vbtgaif the proposed fabrication
process.

Chapter 7 contains conclusions of thesisand addresses future research into the use

of CFCs for shielding, antenna, and microwave applications.



Chapter 2 : Shielding Characteristics of
Reinforced Continuous Caibon Fiber

Composites

The reinforcing fibers of the carbditber composites couldebin various forms such
as RCCF, short carbon fiber (SCF), carbon nanotube (CNT), and carbon black (CB). In
this dissertation, we consider two frequenied CFCs, namely RCCF and CNT
composites These materials have goatechanical and chemical propestieMoreover,
the electrical conductivity of these CFCs is typically higher than other types of
compositesmaking them more suitable for EM and shielding applications.

A typical RCCF composite is composed of a resin reinforced by fithers are
orientedin a specific directionas shown irFigure2.1. Such materials are often made in
several or many layers, with tloarbon fibers oriented in different directionin each
layer, to approximate isotropic behavidrhe crosssectional view of asinglelayer
RCCF is shown irFigure2.1 (b). The average diameter of fibers is 4.98+0.36n and
separation distance between fibers is typicalgnil The densy of RCCF composites is
around 1.5 g/cf half that of aluminum and more than five times lower than copper.

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

far-field electromagnetic field exposure, plane wave shieldifectiveness is adequate
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Figure 2.1 (a) RCCF composite, (b) Croesgew, (c) Optical micrograph of RCCF
Composite (scale bar 50 &em).

for analysis. A fulwave numerical solution simulation must use a very fine
discretizationstep to represent the individueomposite 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 fil ament
assumpti ono wa sidepmrhghyoacardte result ap high frequencies.
However, the accuracy of this model depends on both frequency and oecaohgihe so
that it is not valid for som@articularoblique incidencelirections In [41], a periodic
surface integral equation was employed to analyzelayes fiberreinforced composite
materials. Even though this method preditts composite shielding behaviarell at
very high frequencies for all incidence anglesgeijuires a lot ofCPU timeparticularly
when applied tanultilayer composite material structures.

When the period of periodic structure is much less than wavelength, the structure can
be approximated as a unifornmediumwith an effective value for the conductivitin

order to simplify the solution, a lossy isotropic model for multilayer conductive
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composites has been introduced2d]. By assuming an isotropic model for each layer
and applyinghe TMM, the shielding analysisf such a multilayer medium can be easily
performed. However, the isotropic moaeay not be very accurat@hen theanisotropic
behavior in eacimdividual layeris important The conductivityin each layeof RCCF is

high along the direction of fiberéi ) , but | ow in th@d)pespetnhd t
000 > $39]. In [36][45],[46], the planevave 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 nomagnetic medium, the permeability of composites is
considered as free space permeabibty).( The proposed anisotropic bulk model shows
much better accuracy than isotropic model particularly at high frequencies and also when
the fibers n 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 ondayer anisotropic homogeneous model can be efficiently used, it
cannot predict the shielding behavior of composite at high frequencies. Two other types
of anisotropic equivalennodels have been intraded for ondayer composite, namely
threelayer homogeneous and inhomogeneous md@éls [47]. The models are shown
in Figure 2.2. These modelgclude more of the internaldetail of the structure so that

high frequency behavior such as resonances can be captured. In thaythresodel,
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Figure 2.2. (a) RCCF composite, (b) thréeyer homogeneous model, (c) thiager
inhomogeneous modi25].

each layer of composite is divided to theedylayers. Themiddle sublayerincludes the

conducting fibers and is remsented withan effective anisotropic homogeneous or
inhomogeneous medium. Although the homogeneous model showimgume 2.2(b)

increases the validity of composite model Fagher 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 #Agrat|
separation distance between fibers iaréhe 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 thatyadidmodel. Similar to

threelayer homogeneous modeh this case each layer is divided to three parts. The

middle part is an inhomogeneous medium with effective permittivity tensor givibpy
e'=(1-9) ¢ & (2.2)

6,= £,%L 9) ,eg+, (22)
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where g = &/ﬁv F. For the homogeneous modgis equal to' AP 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
alongthe z direction. When a wave reaches to the middlerlays propagates through,

the wave sees an increasing crssstion of the fiber until the center of the fiber and then
the wave sees a decreasing fiber csEsgion. The threlyer inhomogeneous layer
representsnuch moreof thedetail of structure sdat 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 applythg TMM technique. Since the
electromagnetic properties of an anisotropic medare 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

»25% ‘

1]

1
o O
O,;<(-D o

0
0 (2.3)
e,

D> (D~ (D~ (D~

wheree, , gande, are the permittivities along the principal axes (y1, z1). Generally,

the principal axes do not correspond to the global coordinate directipns %).

Therefore, the dielectric tensonigzcoordinates can be written as

éex1 0O 0@
é u
e=T¢0 ¢ 0 ¥’ (2.4)
é u
éO 0 ezl 0
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Figure2.3. () A plane wave in anisotropic media with spedHiet8]. (b) A plane wave
in anisotropic media with specifit.

whereT is the coordinate rot@in matrix. Hence, in globatyz coordinates, we have a

nontdiagonal dielectric tensor given by

ee € es

__&
=68 W nf (2.5)
8ezx @ zze t

For the following analysis, we assume that the principal axes coincideyzidxes. The

plane wave may be represented as
E=E,e & (2.6)
where
= xn, Hyn, 2n, (2.7)
andki =w* mek? = ke k =keK k. Using Maxwell equations we haf4s]
n3(n 3E) w? me O0. (2.8)
When the principal axes coincide with thxgz axes, if weset the determinant of

coefficients in(2.8) to zero, we obtain

21,2 n2 2 21,2
I;]xkx > + zyky > + nz kz @: (29)
K-k KK KK
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The solution to this fAdispersion equationbo
For example, if we assuntlee xzplane @, = 0), (2.9) becomes

K- K)gek(k -k) #K(K K go. (2.10)
As shown inFigure2.3, for a specific vectorf, by regarding the forward and backward
propagation, we have generally four propagation const&igsire 2.3(a) shows the
propagation constants of a plane wavéhe specific direction oft. In Figure2.3(b), the
propagation constants for waves with a specifigalue are illustrated. The constakgs
andkgxar e associated wiralbhrdondrgwaryyodasd fesx:
the circle and the oval intersect each other, we have a single value of the propagation
constant for that one specific direction, and that direasoma | | ed an Aopti ca
should be noted that in some plaries 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 4x4 matrix rather than two
2x2 matrices as for isotropiceadia. It should be noted that when the principal axis is not
parallel tothe xyz coordinates, coupling between ordinary and extraordinary modes

exists.

2.2.1Shielding Analysis of Multilayered RCCF Using Transmission

Matrix Method

It was noted abovethat the equivalent models can predict the electromagnetic
properties of composites. The thileger anisotropic inhomogeneous model is the most

accurate equivalent one among proposed equivalent models. The effective parameters of

13
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Figure 2.4. The g-factor and magnitude of permittivity inside composite layer
characterized by equivalent inhomogeneous model.

composits displayed inFigure 2.2 can be btained from(2.1). Figure 2.4 shows the
calculated magnitude of permittivity alonthe fiber direction in the layer at three
different frequencies. It is observed that at the permittivity of middle region has a

considerable inhomogeneous behavior.
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Figure 2.6. Multilayer RCCF composite inhomogeneous model characterized by a
number of homogeneous slayers.
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In order to convert an inhomogeneous probtera homogeneous one, we may split each
inhomogeneous layer td homogeneous stdlayers as displayed iRigure2.5. By doing

so, it is observed that each layer of a multilayer reinforced composite comdr@es
layers The number of sulayersM 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 ifrigure 2.6. The TMM technique along with

anisotropic medium characteristics is used to solve the problem.

2.3Incident Plane Wave on Multilayer Anisotropic Medium

As shown inFigure 2.7, the reinforced composite can be modeds one anisotropic
medium with principal axisxNyNgNj) s>iNj taMaar e parall el zto fib
axis, respectively. The angle of reinforefaer direction to the global coordination axis
is assumed a8. By solving Maxweld gquationsin each layerthe TMM is applied to

find the SE of multilayer composites. The dielectric constant and conductivity tensor are

é,exi O O
e=g0 ¢ 0 (2.11)
g0 0 ¢
and
&, 0 0
§=g0 5 0 (2.12)
g0 0 s,
inxXMENj coor di nat es, axyzdoordimates. In casetthe ldyera greolossy| I n

we combine the real permittivity and conductivity into a complex permittivity,
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Figure2.7. Composite material with reinforced carbon fibers.

e= g, el_i). By using the coordinate rotation matfixthe dielectric tensdrecomes
jw

é,exx @ 0
e=¢g ,£0 (2.13

é O 0 eZZ

where

e,= gsin®  j,ces (2.14)
e,= gcos jr git (2.15)
e,= € (2.16)
e,= g % ,e-,)sn coy (2.17)

A plane wave can be decomposed into parallel and perpendicular components,
corresponding to the parallel and perpendicular polarization. As egdl@arlier, 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 pey&nd
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

17



global axes, coupling between two modes exists which leads to coupled equitmns.

solution of such a problem is explained as follows. The incident plane wave is given by
E=Egel £ g/t (2.18)
By substituting(2.14)-(2.18) in Maxwelld squatiors, we obain:

W ome k) kS Cwmiek, Cop e o

2 2 2 2
é W me+kk, w e’ K, W ke, EE} 0. (219
& W me+tkk, 2w g K, ° whmeld Y

In a multilayer anisotropic media, as showrFigure2.8, the parametets, andk, should
be constant in all layers to satisfy the boundary condition at interfaces. Moreover, for
convenience suppose that the plane wave is incident ix-2tane, and henclg, = 0.
Therefore given K, k) and the dielectric tens@&14)-(2.17), the roots of the coefficig

matrix determinant give us the propagation constignés

w me- k? ‘wyme kK,
W me ‘womkel Kk 0 & (2.20)
kK, 0 w mg- k? -k’

which leads to
Ak'+Ak? +A & (2.21)
where

A=w meg
A=kw e+ -*wme +tp e (2.22)
A’::M/Zm f/’/ mekxz)g x>( é J{Vlﬂj)? * Xy yy’/{

By solving (2.21), four wave vectors K; vectors) are obtained which are related to

ordinary and extraordinary modes which are forward and backward zrdilection
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Figure2.8. Multilayer anisotropienedia excited by an incident plane wave.

K=k x &,z (i k2,34 (2.23)
with the corresponahg polarization vectors
R=pPX My 872 (2.29)
in which

p =W me -k? k) *w, mki k)
p, = W mg - ‘wome? k¥ (2.25)
p,=kb(-Ww me k> k£

Also the vectomp, can be normalized by using normalization constami|(, |). Hence, as

shown inFigure2.8, in each layer two transmitted and two reflected waves exist. We can

write the electric field as

4 _
E=5Cpe o (2 7). (2.26)
i=1

By applying the Maxwell equations, thefield is
19
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H = Cs e—J(kxX *i(z 7) W , = . 2.2
iazl e 3 Wm(K 2 (227

Imposing the boundary conditions for tangential electric and magnetic fields, we are able

to ensure continuity between layensandm-1 with

eC,(m- 1) ra Gm
eC ,(m-1) Cg”)
ec(m D 4 HD (m 1)D(m) A ) cém (2.28)
&,(m-1) | cam
where
érlx (m) r2x(m) rl3><( m) r4><( r@
D(m) = esly(m) s,(m sCm 5C)n (2.29
(m) r2y(m) r3y( m) r4y( m
e%x(m) S(m s(;m g m
and
deka(m 0 0 0 ‘
S 0 ekt 0 0 |
P(m)zé X . s, o i (2.30)
é . [
g 0 0 0 ghaaman |

D andP are caled dynamical and propagation matrices. The dynamical matrix will be
diagonal if the coupling between modes does not exist. The niatsexhe coordinate
rotation matrix which is applied to avoid singularity of some inverse matrixes. Finally the

relation ketween fields in regions 0 a1 is

eC,(0) Q CEN+1)
ec 0 CIN+1
eC EO; HD R 18C—) D(mM R M D ( ) UIQ C§N11; (2.32)
.0 & CAN+1)

and
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e 0 0 cosy cosg
& o 0 I (sing+k, cosg) — (% sin gk, cos ¢
b _é wm ™ wm ‘
e 1 1 0 0
é k,cosg Kk, cosqg
& 0 0
& wm wm

(2.32)

where k,, =,/ meos , andd; is the incidence angle as shownFigure2.8. Finally,

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

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

SE=20 Iog? (2.33
el

in which E;| and ;| can be expressed in term33ytoefficients using2.26) .

2.3.1Simulation Results Using ThreeLayer Anisotropic
Inhomogeneous Model

By implementing the above code, we generate the simulation results for some case
studies. By setting= 3 mm,U, = § = 2, = 10000 S/mpP = 0.05mmP = 0.1 mmL =
0.75 mm, the SE of a fodayer composite using two different models, namely the
anisotropic ondayer homogeneous model and the tHegeer inhomogeneous model, is
calculated as displayed Hgure2.9. It is observed irFigure2.9(a), for theErmode that
at high frequencies, the three layer inhomogeneous model agrees much better with the
FEM result than does the ofeyer homogeneous model. FEM isell-knownfull-wave
numerical technique which is based on discretization of structure to a number of

elements/meshd49].
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Figure2.9. SE of four layer composite, (a) (0/90/0/90), (b) (0/30&my.

The inhomogeneous model includes more detailshefstructure such that it can
predict the high frequency behavior much bett@n thehomogeneous model. As shown
in Figure 2.9(b), the SE shows highly different behavior for two different electric field
polarizations g andE,). Since in RCCF composites there is a coupling between modes,
the shielding properties could be very different for parallel and perpendicular modes as

observed irFigure2.9(b).

2.3.2Simulation Results Using One_ayer Anisotropic Homogeneous
Model

Here, the SE of multilayer compésiaminates is obtained analytically by using the 1
layer anisotropic homogeneous model of each layer alongth@thMM technique. The
SE sensitivity analysis is performed as a function of fiber orientation and plane wave
parameters, which are the angfancidence and the polarization of the electric field. The

SE of 1 mmithick 8layer and 12ayer composites are calculated for different fiber
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Figure2.10. SE of 8layer reinforced composite material, (a) perpendicktield (Ey),
(b) parallelE-field (Eg).
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Figure2.11. SE of 12layer reinfaced composite material, (a) perpendicidield (Ey),
(b) parallelE-field (Eg).
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orientation patterns iRigure2.10 andFigure2.11, respectively. Theelative permittivity

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

S =

(10000,0.1,0.2% fr for all cases. It can be observed that at frequencies greater than 1

GHz, we have more than 10 dB difference between SE for variousabioenpatterns in

both E, andE; cases, which can be explained as follows. Due to the coupling between

modes in anisotropic layers, both components of the electric EgéhdE,, always exist
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Figure 2.12. The effect of polarization angle on SE, (a)-lager and (b) 8ayer
composites.
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Figure2.13. The effect of incident angle on SE, &)and (b)E;.

independent of he 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 inFigure 2.10 and Figure 2.11 is just for E, and E; modes which are

correspond to = 0° ando = 90°, respectivelyFigure 2.12 shows the effect of the
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polarization angleo on the SE b 8-layer (0/30/60/90/90/60/30/0) and -l&er
(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 armgyde higher frequencies. The effect of
incidence anglef on the SE is daulated forE, and E; modes inFigure 2.13(a) and
Figure2.13(b), respectively. It is observed that the SE decreasds, fand increases for

E, as the incidence angle increas The reflection coefficient between air and a highly
lossy material decreases in tgcase as the incidence angle increases from zero up to
the angles close to the grazing inciden66]. As a result, thegpower transmission
increases for theE; mode versus incidence angle. Contrarily, in g case, the

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

2.4Measurement Setups and Experimental Results

In order to use&omposites 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 aiten used to
understand the electr@gnetic properties of a material and to obtain a design outline to
get better SE. ladesign outline, one may provide a table showing the effect of different
parameters like sample thickness, fiber orientation, carbon concentration on SE of
composite. Diferent types of measurement setups are used to evaluate the SE of
composites experimentallp1]-[55]. For example, the dual TEREIll setup[51], lens
antennas for free space measuremdb®y, the coaxial cable fixturd53][54] and
stendard waveguide setupa2][55] can be used for shielding measurements. Choosing

the appropriate kind of measurement setup depentledrequency range of interes
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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-affitfrequency ofa coaxial cable depends on
the diameter of inner and outer conductor so thabaxial cable with 33mm antbmm
diameters haa 1.7 GHz cutoff frequency and with 6mm and 14mm le8.5 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 measiirem
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 SEuresaent. However,
the operating frequency range is limited by-afitfrequency of next modeTg;1) in the
coaxial cable fixture. Above thHEE;; cut-off frequency other modes exist and the results
of an SE measurement become difficulirtierpret

To covera widefrequency ranga set ofstandard waveguidgetups can be used, each
overa limited frequency range where only the dominant mode propagdéigs,we can
measure Sby using G-, X-, Ku- and K-bandwaveguides The dimensionsof standard
waveguigsand theiroperating frequencrangesare given if56].

In a waveguide setup, the fundamental mode ig Wih the electric field distribution

asshown inFigure2.14(a). They-directed electric field distribution is
E, = Asiné!'a%( é”’z (2.34)

whereb is the propagation constant of dominant mode. EqQu§B&4) can be rawritten

as
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Figure 2.14. Rectangular waveguide setup, (a):d Electric field distribution at cross
section, (b) Waveguidep-view along with two planevave rays.
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From (2.35) and observindrigure2.14(b), we find that the incident wave awaveguide
is composed of two obligd@cident plane waves wittonstant amplitude

It is important to note that the waveguide setup tests thavi8Ethe electric field
orientedin they direction and sodr anisotropic materials, the resultgl depend on the
orientation of the sample in the waveguide. Although the waveguide setup tests the SE
for a particular incidence direction, it is xzplane and noyz so that the polarization of
theelectric fielddoes not depend dheinciderceangle.

As experimental setup for low frequency measurements, uy t86Hz, we usedhe
coaxial cable fixture shown iRigure2.15(a). A onelayer RCCF sample/asfabricated
in CONCOM laboratory using the following procedurg¢57]. Provided byHexion
Specialty Chemicalfs8], the mixture ofepoxyresinEpon 862and the curing agent (26.4

wt%) Epikure W waglegassed in a vacuum oven at 90 °C for 30 Afiter impregnating
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Figure2.15. (a) Coaxial cable fixture, (b) Measuremesgults.

one ply of unidirectional carbon clo{300), produced byMF Composite$59], with the
mixture between two aluminum pést coated with demolding agenhe plateswere
tightened. Thenhie compositevascured at 120°C for 6 hour$he thicknes®f sample
is 0.399 mm.

UsinganHP8720 network analyzer, the SE of three fabricated composite sangdes
measured as shown kigure2.15(b). There are two samples of REComposite 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 0/185/30£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 thrak lsas 24 layers. The
measured SE ifigure2.15(b) shows that even though the thickness cfa34r sample
is onethird larger than that of the 4@yer samples, the SE of 2dyer composite is
much less than XRyer 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.
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Figure2.16. SE fortwo different configurations using waveguide measurement setup.

Note inFigure2.15(b) that the SE of the two 12 layer samples is similar, but is different
in detail. The 0/1515/30+30/45+45/60+60/75£75/90 samm@ 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 uaedX-band (8.212.4 GHz) waveguide
setup. The weeguide crossection size is 22.86 x 10.16 riim For examplethe
measured SE of a otayer unidirectional carbon fiber (T3A@K) sample is reported in
Figure2.16. 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.

2.5Summary

In thischapter, the electromagnetic and shielding properties of RCCF compuesiees

investigated. The equivalent inhomogeneous anisotropic nveakeefficiently used to
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analyze the shielding characteristics of RCCF composithe effect of orientation
pattern and incident plane wave parameters on shielding effectiveness of multilayer
RCCF compositewasstudied. Itwasshown, both numerically and experimentally, that
using different orientation patterns in the multilayer composites controls the shielding
properties of the structure. The effect of incident amgdsdifferent on the shielding of
perpendiculariy) and parallel ) modes. Moreover, the effect of incident plane wave
polarization angle was evaluated for two typical multilayer compositssoltserved 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 ljima in 19980]. CNTs are made from rolled sheets of
graphite. Generally there are three types of CNTs, namely zigzag, armchair, and chiral
nanotubeg6l]. CNTs are found in two categories, namely single wall carboatnbes
(SWCNT) and multiwall carbon nanotub@WCNT). The diameter of CNTs is in the
order of a few nanometers whereas the length could be in the orgsy wficrometers
Details about CNT types and models of materials are givgé2in 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 oeemer CNTs in
higher quantitie$63]. The Youngds modulus and tensile
and 150 GPa, respectively, whereas the strength of steel is about 2GPa. The density of
CNTs is around 1.4/gm®, half that of aluminum and more than five times lower than
copper. The thermal conductivity of CNT is about 38000 W/m-K, more than ten
times that of copper at 385 W/m-K. The electric current carrying capability is arotind 10
amp/cnf, about onehousand times that of copper. CNTs are stable at high temperatures
up to 2800C in vacuum and 75 in air.

Outstanding mechanical properties, high electrical conductivity and high aspect ratio

(AR) make the CNTs one of the most promising filler matgrial conductive polymer
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compositeg64]-[73][78]-[79][81][80]. AR is the ratio of length to diameter of nanotube.
Compared to other kind of carbon composites suchcabon black €B), CNT
composites show higher conductivity with lower carbon percentage. For exdomple
composite with 0.35% CNT, one may need to use 20% CB composite to reach to the
same level of conductivity79]. The other advantages of CNT composites are the
uniformity and isotropy. Due to the high ARdismall 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 thaffect the percolation behavior and as a result, the
conductivity of the nanocomposit¢64],[69]-[71],[80][81]. Due to thelow price and
scalable productignMWCNTSs are extensively used fwoduceconductive composites
[64] with epoxy resins, one of the most widely used thermosets. The conduatitty
composite and its SE depend dw tloadingand characteristicef the MWCNTSs, and
alsothe propertiesof the conductive network formed by the MWCNalkoverthe matrix
[80][81]. In order b producea conductive network, highlgntangledaccumulationof
MWCNTs shouldbe distributedefficiently in the resin by shear mixing or by ultrasonic
processing. Among the shear mixing techniques, {tokenilling [65]-[68] is one of the
best methods as it isolvent free, scalable, uniformly shears the entire volume of the
material, and can easily handle high nanotube load8@jE31].

The majority of the studies on nanocomposites made of CNdsttermoplastics
[72]-[75] or thermoset§76]-[78] have reported the sding effectiveness to be up to 60
dB over various frequency ranges, from low frequencies (130 MHz) up to-thené

where the maximum SE of 20 to 60 dB is achieved only at very high nanotube loadings
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(15 to 50wt%). However, high CNT loading (>Mt%) is detrimental to the processmd
cost of the composite. Therefore, it is very demanding and desirable to make highly
conductive composites with low CNT loading.

Recently inthe CONCOM laboratory highly conductive nanocomposites have been
produced so thiaghey are made of magsoduced MWCNTSs at low loadings (<1d%)
and epoxy resig81]. Threeroll milling was used foMWCNTSs dispersion The high
shielding performance of various samples over)G, Ku- andK-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 cuwgmanposites 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 overdldesired frequency range will be presented.

3.1Sample Preparation and Percolation Curves

The samples were produced by CONCOM using the preparation method explained in
[81]. MWCNTSs synthesized bZVD were proided by Arkema GraphistrengtiC100),
Bayer Material Science (Baytub€i50P) and NanoLab (Industrial Grade CNNkIG).

Their main characteristicre presented ihable3.1.

Table3.1: Characteristics of the MWCNTSs given by the manufactj@®&y

Acronym Lot no. Outer Diam. (D)., nm Length (
C100 7127 10-15 0.1-10
C150P 103 13-16 1->10
NLIG 43008 10-30 5-20
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Figure3.1. SEM micrographs of NLIG composites (ayv loading, (b) 8vt% loading
[80].

3.1.1Composite Preparation

The composite preparation details were@egi 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, @ added the curing agent from the beginning in order to reduce the mixture
viscosity, especially for high nanotube loadings. The batch was-rtbitemilled for
several times on a laboratory scale mill (EXAKT 80E, EXAKT Technologies, Inc.) at
different sharing 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
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separated by a PTFE spacer of 1.6 mm thickness. Finally, the plates were tightened
together by bdl joints, and the composite was cured at 120 °C for 6 hours. After
demolding, the composite was trimmed to form 50 x 50 x 1.8 piates. Batches with
nanotube loading lower then 0.5 wt% were prepared by dilution of the 0.5 wt% mixture
The SEM micrograph of Figure 3.1 shows that threeroll milling is a very suitable

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

3.1.2DC Conductivity Measurements

The vanderPauw methodis used tomeasue the conductivity of MWCNT
composites[82] [83]. According to the percolation theorB4] the conductivity of

composite can be expressed as

s=3(p -n) (31
wherep is nanotube weight fractiop; is percolation thresholdt is critical exponent and
Uo is the conductivity of an element of the percolating netwsiture 3.2 and Table 3.2
present the percolation curves and the percolation parameters respectivelyr for ou
MWCNT samples.

Figure 3.2 shows that AR has a significaetfecton the conductivityof a composite
Having the aspect ratio 5.5 times greater, ldG composite shows a conductivity
about10 times higher thathe C150Pcomposite The maximum conductivity of 239.1
S/m obtained for NLIG at &it% is one of the highest values reported for epoxy

MWCNT composites at similar loading.
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Table3.2: Percolation parameters dfet MWCNT samplef81]

MWCNT Pc , W% t Uo, S/m
NLIG 0.012 1.77 23075
C100 0.097 1.86 5724
C150P 0.188 1.96 3981

b
& o NLIG
102 = -2 o C100
A C150P
1073 4 —Fit

4 3 2 -1
Log (p-pe)
0 1 2 3 4 5 6 7 8 9

p, wt%

Figure 3.2. Percolation curves of the msidered MWCNTS, giving the DC conductivity
as a function for the CNT loadifg1].

3.2 Shielding Effectiveness of MWCNT Composites

The shielding effectiveness of our nanocomposites was experimentally invektigate
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 Kband rectangular waveguides with
dimensions of 47.548 x 22.148 mm, 22.86 x 10.16 58 x 7.9 mm and 10.668 x
4.318 mm, respectively. Using an Agilda8364B network analyzer, which can operate

from 10 MHz to 50 GHz, the measured SE of NLIG samples with different MWCNT
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Figure3.3. G-, X-, Ku- and K-band waveguides with cables and the network analyzer.
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Figure 3.4. Measured SE of NLIG samples over, X-, Ku- and Kband frequency
ranges.
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Table3.3: Specifications of Tested NLIG Samples

MWCNT (% wt) Volume fraction (%v/f) | Thickness (mm)
1 0.602 1.65
2 1.210 1.67
4 2.439 1.8
8 4.959 1.9

loading is presenteish Figure3.4. The sample specifications are givenTeble3.3. The

SE increases from less than 20 dB fromWt% 20 to 25 dB for 2 %t, 35 to 45 dB for

4 %t to 60 to 90dB for 8 Ywt. 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 explairahbigering the

skin depth othe compositewhich will be addressed in next section.

In Figure 3.5 we have compared the shielding properties of our samples containing 4
and 8 %t 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 mud higher SE than those reported[65], [74]-[76]. It should be noted that the
MWCNT samples reported ifp5] are characterized ovan 8-10 GHz frequency range
so that the corresponding shielding performandeignre 3.5 is calculated only over that
frequency band.

Figure3.6 presents the SE of nanocomposites made of MWCNTSs with different aspect
ratios (Table3.1). The DC conductivity ifFigure 3.2 is strongly deperght 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 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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Figure3.6. The effect of aspect ratio on the SE of proposed nanocomposites.

3.3 Effective Conductivity of NLIG-MWCNT Samples and

Simulation Results

In Section3.1, D.C. conductivity(Cipc) of the nanocomposites was reported along with
the percolation curvesFigure 3.2). However, since composite materials may show
noticeaby frequencydependent behavior, it is important to characterize the eféecti
parameters (conductivity, permittivity and permeability) of samples @ewide
frequeny range In this section, we obtain the effective conductivitig( of the

nanocomposites by minimizing the difference between the measured scattering
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