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ARTICLE INFO ABSTRACT
Article history: The extensive development of electronic systems and telecommunications has lead to major concerns
Available online xxx regarding electromagnetic pollution. Motivated by environmental questions and by a wide variety of

applications, the quest for materials with high efficiency to mitigate electromagnetic interferences (EMI)
pollution has become a mainstream field of research. This paper reviews the state-of-the-art research in
the design and characterization of polymer/carbon based composites as EMI shielding materials. After a
brief introduction, in Section 1, the electromagnetic theory will be briefly discussed in Section 2 setting
the foundations of the strategies to be employed to design efficient EMI shielding materials. These
materials will be classified in the next section by the type of carbon fillers, involving carbon black, carbon
fiber, carbon nanotubes and graphene. The importance of the dispersion method into the polymer matrix
(melt-blending, solution processing, etc.) on the final material properties will be discussed. The
combination of carbon fillers with other constituents such as metallic nanoparticles or conductive
polymers will be the topic of Section 4. The final section will address advanced complex architectures that
are currently studied to improve the performances of EMI materials and, in some cases, to impart
additional properties such as thermal management and mechanical resistance. In all these studies, we
will discuss the efficiency of the composites/devices to absorb and/or reflect the EMI radiation.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Electromagnetic interferences (EMI) can be defined as con-
ducted and/or radiated electromagnetic signals emitted by
electrical circuits which, under operation, perturb proper opera-
tion of surrounding electrical equipments or cause radiative
damage to living/biological species. The extensive development of
gigahertz electronic systems and telecommunication devices has
raised the electromagnetic pollution to a level never attained
before, which justifies an active quest for novel and effective EMI
shielding material solutions in a wide variety of applications. A
large range of applications is concerned from commercial and
scientific electronic instruments to antenna systems and military
electronic devices. Another military application is stealth,
devoted to the reduction of the detectability of target by canceling
reflections of a radar signal incident to its surface. So-called Radar
Absorbing Materials (RAM) can be processed under different
forms: conductive paints or rubbers loaded with ferrite and/or
carbon black particles were developed for stealth military planes
by various countries (information is most often classified), while
conductive foams and/or multilayered topologies are commonly
used as liners for all enclosures in which reflection of waves has to
be minimized, such asin anechoic chambers used as reference test
environment for Electromagnetic Compatibility and ElectroMag-
netic Interference (EMI) shielding certification measurements [1].
More generally, electromagnetic shielding is defined as the
prevention of the propagation of electric and magnetic waves
from one region to another by using conducting or magnetic
materials. The shielding can be achieved by minimizing the signal
passing through a system either by reflection of the wave or by
absorption and dissipation of the radiation power inside the
material.

Nowadays, the most common way to shield electrical circuits is
by reflection owing to the use of metallic sheets. Such shielding is
known since more than two centuries as the Faraday cage effect
operating from DC to high frequency and based on the
reorganization of electric charges in the shielding conductor in

order to cancel the total electric field inside or outside the cage,
depending on the position of the source. Faraday cage has no effect
on magnetic field, but a similar shielding mechanism is obtained
for the magnetic field at relatively low frequency when using a mu
metal, that is a metal which has a very high relative permeability.
As a consequence, such material is able to concentrate magnetic
flux in the metal, preventing its expansion after the metal
thickness [1]. Such solutions have the inconvenience of poor
mechanical flexibility due to the high stiffness, high weight
density, propensity to corrosion, and limited tuning of the
shielding effectiveness (SE) [2]. Moreover, the electromagnetic
pollution is not truly eliminated or mitigated since the electro-
magnetic signals are almost completely reflected at the surface of
the metal sheets protecting the environment only beyond the
shield. During the last two decades, a large amount of researches
have been focused on the design of shielding materials which
work by absorption, based on polymeric materials in order to take
advantage of their lightness, low cost, easy shaping, etc.
Nevertheless, most polymers possess intrinsic electrical insulat-
ing properties which make them almost transparent to electro-
magnetic waves. In order to circumvent this drawback,
conductive nanoparticles are dispersed in appropriate concentra-
tions within the insulating polymer matrix in order to induce the
absorption of the radiation power via dissipation in the conduc-
tive particles while limiting the total reflection occurring at the
surface.

Three main strategies have been investigated to process EM
absorbing polymer based composites. The first one consists in the
dispersion of metallic fillers, fibers [3-7] or nanoparticles [8-13]
within a polymer matrix in order to increase the interaction with
the electromagnetic radiation. Stainless steel fibers have been
dispersed within polycarbonate [5], acrylonitrile-butadiene-
styrene copolymer [14], polyphenylene ether (PPE) [4], and
polypropylene [6] while the dispersion of copper fibers within
an epoxy matrix has also been studied [3]. Bagwell et al.
have shown that the smaller the fiber diameter, the higher the
shielding effectiveness [3]. However, good dispersion, which is a
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prerequisite for good EMI shielding performances, is difficult to
obtain with this kind of filler. The weight increase of the material
resulting from the addition of metallic fillers is another drawback.
The second method relies on the blending of a conventional
polymer that will ensure adequate mechanical properties of the
materials with an intrinsically conductive polymer which will
interact with the electromagnetic radiation. Polypyrrole (PPY)
[15-18] and polyaniline (PANI) [19-25] are the most common
intrinsically conductive polymers used for this application. Only a
few examples are reported on composites based on poly(p-
phenylene-vinylene) (PPV) [26] and poly(3-octylthiophene) [27].
The shielding properties arise from the increase in electrical
conductivity by addition of the conductive polymer and are
consequently dominated by reflection mechanisms due to the
increase of the level of impedance mismatch with air, as discussed
in the second section of this review [18,21]. The poor processabil-
ity of conductive polymers and the high filling levels needed for
acceptable performances are the two main drawbacks of these
composites. The third strategy is by far the most developed and
consists in dispersing carbon based electrically conductive fillers
within polymer matrices. Carbon black and carbon fiber have been
the first carbon fillers to be envisioned but recently, carbon
particles with very high aspect ratio, i.e. carbon nanotubes and
graphene sheets, have received a lot of attention from the
scientific community.

A recent review has been devoted to these different polymer
composites for EMI shielding application [2]. While the two first
strategies have been well documented, the present contribution
has a specific and detailed focus on the carbon based composites,
especially on the new extensively studied carbon nanotubes and
graphene sheets. Note also that another review has been dedicated
to the design of microwave absorber based on carbon particle filled
polymer composites [28]. This review focusses on a narrow range
of materials with very high absorption coefficients and, conse-
quently, numerous studies were not reported.

The present paper is divided into five sections. In the next
section (Section 2), we will describe the electromagnetic theory
and the main parameters that influence the final electromagnetic
properties of materials. Then, the different materials envisioned for
reaching high EM absorption performances will be described and
classified according to the nature of the carbon fillers, i.e. carbon
black (Section 3.1), carbon fibers (Section 3.2), carbon nanotubes
(Section 3.3) and graphene sheets (Section 3.4). Section 4 will be
devoted to the combination and/or comparison of these carbon
based loadings with other fillers, mainly metallic particles. Finally,
various architectures of carbon-based EMI shielding composites
will be described in Section 5.

At this stage, it is important to note that a direct comparison of
the performances/properties reported among different publica-
tions is generally not realistic since the EMI measurements were
not performed with the same methods, and/or within the same
frequency ranges and/or, more importantly, with the same sample
thickness. However, we will report the shielding effectiveness
resulting from different strategies while specifying the investigat-
ed frequency and the material thickness in order to draw
tendencies about the best roads toward the enhancement of the
shielding performances of polymer/carbon particles composites.

2. Electromagnetic theory

The present section reports on state-of-the art EM modeling of
CNP nanocomposites in view of predicting their electromagnetic
shielding properties. Section 2.1 sets up the electrical properties of
CNP nanocomposites, at DC and microwave frequencies, while
Section 2.2 establishes the generalized formalism taking into

account the various mechanisms involved in the EMI shielding and
related EM absorption mechanisms.

2.1. Electrical properties of CNP nanocomposites

The electrical parameter of interest for shielding and absorption
of EM waves is the complex permittivity ¢’/ =¢ — je¢", or,
equivalently, the dielectric constant (¢’) and the conductivity (o’ =
—wepe”) of the nanocomposite. The relevant dual magnetic
parameter is the complex permeability noted w, = — ju’.
Throughout the paper, only the real part o’ of the conductivity
is discussed, considering that the imaginary part noted o” could be
obtained from the frequency dependence of the real part of the
permittivity via the equivalent definition o” = we¢gé'.

Awide variety of parameters impact the electrical conductivity of
nanocomposite polymers: the type(s) of polymer(s) composing the
matrix, the properties of the CNPs themselves (aspect-ratio, specific
surface area, surface conductivity, etc.), but also their dispersion and
interactions with the host matrix [29]. The DC conductivity of
nanocomposites usually exhibits a non-linear sharp increase when
increasing the CNP concentration (as exemplified in Fig. 2.1 for
epoxy-nanocomposites loaded with carbon nanotubes (CNTs) as
conducting fillers), denoting the transition from isolated to
interconnected (or “percolating”) configuration of conductive
particles dispersed in the matrix. Close to this percolation threshold,
the DC electrical conductivity o of the nanocomposite versus CNP
concentration follows a power law:

p>~p. (2.1)

where p is the concentration of the conductive filler, p. is the
percolation threshold, while the exponent t depends on the
dimensionality of the system [30,31]: t ~ 1.3 in two-dimensional
systems, and varies between 1.6 and 2 for 3D systems. The
modeling of the conductivity of insulator-conductor systems (not
restricted to CNPs) has been thoroughly investigated since more
than 40 years (see for example the pioneering work of Kirkpatrick
[32], with particular interest for percolation behavior. Flandin et al.
[33] reported on a corresponding power law introduced by Stauffer
[34] for the DC value of dielectric constant, rewritten according to
the notations in this paper as:

oox(p— pc)t

& oc|p— pcl* (2.1bis)

with as theoretical value for 3D systems s = 0.7. Expression (2.1bis)
clearly predicts a divergence of the dielectric constant value in the
close vicinity of the percolation threshold. This divergence
prediction was successfully confirmed for measurements by
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Fig. 2.1. Measured DC conductivity o’ versus CNTs weight fraction for epoxy-based
nanocomposites, from [29]. The solid line is a fit to measured data, derived from a
log-log fit shown in the inset, of the DC conductivity versus the difference (p — pc),
and corresponding to equation (2.1). Reprinted with permission from [29].
Copyright (2003) American Chemical Society.
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Flandin et al. on short fiber polypyrole composites. However, other
experiments, especially related to CNT particles in polycarbonate
[35], in polyimide [36,37], and even in alumina matrix, do not
produce such divergence close to the percolation threshold. A
tentative explanation for this absence of divergence, or equivalently
an increase of dielectric constant above the percolation threshold is
the presence of micro-capacitors between arms of the CNTs.

The percolation threshold depends on the aspect ratio of the
conducting particles. According to the predictions by Lagarkov and
Sarychev [38], and Grimmes [39], a linear decrease is expected for
conducting ‘sticks’, or elongated inclusions. Balberg et al. [40]
proposed the following relationship for a random isotropic
configuration of long sticks with length L and radius r

G) p.=3 (2.2)

This equation, correlated with an experimental characteriza-
tion of the percolation threshold p. and an approximate knowledge
of CNT geometry, can yield information on the dispersion, i.e.
whether individual CNTs or bundles of nanotubes are responsible
for the conduction [29]. However, CNTs inside a nanocomposite
can exhibit a significantly curved shape, which degrades the
conductivity of the composite [41] and induces multiple contacts
between tubes. Rodney et al. proposed a computational model for
the entanglement transition of network of fibers as a function of
their aspect ratio [42]. The number of contacts per fiber is
calculated for various aspect ratios, depending on the relative
density. They predict for aspect ratios lower than 50, that the
threshold density value characterizing the transition from zero to n
contacts is decreasing with the aspect ratio, but the number of
contacts observed at threshold is equal to n = 8 independent of the
aspect ratio. Flandin et al. proposed in their modeling approach to
include the effect of multiple contacts via a reduction factor Ng/
(Ng+ N,) affecting the value of the resistance of a network of N¢
fibers with total number of contacts N [33].

Measurements of conductivity versus frequency reported in the
literature show that another power law can be established to
describe the frequency dependence of the conductivity, depending
on the CNP dispersion state: below or above a percolation
threshold. As illustrated in [29] and in Fig. 2.2, below the threshold,
corresponding to the lower range of CNP concentrations, the power
law describing conductivity versus frequency shows, for each
concentration, a linear dependence in double logarithmic scale,
over the entire frequency range:

o(w) x @’ (2.3)
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Fig. 2.2. Frequency dependence of electrical conductivity o’ of CNT/epoxy resin
composites with weight concentration of 0 ([7]), 0.04 (@),0.2 (A), 0.3 (W¥), 0.4 (),
0.6 (M), 0.8 (0O), 1.5 (A)and 2.5 wt% (V), from [29]. Solid lines are fits to equation
(2.3). Reprinted with permission from [29]. Copyright (2003) American Chemical
Society.

Above the threshold, in the upper range of concentrations, the
situation is different: the linear behavior is still present in the
upper range of the frequency spectrum, while at low frequencies
the conductivity shows a nearly constant (or “plateau”) behavior
versus frequency. The transition frequency between constant and
linear behavior is an increasing function of CNP concentration.
Also, the percolation threshold can be defined as the CNP
concentration where a constant “plateau” behavior starts to
appear in the low frequency range of the conductivity-versus-
frequency plot.

Observations made for the conductivity can be transposed to
the dielectric constant in a reverse manner. The real part of the
complex permittivity or dielectric constant (¢’), its imaginary part
(¢”) and the corresponding electrical conductivity (o’ = —wégpe”)
versus frequency curves that are plotted for different CNT loadings
(PC nanocomposites) in Fig. 2.3 constitute a very good illustration
of the influence of the filler concentration on the electrical
properties of nanocomposites, as found in the literature [35]. For
low concentrations, below the percolation threshold, the dielectric
constant has moderate values that are essentially close to that of
the host polymer matrix, which do not vary with frequency. Above
the threshold, the dielectric constant exhibits a decrease from high
values to low asymptotic values with an inflexion point located at
the transition frequency already identified in the frequency
dependence of the conductivity.

Power scaling laws are essentially empirical, in the sense that
the parameters are fixed from an a priori knowledge of the
conductivity and dielectric constant behavior, based on experi-
mental observations.

Another family of models aims at describing electrical
interactions between CNP inclusions and host matrices, taking

M BAi Bl A e e sl A B e el el
2
10°F2
“w .
10
T

(21200222222

YT
aaatsanil

nm
sihe

{

YTy
FETIRTYIT |

b)

OQA

.... 245 o

o9 ;

‘S',!’l!'"“((l“l"l(ll“(‘“'('l;.)_l’!_:;’(:’ss’:,:;l"‘

2 YOy LO00i I
10 2186 raysrsnatrquui181101LEL

[ sl s iod ool suaad ssmed siimd saseed soised ssusl cinad ssumd sumd 1

2 [ %
107 F )MV;NTcontent(wt/)

"
€

ek ek wh

Q9,0 9 9
T
3
X
: éééééfé?

PETETE BT ST SrUT RS ErUrers By U SN BN B N .

H 50

6: X 40

o - + 30

£ 10 [ ¢ 20

o of v 15

010 o 10

S - A &
.b 10'1" ...— (3 :.

<18 Lisnad sssnd saned sisnd soomd s3sed sinad sosmd sosead sonnad ooinad soicd 2o
10° 10° 10" 10' 10° 10° 10
Frequency (Hz)

Fig. 2.3. Frequency dependence of the dielectric constant ¢ (top), imaginary part of
the permittivity ¢’ (center) and conductivity ¢” (bottom) of polycarbonate
composites with CNT concentrations from 0 to 5 wt%, from [35]. Reprinted from
[35]. Copyright (2003), with permission from Elsevier.
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Fig. 2.4. Simple electrical model for the description of the frequency dependence of the conductivity o’ of the nanocomposites: (a) clusters of CNPs, well dispersed inside the
polymer foam matrix. CNPs are purely resistive and capacitive couplings between CNPs are shown (b) Equivalent admittance per unit length of the transmission line,
superimposed on the equivalent two-layer material (c) Dielectric constant (top) and conductivity (bottom) extracted using the simple electrical model (solid) and from actual
measurements (dotted) for a polyethylene (PE) composite with CB content of 50 wt%[44]. Reprinted from [44]. Copyright (2006), with permission from IEEE.

into account their orientation, aspect ratio, interdistance and
concentration. The equivalent circuit approach [29,35] illustrated
in Fig. 2.4 is a powerful tool for explaining the frequency
dependent (or AC) behavior of conductivity and dielectric constant.
It models interactions between CNPs and electromagnetic signals
by interconnections of resistances and capacitances. The latter,
associated to inter-cluster polarization, indeed creates virtual
connections at high frequencies between CNPs which explains the
increase of conductivity with frequency even when no DC
percolation is observable, justifying the concept of “RF percola-
tion”: a significant conductivity level of the nanocomposite is
reached at radio and microwave frequencies, while no DC
percolation occurs, due to the lack of physical interconnected
network of CNPs. Several models have been proposed for
calculating R and C components of the equivalent circuit. Again
the pioneering work of Kirkpatrick [32] must be acknowledged as
one of the first modeling approach for the equivalent conductance
G = 1/R of randomly connected resistor networks, enabling to take
into account percolation threshold effects. Later, numerical
approaches have been improved in order to predict the full AC
response. Most of these approaches include a capacitance C for
modeling either the inter-cluster polarization or diffusion within
conductive clusters. In particular, Clerc et al. expanded the
approach of Kirpatrick by considering network of electrical
impedances (R-C elementary cells) that are randomly connected
or not, with R or C randomly removed or not in each cell [43].

A last powerful modeling approach is based on the effective
medium theory (EMT). Using EM field averaging techniques, the
values of the macroscopic effective permittivity of the real
heterogeneous medium, or equivalently its dielectric constant
and conductivity can be predicted over the entire frequency range as

0@

) Generalized ellipsoid representation of nanoinclusions, having (b) random, or (c) aligned, orientation.

Fig. 2.5. (

a function of the concentration of inclusions, orientation (randomly
dispersed or aligned along a particular direction) and shape aspect
ratio (sphere, wire or platelet). A review of EMTs is provided in the
book of Ari Sihvola [45], including the popular Bruggeman EMT and
the Maxwell-Garnet approximation. The latter considers that the
effective permittivity for a mixture of spherical inclusions (g;) in a
host external medium (&.) having volumetric fraction f of inclusions
(Fig. 2.5b and c) can be derived from a « volumetric » averaging or
homogeneisation procedure, yielding:

& — &e
& + 26e — f(& — &)

Eoff = €e + 3 fée (2.4)

The Maxwell-Garnet formulation is applicable to lossy inclusions
and host material, i.e. having their complex permittivity (or
permeability), and is a function of the dielectric constant &' and
conductivity o. It can be easily extended to inclusions with shape
anisotropy that are modeled as ellipsoids, oriented or randomly
dispersed in the host (Fig. 2.5). The nanotubes are handled as
cylinders considered as a limit case of the ellipsoidal shape. Finally,
the formulation is also valid for effective permeability associated to
magneticinclusions, simply obtained by replacing permittivity of the
matrix and of the inclusions by their respective permeability [45].

2.2. Modeling of wave propagation in CNP composites

Propagation of electromagnetic waves through a slab of
composite material described by scalar parameters ¢, i and having
a thickness t is described via a transmission line formalism

associated to electric (E) and magnetic (H) field components.
Assuming normal incidence of the wave with respect to the air-

e.® @
ik
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Fig. 2.6. EMI shielding concepts for a slab of conductive nanocomposite (a) wave propagation and reflection (b) definition of incoming, reflected and transmitted power for

shielding effectiveness SE (c) configuration for definition of reflectivity R.

material interface, the field components have the following
z-dependence in each of the 3 areas, see Fig. 2.6a.

Inputairregionz<0: E=V, ge " +V_gev*

H=Y,(Vine?™ —V_ge®) (2.5)
Composite: 0<z<t: E=V, eV +V_°

H=Y (Ve —V_&) (2.6)
Outputairregionz>t: E=V_ g e va®

H=Y.V, e’ (2.7)

with, for air, the complex propagation constant y, = jw/c,, the
angular pulsation w = 27f, the frequency f, the velocity of light c,,
and the wave admittance Y, = y,/jwit,, and, for the composite, the
complex propagation constant y. = j,/&l;®w/Co, and the wave
admittance Y. =y [jouoi,. In the latter expressions, complex
permittivities and permeabilities can be calculated using any of the
formalisms proposed in Section 2.1. Indeed, the knowledge of the
influence of the conductive filler content on conductivity and of the
dielectric constant (via power laws, RC equivalent circuit or
effective medium theory) enables to calculate the complex value of
Yo, which is the key parameter involved in the modeling of the
reflection and absorption of power, hence on the SE performances,
as will be shown in this section.

Forward terms with a subscript “+” represent a wave
propagating along positive z-axis, while terms with a subscript
“~" hold for a wave propagating in the reverse direction. This
transmission line formalism using complex phasors ensures that
all successive reflections occurring in the time domain at input
(z=0) and output (z = t) air-slab interfaces are taken into account.
It is thus more general than the approximate analytical formula-
tions proposed in the literature for the shielding effectiveness,
that usually do not take into account such multiple reflections.
Imposing the continuity of E and H fields on input and output air-
slab interface (at z=0 and t respectively) yields an efficient
matrix formulation of the problem, relating electric and
magnetic field at the input interface, denoted by subscript ‘in’,
to the corresponding at the output interface, denoted by
subscript ‘out’.

Em :| _ |:A B:| Eout :|
Hin Cc D Hout
ZCSinh}/ct} Eout} — [T Eout}

[ coshy.t
- { Y coshy,t Hou out (2.8)

Y sinhy t

The so-called transfer or chain matrix, noted [T], is particularly
useful for further modeling of multilayered structures, since the
global transfer matrix of a stack of n layers is simply obtained by
the matrix product of the corresponding matrices:

n
Ttot = HTCI-
i=1

(2.9)

A variant but equivalent formulation for multilayered struc-
tures is provided in [46].

On the other hand, the power absorbed in the composite slab is
obtained from the power balance between the power respectively
incident in the air region 1 (P;,), the power reflected at input
interface air/composite (P.f), and the power transmitted into
region 3 (Poye):

Paps = Pin — Prer — Pout (2.10)

From a microwave point of view, modern instrumentation
using scalar [47,48] or Vector Network Analyzer [49] (VNA)
coupled with either coaxial [50] or rectangular waveguide sample
holders/launchers [46,51-53] allows the simultaneous measure-
ment of the reflected and transmitted power at the two ports over a
given frequency range. It measures the scattering parameters S;; (or
S-parameters), phase and magnitude, that are characteristic of the
device connected between the two ports: |Si1|? = Pe/P;, corre-
sponds to the power reflected back at port 1, normalized to the
incoming source power Py, while [Sy;|? = Pout/Piy is related to the
power transmitted from port 1 to port 2, through the device, also
normalized by the incoming power P;,. The ratio of the power
absorbed by the sample (P,,s) to source power can be thus
expressed by virtue of (2.10) as

Pabs

A=
Pin

=181 — IS . (2.11)

Straightforward analytical formulas convert chain matrix
components to corresponding S-matrix components:

 Z.A+B-Z3C-Z.D

S =

"= Z.A+B+22C+Z,D (2.12)
o __ 2Z,(AD-BC) :
21 " ZA+B+22C+Z.D

For a monolayer composite slab, represented by a single chain
matrix T (2.8), simple expressions are derived using (2.12) for the
various terms involved in (2.10-2.11):

2

Pref_ 2_F<T_1>
P = Isul"= 12

in 1-7I“T (2.13)
Pret _ 1Sa]? = ra-n

Py 1-IT1?
where ["is the interfacial reflection coefficient
ra_Ye=Ya Vi -1 (2.14)

T Ye+Ya o e/u+1

while T is the transmission coefficient of the wave over
thickness t of the slab:

T4 = e vt (2.15)

Two more parameters are of prime interest for the evaluation of
the EMI shielding performances. The shielding effectiveness noted
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SE quantifies the ability of the slab to stop the transmission of the
signal, and is simply obtained as the inverse of the normalized
transmitted power:

1-I7?
T(l - F2>

The reflection R at the input of the sample expresses similarly

as:
r(r - 1)2
1-I°T12

Pin 1

S Pouc Sy

(2.16)

R:%:wlﬂz: (2.17)

and quantifies the ability of the slab to reflect waves incoming at
the input interface. A variant of this definition is the reflectivity R’,
measuring or computing the ratio of the reflected to the incoming
wave at the input interface when the output interface is backed by
a perfect metallic plane [54] that ensures a total reflection of waves
back to the input interface. It is expresses as

2 _ |Zcsinhy t — Zacoshy, t 2
" |Zesinh y t + Zycoshy t

(2.18)

A low reflectivity will thus ensure simultaneously that
reflection at the input interface 1 (R=S;;|?) is minimized and
that the power A absorbed inside the slab is maximized. Other said,
the slab acts as an efficient wave absorber or Radar Cross Section
(RCS) reducer. Concepts of reflection, transmission and reflectivity
are summarized in Fig. 2.6.

Expression (2.16) reveals that the shielding effectiveness SE is
maximized if the magnitude of the transmission factor T is
minimized, meaning that the real part of the complex propagation
constant y. = j/€eg®.Co is maximized. This also means that for
nonmagnetic composites (/. = 1) the imaginary part of permittivity
Eeff = & — jo/we has to be maximized, hence that the conductivity
of nanocomposites has to be maximized. The minimization of T
resulting from maximization of conductivity also means that most of
the entering power is dissipated inside the composite, with, as a
result, the minimization of the transmitted power.

Similarly, the reflection R will be minimized if the input
interfacial reflection coefficient I (2.14) is minimized, implying
that the (effective) dielectric constant &, of the composite material
has to be kept close to one.

It must be emphasized that the right-hand sides of expressions
(2.16) to (2.17) are particular cases valid only for a single slab. For
multilayered structures, only the general definition involving S-
parameters is applicable, i.e. using expressions (2.12) written with
the elements of the global chain matrix T, of the stack, given by
(2.9).

Expression (2.11) can be rewritten as the sum of two terms as
well

1
SE = 10logy|——
10 501

2
|

2
;2 + 10log; ﬂ
1 — 1511 |S21]
Which is very often presented in the literature [47,48,51] as a
convenient way to estimate separately the contribution of
reflection and absorption to the global shielding of a slab material.
Also, the transmission factor T, when expressed in dB, is often
associated to the (partial) shielding effectiveness by absorption via
the relationship SE4 = 20 log10T approximating the contribution to
the global shielding of attenuation/absorption inside the slab (or
equivalently of the power dissipated inside the slab)[47,48]. This is
only true when multiple reflections at the input and output

= 10log;, = SEg + SEa (2.19)

interfaces can be neglected. Otherwise, only expression (2.11)
using S-parameters (2.12) is applicable [48] for the total power
absorption.

As a first design rule, an efficient microwave absorber must
combine a low reflection of waves at the interfaces with
surrounding air, and a good absorption obtained by conductive
dissipation of the entering power over the slab thickness. However,
this requires simultaneously a low dielectric constant (as close as
possible to air) and a high conductivity (close to 1S/m),
respectively. These two requirements are antagonist, as was
already shown in Section 2.1, since an increase in conductivity
induced by a higher CNP loading goes in hand with an increase of
the dielectric constant. This issue can be solved for a given slab
thickness by replacing a single layer of nanocomposite by a
multilayer of similar overall thickness with successive layers
showing increasing CNP concentration [28,55]. Hence, a moderate
increase of the dielectric constant and of the conductivity is
created, preventing reflection at the input interface while
preserving sufficient progressive conductive dissipation over the
slab thickness. The chain matrix product (2.9) is thus particularly
relevant to model such multilayered structures, since each layer is
described by its own chain matrix having parameters y; and Z
taking into account its own CNP concentration.

3. Polymer/carbon based composites as EMI shielding
materials

3.1. Graphite and carbon black as conductive fillers

Carbon black (CB) is the accepted generic name for a family of
small particle size carbon pigments which are formed in the gas
phase by thermal decomposition of hydrocarbons [56]. It
represents the predominant reinforcing filler used in rubber
compounds thanks to their beneficial impact on durability and
strength. Carbon blacks do not exist as primary particles and are
generally fused into aggregates. The shape and degree of aggregate
branching is referred to as starting structure. Increasing structure
typically increases modulus, hardness, electrical conductivity and
compound viscosity and improves dispersability of carbon black.

Rubber (EPDM [57], SBR [58], ethylene acrylic [59], siloxane
[60]) and rubber based blends (EVA/NBR [61], NR/BR [62], BR/LDPE
[63]), are the most common matrices envisioned for the
preparation of carbon black filled EMI shielding materials. The
general method to prepare these composites is by melt mixing (in a
roll-mill or in an internal mixer) followed by a curing step at a
temperature that depends on the material. The performances of
SBR/CB composites are relatively poor since a large CB content
(35 wt%, 8-12 GHz, t = 0.65 cm) or a large thickness (15.3 wt%, 8-
12 GHz, t = 7 cm) is necessary to achieve a shielding effectiveness
of 20 dB [58]. The EPDM/CB composites develop higher SE after
vulcanization but, again, a very large CB loading is necessary to
achieve 20 dB (35 wt%, 8-12 GHz, t = 5.5 mm) [57]. Interestingly, a
treatment at high temperature (175 °C) improves the electrical
conductivity by increasing the contact between CB particles. The
study on EVA/NBR/CB composites highlighted the importance of
the degree of contact between CB particles on the electrical
conductivity and, consequently, on EMI shielding properties [61].
First, the SE increases with the NBR content in the blends thanks to
a more uniform distribution of CB and improved CB-CB contacts.
Secondly, the comparison between two kinds of CB shows that the
shielding effectiveness is much higher for the CB having higher
starting structure (the starting degree of aggregation of CB
particles). The preservation of contacts between the particles
during the melt-mixing is more probable in this case. Relatively
large filler loading (25 vol%) was also necessary to achieve a SE of
20dB (0.5-5 GHz) in NR/BR 70/30 blends but the measurement
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was performed on samples with a small thickness (2 mm) [62]. The
addition of 7 wt% LDPE within SBR was improving the conductivity
and the SE of the 17 wt% CB filled composites [63]. At this
concentration, LDPE form fiber like structure that helps the
formation of a percolating CB network. At higher LDPE content, the
conductivity and SE tends to decrease.

CB particles have also been dispersed within thermoplastic
(LLDPE [64], chlorinated polyethylene [65], polypropylene [66]),
resin (epoxy [67,68]) and blends of thermoplastic polymer (PS and
PP) [69]. In the latter study, the conductivity and, consequently, the
SE is higher in PP compared to PS because, first, the filler is ejected
from the crystalline phase of PP (and then concentrated in the
amorphous phase) which decreases the average distance between
CB particles and, second, the higher surface tension between CB
and PP favors the agglomeration of the CB particles leading to a
more efficient conductive network. The SE of the blends filled with
10% vol CB lies between the one of the pure matrices and is around
17 dB (0.1-1 GHz) at a thickness of 2 mm.

3.2. Carbon fibers as conductive fillers

Originally, carbon fibers were manufactured by graphitization
of PAN or petroleum pitch but the more affordable vapor grown
process from hydrocarbon has become the most important
preparation technique [70,71]. The morphology, structure and
dimension greatly depend on the catalyst and the source of carbon.
Nickel, copper, iron and their alloys are the main catalysts used
while the sources of carbon generally involve propane, ethylene
and acetylene [70]. The morphology of these vapor grown carbon
nanofibers (VGCNF) can be linear, helical or twisted. Their
diameter generally lies between 50 and 200 nm and the length
can be superior to 50 wm giving rise to aspect ratios around 250
and 2000.

3.2.1. Melt-mixing CNF

Das et al. were very active at the beginning of the years 2000s in
the preparation of carbon nanofibers composites for EMI shielding
[72-75]. The attention was focused on EVA matrix which gives
better performances compared to EPDM and to natural rubber
thanks to its higher polarity. For example, 8 wt% of CNF are needed
to reach 20dB in the EVA composites while this level is only
reached at 17.5 wt% with the NR composites (12 GHz, t = 3.5 mm)
[72]. The performances of the EPDM composites are closer to the
EVA ones but still in the advantages of the polar matrix [74,75].
However, a major improvement of the SE was observed when these
two matrices were blended in equal quantity (50/50). Thanks to
the exclusive localization of the CNF within one phase and
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consequently to a lower average distance between carbon
particles, the SE reaches 40 dB (8-12 GHz, t=3.5 mm) at 9 wt%
of CNF compared to 20dB for the EVA composite [74,75].
Throughout their studies, the authors compared the efficiency of
the CNF with CB particles. Whatever the matrix, the SE measured
was much higher for the nanofiber owing to their aspect ratio
which favors contact between particles. For instance, a content of
33 wt% of CB in EVA is needed to reach a SE of 20 dB compared to
9 wt% of CNF (12 GHz, t = 3.5 mm).

The advantage of the high aspect ratio of CNF is confirmed by
the study of Jana et al. on CNF/polychloroprene rubber composites
[76,77]. Two different mixing techniques, i.e. roll-mill method and
cement mixed method, have been compared. The second method,
which consists in pre-dispersing the polymer and the CNF within a
solvent before roll-milling during a much shorter time than for the
first method, is less aggressive for the CNF hence preserving a
higher aspect ratio (100 vs. 25). Consequently, the measured SE
was much higher (20dB vs. 10dB at 1 GHz, t=1.7 mm). The
comparison between the SE of short (/=1 mm) and long (I =5 mm)
carbon fibers dispersed in Nylon-66 composites is also in favor of
the higher aspect ratio of the filler (40 dB vs. 20 dB, filler content
20 wt%, 1.5 GHz, t=1.2 mm) [50]. Nylon composites were also
used to compare the SE of carbon black, synthetic graphite with an
aspect ratio of 1.8 and carbon fibers with an aspect ratio around 80
[52,78-80]. In contrast to the previous studies, carbon black was
here the most efficient filler (20 dB at 7 wt%, 800 MHz) followed by
the carbon fiber (14 dB at 25 wt%, 800 MHz) and the synthetic
graphite (12 dB at 25 wt%, 800 MHz) [80]. The authors do not
explain this strange behavior but a lower quality of dispersion for
the carbon fiber and the synthetic graphite could possibly account
for these observations. A combination of these three fillers leads to
synergistic effect [80].

SE superior to 20 dB was also reached by dispersing 5 wt% vapor
grown carbon fibers within chlorobutyl rubber by roll-mill (8-
10 GHz, t=1.014cm) [81] while 30 dB was reached with only
3 wt% of CNF within polysulfone (8-12 GHz, t =1 mm) [82].

During their study on HDPE/VGCNF composites, Al-Saleh et al.
determined the effect of mixing speed, time and temperature on
the properties of the resulting materials [83,84]. The two first
parameters tend, when increased, to improve the quality of the
dispersion however at the expense of the VGCNF aspect ratio.
Consequently, the resulting SE decreases when the mixing time
and speed increase (Fig. 3.1a). In contrast, when the temperature
increases, the shearing rate during melt-mixing decreases,
inducing a dispersion of lower quality and a better conservation
of the nanofiber aspect ratio. However, in this case, the improved
aspect ratio does not compensate the decrease in quality of the
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Fig. 3.1. (a) EMI SE of 7.5 vol% VGCNF/HDPE composites at 1 GHz and at different processing condition (20 rpm and 100 rpm) as a function of time; (b) EMI SE of 7.5 vol%
VGCNF/HDPE composites processed at 50 rpm as a function of the processing temperature [84].
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Fig. 3.2. Variation of the EMI SE of EVA/NBR/CNF blends as a function of the blend
composition at 10 GHz (t =5 mm) [85].

dispersion and the SE decreases with the mixing temperature (Fig.
3.1b). This study highlights the importance of an appropriate CNF
dispersion to achieve optimum shielding efficiencies. Indeed, the
CNF must be disaggregated enough to establish a conductive
network but the shearing rate to achieve this target must not be too
high to preserve a high CNF aspect ratio and enough contact
between carbon particles.

Such as for carbon black, carbon fibers have been dispersed
within EVA/NBR blends. Meanwhile, the conductivity and SE
decrease with the content of NBR as a result of a higher amount of
CNF cutting (10 GHz, t = 5 mm) (Fig. 3.2) [85].

Jou et al. have used a liquid crystalline polymer based on
aromatic polyester to induce a preferential CNF orientation in an
injection molding [86] process. An increase from 30 dB to 50 dB
(20% CNF, 1GHz, t=3 mm) compared to a more random
orientation has been observed when the measurement is
performed with the electrical field oriented parallel to CNF.

3.2.2. Other dispersion methods

Solution coating was also investigated for the preparation of
EMI shielding materials based on PVDF [87,88] and PVOH [89].
After an ultrasonic treatment, the solvent of the polymer/CNFs
solution is evaporated to form nanocomposite films. In order to
compare the SE of carbon fillers with different morphologies and
physical properties, Lee et al. prepared several CNF from different
precursor gas type (propane, ethylene and acetylene) and various
catalyst compositions (nickel-copper and pure nickel) [89]. The
morphology of carbon nanofibers was sensitive to the type of
hydrocarbon gas. The carbon nanofibers prepared from propane
consisted mostly of linear conformation and those from ethylene
exhibited essentially a twisted conformations. The carbon
nanofibers from acetylene had both twisted and helical conforma-
tion. The electrical conductivity and consequently the SE of the
PVOH composites were not proportional to the conductive
properties of the nanofillers but more sensitive to the specific
surface area which confirms again the importance of an optimum
contact between the carbon particles in order to achieve high EMI
shielding properties [89]. The best EMI SE were obtained with the
carbon fiber prepared starting from ethylene and Ni-Cu catalyst and
was around 5 dB (1 GHz, t = 30 jvm). Finally, carbon nanofibers were
also dispersed before the curing of epoxy resins in order to improve
their complex permittivity and consequently their shielding
properties [90-93]. The shielding effectiveness has been improved
by activation of the CNF, i.e. through an increase of the specific
surface area by formation of pores at their surface by chemical and
heat treatment [90,91]. Since the reflection of these composites
remains constant after the activation, the improvement of the SE is

due to other shielding mechanisms, i.e. absorption and/or to multi-
reflection [90]. In order to improve the efficiency of CNFs, Singh et al.
have grown carbon nanotubes on their surface [94]. The shielding
effectiveness of samples with a total carbon filler content of 30 wt%
is accordingly improved from 19 to 38 dB when the CNTs amount is
raised up to 3 wt% (10 GHz, t = 2.5 mm).

3.3. Carbon nanotubes as conductive fillers

Carbon nanotubes can be considered as rolled-up hollow
cylinders of graphene sheets. They can be constituted of a single
hollow cylinder, i.e. single-walled carbon nanotubes (SWNTs) or of
a collection of graphene concentric cylinders, i.e. multi-walled
carbon nanotubes (MWNTs). Three methods are mainly used for
the synthesis of CNTs: electric arc discharge [95-98], laser ablation
[99-101] and chemical vapor deposition [102,103]. Due to their
very small diameter, CNTs possess a very high aspect ratio. They
therefore offer substantial advantages over conventional carbon
fillers because, if properly dispersed, percolation occurs at very low
contents (<2 wt.%).

3.3.1. Melt-mixing CNT

When EMI shielding applications are envisioned, melt-mixing is
the main dispersion method used for the preparation of CNTs
composites based on poly(trimethylene terephthalate) (PMTT)
[104-106], poly(ethylene terephthalate) (PET) [107], poly(ethyl-
ene) (PE)[107,108], polycarbonate (PC) [109,110], poly(propylene)
(PP) [47,107,111,112], poly(ethylene-vinyl acetate) (EVA) [113],
poly(ethylene methyl acrylate) (EMA) [114,115], poly(ether ether
ketone) (PEEK) [116], acrylonitrile-butadiene-styrene copolymer
(ABS) [117], poly(caprolactone) (PCL) [118] and poly(L-lactide)
(PLLA) [119]. The direct dispersion of CNTs within PMTT leads to SE
superior to 20dB at only 5wt% (12-18 GHz, t=2 mm) with a
shielding mechanism mainly based on absorption [104-106]. The
masterbatch method that consists in the dilution within the main
polymer matrix of carbon nanotubes pre-dispersed at a high
loading in a polymer, has been used for the preparation of PP and
PC nanocomposites [47,109]. This method favors the dispersion of
the CNTs and limits, during the dispersion step, the volatilization of
the nanotubes. By this way, SE higher than 15 dB has been achieved
at 7 wt% of CNTs within PC (0.1-1.6 GHz, ASTM D4935-90). Still in
PC nanocomposites, Arjmand et al. have studied the influence of
CNTs orientation on EMI properties by comparing samples
prepared by compression and injection molding [110]. Due to
the high shear during the injection process, CNTs preferably orient
parallel to the flow. The electrical conductivity appeared to be
lower in the oriented samples whatever the direction of
measurement most probably due to a lower amount of direct
CNT-CNT contacts. These conclusions have been confirmed on a
similar study carried out on PS nanocomposites [120,121]. While
melt-mixing is by far the first choice for industrial production of
nanocomposites, it however suffers from an intensive break-up of
the CNTs, as it was the case for carbon nanofibers, significantly
reducing their aspect ratio. The electrical conductivity and,
consequently, the shielding effectiveness are then negatively
affected as demonstrated for PCL nanocomposites [44,118]. A
comparison between melt-mixing and co-precipitation reveals
that while the length of the CNTs is preserved with the second
method (I > 1 wm), a large reduction of length is observed when
melt extrusion is concerned (I < 500 nm). This decrease is even
more pronounced when CNTs with higher structural defects are
used (I < 200 nm). The electrical conductivity of the nanocompo-
sites prepared by co-precipitation is then much higher, therefore
resulting in SE superior to 25 dB at very low CNTs content (0.7 wt%,
25-40 GHz, t=3 cm). In this study, melt-mixing of CNTs in
different matrices (PCL, PS, PEtOc, PVC, PMMA, PC, PP) was also

Please cite this article in press as: J.-M. Thomassin, et al., Mater. Sci. Eng. R (2013), http://dx.doi.org/10.1016/j.mser.2013.06.001




G Model
MSR-430; No. of Pages 22

10 J.-M. Thomassin et al. / Materials Science and Engineering R xxx (2013) XXX—XXX
14 _. 9
—=—PCL +2% NT Thin R g0
12 - —+—PS +2% NT Thin >
. —e—PEtOC +2% NT Thin S 70
—0O—PVC +2% NT Thin g_
1 e PP + 2% NT Thin 5 60
—o—PC +2% NT Thin a
—+—PMMA +2% NT Thin 2 50 P
o~ 0.8 { L —=—HDPE+2%CNT | _ w®**" T 40 Pl ——Rat8.2 GHz
= © P —=-Rat12.4 GHz
= Z 30 .
N 06 s =7 . -~ Aat8.2GHz
Py g 20 B -7 "% -z Aat124GHz
i = 10 ®.
0.4 g P
O !
0.2 - 0 10 20 30
} == IS F I 5 2 s s SWCNT content (wt%)
0 R SRRTRBRATN x
0 1E+10 2E+10 3E+10 Fig. 3.4. reflectivity (R) and absorptivity (A) vs. SWNT loading at different
frequencies of PUR/SWNTs nanocomposites prepared by solvent casting [51].
Frequency (Hz)
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Reprinted with permission from [118]. Copyright (2007) American Chemical
Society.

compared and only the polymers possessing a carbonyl group in
their constitutive monomer (PCL, PMMA, PC) involved significant
electrical conductivity (>1 S/m) owing to a better CNTs dispersion
(Fig. 3.3). It was suggested that m-7 interactions between the
aromatic structure of the nanotubes and the carbonyl groups in the
chains are very beneficial to the morphology of the nanocompo-
sites and to their electrical properties. The negative effect of CNTs
break-up during melt-mixing was also highlighted with EVA
nanocomposites for which lower SE were obtained compared to
solution mixing (6 dB vs. 4 dB at 9 wt%, 8-12 GHz) [122].

In order to improve their dispersion within poly(L-lactide)
(PLLA), CNTs have been modified by polyhedral oligomeric
silsesquioxanes (POSSs) via amidation reactions [119]. As a
consequence, the PLLA/MWCNT-g-POSS composites showed better
EMI shielding than PLLA/MWCNT composites (15 dB vs. 11 dB at
4 wt% and 40 GHz, ASTM D4935-99).

The poor quality of the dispersion is a major limitation for the
production of CNTs polypropylene composites [123-125]. New
compatibilizers have thus been prepared by reactions of amino-
methylpyridine and of an amino-pyrene derivative with commer-
cially available polypropylene-graft-maleic anhydride in the melt
[112]. These small molecules adsorb on the CNTs surface via -
interactions. The co-precipitation and melt-blending techniques
were used to disperse the nanofillers within the compatibilizers,
before dispersion in PP by melt-blending. The co-precipitation
appeared to be the most efficient technique probably because it
allows the application of an ultrasonic treatment. In contrast to
unmodified PP-g-MA, the two compatibilizers were able to
significantly increase the conductivity of PP/CNTs nanocomposites.
The best results were obtained when using polypropylene grafted
by aminomethylpyridine as the CNTs compatibilizer. The SE was
then improved to 30dB (2 wt%, 30 GHz, t=3 cm) compared to
10 dB without compatibilizer.

3.3.2. Other dispersion methods

Solvent casting is another widely used dispersion technique for
the preparation of polymers CNTs nanocomposites devoted to EMI
shielding. It was used for PC [126], PMMA [127], PS [127], PUR
[128,129], PVDF [130], PVP [130], LDPE [131], cellulose triacetate
[132] and lotader epoxy [133,134]. It consists in the solubilization
of the polymer in a CNTs based solution followed by the
evaporation of the solvent. For the PC nanocomposites, an H,0,
treatment on the CNTs significantly reduces the percolation
threshold from 3 wt% to 0.5 wt% thanks to a better dispersion

[126]. The SE is then significantly improved from 4 dB to 11 dB at
5 wt% (1-12 GHz, ASTM D4935-99). Mathur et al. have compared
the performances of PS and PMMA nanocomposites prepared by
solvent casting and obtained similar shielding effectiveness (18 dB
at 10 vol%; 8-12 GHz, t = 0.3 mm) which was directly related to the
electrical conductivity of the samples [127]. The solvent casting
method was also used to disperse SWNTs within PUR. The addition
of the nanofillers increases the SE to 18 dB at 20 wt% (8-12 GHz,
t=2 mm). Reflection is the main shielding mechanism but the
relative contribution of absorption increases with the filler content
(Fig. 3.4). The electrical conductivity of CNTs composites based on
PVDF/PVP blends was much higher than the respective homopol-
ymer composites leading to interesting SE levels (20 dB at 0.4 wt%,
0.1-1.5 GHz, ASTM D4935) [130]. The MWNTSs were synthesized in
laboratory by the catalytic decomposition of a ferrocene-xylene
mixture. A heat treatment at 1100 °C on the MWNTs before their
dispersion adversely affects the SE although a better intrinsic
conductivity of the nanofillers was measured. A decrease in the
specific surface area is the obvious origin for this observation. The
difficulty to impart electrical conductivity to LDPE was overcome
by the use of laboratory synthesized MWNTs with very high aspect
ratio (diameter = 10-70 nm, length > 200 pm) [131]. Solvent cast-
ing was preferred over melt-mixing in order to preserve the high
aspectratio of the nanofillers. A 20 dB SE was reached at 10 wt% (12—
18 GHz, t=1.65mm). Park et al. have used carboxylic acid
functionalized SWNTs to form a chemical bond with the polymer
matrix by reaction with the epoxide group of a reactive ethylene
terpolymer [133]. Even though the functionalization of single-
walled carbon nanotubes disrupts the electronic structure and
consequently damages the conductive properties, the more uniform
dispersion compared to unfunctionalized SWNTs improves more
efficiently the real and imaginary part of the permittivity which is
beneficiary for shielding properties. The enhancement was also
larger than in the case of MWNTs functionalized by carboxylic acid
groups that are characterized by a lower aspect ratio.

Several studies have also been devoted to the preparation of
cured resin (epoxy [135-143], melamine formaldehyde [144])/
CNTs nanocomposites. Huang et al. have compared the SE of
composites based on three different SWNTSs that varied by their
aspect ratio and/or wall integrity [137,138]. The filler with the
highest aspect ratio is again the most efficient to impart shielding
properties to the materials thanks to a lower percolation threshold.
The improvement of the wall integrity by annealing the SWNTs at
1100 °C also increases the shielding effectiveness of the compo-
sites. A 20 dB SE was then achieved with 15 wt% of “long SWNTs”
and “annealed-short SWNTs” (8-12 GHz, t=2mm). Im et al.
improved the compatibility between epoxy resin and MWNT by
increasing the hydrophobicity of the nanofillers via a fluorination
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Fig. 3.5. EMI SE as a function of frequency of epoxy resin filled with raw MWNTs (R-
MWNT) and MWNTs treated with fluorine gas at a pressure of 0.5 bar (FO5-MWNT)
and 1 bar (F10-MWNT [135]).

treatment [135]. A better CNTs dispersion and consequently a
better shielding effectiveness were achieved (30 dB vs. 20 dB for
raw CNTs at 2 GHz, ASTM D-4935-99) (Fig. 3.5).

Several carbon fillers were also compared within melamine
formaldehyde resin [144]. The better efficiency of the carbon
nanotubes compared to amorphous carbon and graphite was
confirmed. During this study, CNTs were also dispersed with a
liquid crystal polymer matrix able to orient the CNTs. A better
shielding efficiency was obtained which could be attributed to the
orientation. However, since it is not the only parameter that
changes between these composites, attention should be made
before drawing a final conclusion.

Another technique widely used for the processing of nano-
composites is the in situ polymerization which consists in
polymerizing a monomer in the presence of the nanofillers. This
technique was mainly used for the preparation of polyaniline
(PANI) nanocomposites [48,145,146]. When doped, this polymer is
electrically conductive and can already shield the electromagnetic
radiation. CNTs are added to improve the shielding effectiveness by
reflection and absorption (Fig. 3.6) [48]. The absorption is
significantly improved by increasing the CNTs content, and
becomes the dominant shielding mechanism. The introduction
of polar groups by oxyfluorination of CNTs improves their
dispersion within PANI [145]. The SE appeared to be improved
with this treatment especially as the O,/F, ratio increases (Fig. 3.7).

PMMA nanocomposites were also prepared by in situ polymer-
ization of MMA in the presence of CNTs in a dimethylacetamide
solution [147,148]. The material is then recovered by removing the
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Fig. 3.6. Contribution of absorption (SE,) and reflection (SEg) to the SE of PANI/
MWNTSs nanocomposites prepared by in situ polymerization (thichness = 2 mm)[48].

Frequency (MHz)

Fig. 3.7. EMI SE of polyaniline filled with 1 wt% of raw MWNTs (POF00) and MWNTs
treated with different mixture of O,/F,. 8/2 (POF82), 5/5 (POF55) and 2/8 (POF28)
[145].

solvent at 120 °C for 72 h. The resulting SE was higher compared to
nanocomposites prepared by solvent casting (15 dB vs. 10 dB at
476 wt%, 2-18 GHz) [147]. Alternatively, the coagulation (or
coprecipitation) technique was also envisioned to prepare PMMA/
SWNTs [149], PCL/MWNTs [44,118] and PS/MWNTs [150]
nanocomposites. This method consists in solubilizing the polymer
in a CNTs solution and co-precipitating the two components in a
poor solvent of the polymer. By this technique, 20 dB SE was
obtained at 8 wt% of SWNTSs (8-12 GHz, t = 4.5 mm) [149].

However, these two techniques suffer from a highly expensive
process step involving solvent drying and precipitation in a large
quantity of non-solvent, that prevents industrial upscaling.
Therefore, Thomassin et al. developed a new technique, called
polymerization-precipitation, that consists in the polymerization
of a monomer in the presence of CNTs in a poor solvent of the
polymer [151]. During its formation, the polymer precipitates and
entraps all the CNTs similar to a coagulation process but using a
much lower amount of solvent. The PMMA/MWNTSs nanocompo-
sites prepared using this method were compared to materials
obtained by melt-mixing and coagulation. The composites
obtained by the polymerization-precipitation technique develop
by far the highest electrical conductivity thanks to a better
dispersion compared to coagulation and to a better preservation of
the CNTs aspect ratio compared to the melt-mixing method (Fig.
3.8). Very high SE (>40 dB) was then achieved at only 2 wt% of
CNTs (18-28 GHz, t =7 mm).

Polymer emulsions have also been used to prepare CNTs
nanocomposites for EMI shielding [152-156]. Li et al. have dispersed
CNTs within a solution of styrene acrylic [152] and acrylic [153]
emulsion particles to generate the nanocomposite film after
evaporation of the solvent. Very low percolation thresholds
(0.58 wt% in acrylic emulsion and 0.24 wt% in styrene acrylic
emulsion) and very good shielding properties were obtained (20 dB
at 8 wt% of CNTs, 8-12 GHz, ASTM D4935-99 for acrylic emulsion
and 25 dB at 15 wt% of CNTs, 8-12 GHz, t = 2 mm for styrene acrylic
emulsion). CNTs were also added during the emulsion polymeriza-
tion of acrylic acid in presence of polyvinyl alcohol [154]. The
composite microcapsules were not properly formed with pristine
MWNTs. In contrast, after the introduction of polar groups to
MWNTs with an oxyfluorination treatment, well-defined micro-
capsules were recovered with MWNTSs preferentially localized
within the shell of the particles. Consequently, the SE was
significantly improved compared to the composite obtained with
the pristine MWNTSs (50 dB vs. 30 dB at 2.4 wt%, 0.8-4 GHz, ASTM
D4935-99).

Similarly, CNTs were added during the polymerization disper-
sion of MMA [157]. MWNTs were first modified by partially
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Fig. 3.8. Variation of the electrical conductivity ¢’ as a function of frequency for PMMA/CNTs nanocomposites prepared by melt-mixing, co-precipitation and precipitation
polymerization techniques. (a) 1 wt% CNT and (b) 2 wt% CNT [151]. Reprinted from [151]. Copyright (2012), with permission from Elsevier.
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Fig. 3.9. (a) SEM micrographs, (b) and (¢) TEM micrographs after compression molding of PMMA microspheres prepared by dispersion polymerization in presence of 1.66% of
P(VAc-co-VA) (68% hydrolysis) and 1 wt% of CNTs-g-P(VAc-co-VA) [157]. Reprinted from [157]. Copyright (2010), with permission from The Royal Society of Chemistry.

hydrolyzed poly(vinyl acetate) via a radical process in order to
impart surfactant properties to the carbon nanotubes. Only the
modified CNTs (CNTs-g-P(VAc-co-VA) were able to stabilize the
formation of the PMMA microspheres and were accordingly
localized on their surface (Fig. 3.9a). Melt-compression of these
microspheres led to the formation of a 3D network of connected
CNTs (Fig. 3.9b and c) that presents a higher electrical conductivity
compared to the nanocomposite prepared by dispersion of MWNTSs
within PMMA by melt-blending.

More specific dispersion methods, i.e. ball-milling (polyure-
thane) [158], paper making process (cellulose) [159], dispersion
spraying (polystyrene) [160], and electrospinning (polyacrylo-
nitrile) [161] have also been used for the preparation of EMI
shielding materials with fairly good performances (Table 1). The
ball-milling consists in inserting the different materials to mix in
a cylindric container filled with ceramic or metallic balls that
grind the samples into a very fine powder. A compression
molding operation is then performed to obtain the EMI shielding
material. In the paper making process, the carbon nanotubes are
added in the aqueous solution of cellulose fiber in the presence

of a cationic fixer. The water is then removed by pressing and
drying to form the paper materials. The dispersion spraying
technique consists in spraying a polymer/CNTs solution to
quickly evaporate the solvent and to form the composite film.
Finally, the electrospinning technique is based on electrostatic
forces that draws out a jet of polymeric solution from a syringe
under high voltage onto a conducting surface, resulting in thin
nanofibers [162]. In the case of PAN composites prepared by
electrospinning, the polymer is carbonized and is then electri-
cally conductive. The addition of CNTs allows to reduce the
electrical resistivity of the carbonized film and to achieve a 20 dB
SE at 2 wt’%.

3.4. Graphene sheets as conductive fillers

Graphene sheet (GS), a monolayer graphite, has attracted the
attention of the scientific community in recent years thanks to
excellent mechanical, thermal and electrical properties [163,164].
Moreover, due to its particular form, an atomically thick two-
dimensional structure, the percolation threshold can be achieved at

Table 1

EMI SE of different polymer/MWNTs nanocomposites.
Dispersion method Polymer matrix CNT content (wt%) Shielding effectiveness (dB) Frequency (GHz) Thickness (mm) Reference
Ball-milling PUR 22 20 8-12 0.1 [158]
Paper making process cellulose 9.1 20 15-40 0.195 [159]
Dispersion spraying PS 5 25 8-12 1 [160]
Electrospinning PAN 2 20 0.3-3 0.150 [161]
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very low content that makes graphene a suitable carbon filler for EMI
shielding materials.

The first reported system [165] consisted in the dispersion of
partially reduced graphene sheets into epoxy resin precursor
followed by annealing of the film obtained by solvent casting at
250 °C to completely reduce the graphene sheets and to enhance
the electrical conductivity. Very low percolation threshold was
obtained (0.52 vol%), however a fairly large filler content was
necessary to achieve a SE of 20dB (15 wt%, 8-12 GHz). Bhatta-
charya et al. have demonstrated the higher efficiency of graphene
sheets compared to carbon nanotubes when dispersed in
polyurethane (8 dB vs. 5dB at 10 wt% carbon filler loading, 8-
12 GHz, t=2 mm) [166]. However, a direct comparison of the
effect of these two types of fillers on the SE performances of the
corresponding materials would require additional experiments.

Graphene sheets were also dispersed within electrically
conductive polymers (Poly(3-hexylthiophene) (P3HT) [167] and
polyaniline [168-171]) in order to improve the shielding proper-
ties. Superhydrophobic P3HT/GS films were prepared by a solution
deposition technique where drops of methanol were added to a
chloroform solution of GS/P3HT which triggered P3HT aggregation
and the rapid deposition onto the GS surface to form a surface with
a high roughness [167]. While the presence of P3HT increases the
hydrophobicity of the film, a decrease of the SE is observed when
the P3HT content is increased due to a reduced contact between
the GS. At equal concentration of P3HT and GS, the SE is superior to
20 dB (8-12 GHz, t =2 mm). Graphene sheets were also demon-
strated to further improve the shielding properties of polyaniline
film compared to SWNTs (24.3 vs. 19.4 at 1 wt%, 0.45-1.5 GHz)
[169]. A synergetic effect was observed when GS and SWNTs were
combined thanks to the formation of a hybrid conductive network
with SWNTs acting as conductive wires between the graphene
sheets.

3.5. Summary

As explained in the introduction, a direct comparison between
the performances of the nanocomposites based on the different
carbon fillers is difficult to make because the measurements were
performed at different frequencies and, more importantly, on
samples involving different thicknesses. However, a general trend
can be established by plotting the different SE reported in the
literature as a function of the filler content and the kind of filler. Fig.
3.10 clearly shows that the highest SE are observed for carbon fillers
with the highest aspect ratio (SWNTs > MWNTs > CNFs > CB). This
observation is related to the ability of the fillers to impart electrical
conductivities to the polymer matrix. In order to confirm this
statement, the variations of the SE as a function of the DC
conductivity has been compared for samples with the same

EMI SE (dB)

0.1
0.1

4 10
Carbon filler content (wt%)

Fig. 3.10. reported SE as a function of the carbon filler content and of the kind of
carbon filler.
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Fig. 3.11. SE (at 10 GHz) as a function of the DC conductivity for carbon particles based
nanocomposites reported in references [74,105,110,113,121,128,137,149,152]
(sample thickness around 2 mm).

thickness (about 2 mm). Although the absolute values cannot be
directly compared, the general trends can be discussed. As shown in
Fig.3.11, the shielding effectiveness continuously increases with the
DC conductivity. Two regimes can be distinguished. Firstly, just
below the percolation threshold, the SE slightly increases with the
conductive properties since in this regime a small change in carbon
filler content dramatically increases the conductivity while the
effect on the SE remains marginal. Secondly, after the percolation
threshold, a small change in DC conductivity induces a large increase
in shielding effectiveness because, at this stage, even if the
conductivity does not significantly increase with the addition of
carbon particles, the shielding properties become significantly
sensitive to a small change in conductivity. The general tendency
observed with the experimental data curves from literature
corresponds quite well with the prediction (dashed curve) in the
same frequency and thickness range, obtained using expression
(2.17) from Section 2.2. Since the electrical conductivity and the
percolation threshold are the key parameters for the achievement of
high shielding effectiveness, the dispersion method should be
chosen appropriately. During the dispersion, the carbon fillers
should be disaggregated but not completely isolated. Contacts
between carbon particles should indeed be preserved to ensure
electrical conduction. For instance, the degree of agglomeration is a
key parameter in carbon black composites to achieve percolation
threshold at low filler content [172,173]. Appropriate mixing and
annealing conditions should be accordingly used. Addition of salts in
the nanocomposites favors also the agglomeration of carbon black
particles and, consequently, decreases the percolation threshold
[172,173]. For the other types of fillers, the preservation of large
aspectratio during the dispersion method is also required to achieve
a low percolation threshold and, as a result, a high shielding
effectiveness. Solution based dispersion methods are then prefera-
ble although they are more expensive compared to melt-processing.
A ratio performance/cost should be taken into account for industrial
applications. Other clues for the achievement of appropriate
dispersion of these carbon fillers can be found in the different
reviews dedicated on that subject (carbon black [174], carbon
nanotube [175-178] and graphene [179-181]).

Some applications require that the materials should not only
shield the electromagnetic radiation but should also limit the
reflection at their surface. It is therefore important to determine
which mechanisms, absorption (SE,) or reflection (SEg), have the
dominant contribution to the total shielding effectiveness (equa-
tion 19). Several studies have shown that both contributions
increase with the electrical conductivity, as expected (Fig. 3.12a).
The increase in SE, is more important than SEg, which might
suggest that the contribution of absorption to the SE increases with
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Fig. 3.12. (a) contribution of absorption (SEx) and reflection (SEg) to the total
shielding effectiveness as a function of the DC conductivity and (b) percentage of
power absorbed and power reflected as a function of the DC conductivity. All
measurements were performed at 10 GHz with a sample thickness around 2 mm for
references [47,105,110,121].

the conductivity. However, since the reflection also increases with
the filler content (due to the increase in dielectric constant as
explained in Section 2.2) and occurs before the absorption, there is
a lower proportion of the radiation left for absorption. This
statement is demonstrated by plotting the level of power absorbed
and reflected as a function of the conductivity (Fig. 3.12b). The
proportion of the power truly absorbed by the materials reaches a
maximum before decreasing at high electrical conductivity. It
actually never surpasses 50% for these samples with a thickness of
2 mm. Indeed, although the absorption capacity is improved, there
is a lower proportion of the radiation left for absorption after the
intensive reflection associated to the high conductivity. A strategy
based on increasing the conductivity (and therefore carbon filler
loading) is then not an efficient way to prepare electromagnetic
absorbers. Designing efficient EMI absorbers would require (1)
maintaining a relatively low carbon fillers content (around the
percolation threshold) in order to limit the reflection at the surface
and (2) increasing the thickness of the samples. However this
strategy is not appropriate for most applications due to the cost
and geometric (or weight) constraints. Most of the strategies
developed in Sections 4 and 5 are actually designed to overcome
this issue.

Fig. 3.13 illustrates the dependence of SE on the value of the
dielectric constant ¢,. Although, the values are different depending
on the literature source, a global increase of the shielding
performance with the dielectric constant is observed in each case
as expected from the discussion in Section 2.2. Indeed, the
proportion of the power reflected at input of the composite
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Fig. 3.13. SE (at 10 GHz) as a function of the dielectric constant for carbon particles
based nanocomposites reported in references [51,105,111,121,133,134,137,152,182]
(sample thickness around 2 mm).

increases with this parameter. It is the result of the interfacial
reflection coefficient /" given by (2.14) that tends to unity with
increasing dielectric constant, reducing accordingly the amount of
power transmitted at output of the composite, thus inducing an
increase of SE by virtue of (2.17). As for Fig. 3.11, the dashed line
represents the prediction using (2.17) together with (2.14) for the
involved interfacial reflection coefficient.

4. Combination with other kinds of fillers

This section presents EMI shielding materials based on polymer
composites in which the carbon particles are modified and/or
combined with another filler that also contributes to the shielding
mechanism. It includes the coating of the carbon particles with a
metallic layer, mainly to improve the electrical conductivity, the
co-addition of metallic or metal oxide nanoparticles and the
modification or co-addition of intrinsic conductive polymers.

4.1. Coating the carbon filler with metallic layers

In order to improve the electrical conductivity of carbon fillers
and, consequently, their shielding performances, several authors
have considered to coat the filler with a metallic layer. A large
amount of papers have been dealing with the dispersion of metal-
coated carbon fibers within acrylonitrile-butadiene-styrene co-
polymer (ABS) [14,183-192]. Coating with nickel was the first
studied system leading to improved EMI SE performances when
compared to unmodified carbon fibers (45 dB vs. 30 dB at 23 wt%,
1 GHz, ASTM ES-7-83) thanks to a higher electrical conductivity
[189]. Similarly to unmodified carbon particles, the preservation of
the high aspect ratio of the coated fiber during the processing is a
key parameter to achieve high SE and was highlighted by
comparison of two kinds of melt-mixing procedures (internal
mixer vs. extruder) [189], melt-mixing with solvent casting [191],
by studying the effect of the screw speed [190] and by determining
the influence of side-feeding the CNF during the melt-mixing
process [190]. Tseng et al. have compared the coating of CNFs with
copper and nickel on the shielding effectiveness of ABS composites
[185]. Despite the fact that the resistivity of copper (0.017 w{2m)is
much lower than nickel (0.073 w{dm), a better EMI SE was
observed for the nickel coated fibers (30 dB vs. 15 dB, at 23 wt%,
0.03-1 GHz, ASTM ES-7-83). The main reason for this observation
is attributed to the different fiber length distribution after
processing which is in disfavor of the copper modified CNFs.
Similar results were obtained by Huang et al. but they attributed
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the lower performance of copper modified fillers to the higher
sensitivity of copper to oxidation which alters its electrical
conductivity [183]. In order to limit this drawback, they coated
a second layer based on nickel-phosphorous more resistant to
oxidation, leading to improved SE of the composites.

Nickel coated fibers were also dispersed within high impact
polystyrene (HIPS), and their effect on the SE were compared to
unmodified CNFs and polyurethane coated CNFs [193]. While the
metallic coating induces a significant improvement (28 dB vs.
23 dB at 23 wt%, 1 GHz, ASTM ES7-83), the SE is reduced upon
modification by polyurethane as a consequence of creating an
insulating PU layer around CNFs that reduces the direct contact
between carbon fibers (19 dB at 23 wt%, 1 GHz, ASTM ES7-83).

Carbon black was also modified with a nickel coating and
dispersed within phenolic resin to achieve 50 dB SE at 23 wt% (1-
15GHz, t=1mm) [194]. Unfortunately, a comparison with
unmodified carbon black is missing. The deposition of a metal
coating (Ag and Ni) on carbon nanotubes was found to reduce the
SE because the modification induces an aggregation of the CNTs
and is therefore detrimental to the establishment of a conductive
network [195].

Since this strategy mainly relies on the enhancement of the
electrical conductivity of the filler, the nature of the coating must
be selected in such a way that it improves this property while
considering that the coating should not be detrimental to the
quality of the carbon particles dispersion neither to their final
aspect ratio.

4.2. Co-addition of metallic or metal oxide nanoparticles

In order to improve the shielding efficiencies of polymer/carbon
particle nanocomposites, the parallel addition of metal or metal
oxide particles has been largely envisioned. An improvement of the
dielectric loss can be achieved but the main purpose lies in the
enhancement of the magnetic permeability which increases the
total energy of the radiation that can be truly absorbed by the
materials. Moreover, by an appropriate combination of these two
kinds of nanofillers, a better impedance match at the materials
surface could be achieved which will reduce the overall EMI
reflection. This strategy is popular in the design of microwave
absorber and was widely described in a recent review [28]. The
detailed results of the different approaches will thus not be
described here and the reader is invited to read this excellent
review by Qin et al. The main metallic or metal oxide particles
envisioned are ferromagnetic (iron particle [196-205], iron
nanorods [206], iron oxide [207-214], nickel nanoparticle
[215-220], nickel nanowire [221], cobalt nanoparticle [222-
224], their alloys [225-229], Lag;Sro3MnOs_s particle [230],
carbonyl iron particle [231-233], NiZn ferrite particle [234], and
hexaferrite [235-238]). Nonmagnetic particles (Ag [218,239], Sn
[240], Er,05[241]) have been combined with carbon fillers as well
with, however, a much lower improvement of the magnetic
permeability. These latter particles are nevertheless efficient
thanks to their ability to improve the dielectrical properties of the
materials.

Carbon nanotubes have also been combined with MnO,
nanotubes (MNT) in PVDF composites [242]. Since the conductivity
of these nanofillers is two orders of magnitude lower than for
MWNTs, they are not able to impart adequate shielding properties.
However, by combining 5 wt% of MNTs with 1 wt% of MWNTs,
similar SE to 7 wt% MWNTSs can be achieved (20 dB, 8-12 GHz,
t=10mm) but at a much lower cost. Moreover, the main
mechanism associated to the presence of MNTs is by radiation
absorption while reflection dominates for MWNTSs. The absorp-
tion/reflection ratio can then be modulated by changing the
relative amount of the two types of nanotubes.

4.3. Modification with intrinsic conductive polymer

As explained in the introduction, intrinsic conductive polymers
can also be used as fillers for imparting electromagnetic shielding
properties to conventional polymers. The combination of these
fillers (polyaniline [243-246] and polypyrrole [247]) with carbon
particles has also been envisioned by several research groups. The
purpose of this strategy is to achieve enhanced electrical
conductivity and shielding performances compared to the same
material containing the separate fillers. In situ polymerization of
the conducting polymer around the carbon particle is generally
used prior to the dispersion of the combined fillers within the
polymer matrix [243,245-247]. Separate dispersion of the two
fillers is another possibility [244]. It has to be noted that synergetic
effect of the two fillers is only observed when the conducting
polymer does not negatively alter the dispersion of the carbon
particles within the matrix.

As examples, MWNTs were modified by polypyrrole by in situ
polymerization and added to an EVA polymer matrix [247].A35 dB
SE was obtained when the content was 12.5 wt% in MWNTs and
17.4 wt% in PPY (1 GHz, ASTM D4935-99) while it was only 8 dB
when the two fillers where added separately. The effective coating
of MWNTs by PPY obtained during the in situ polymerization
favors the creation of a conductive network. MWNTs were also
combined with polyaniline and added to PEO based electrospun
fibers [244]. The dispersion and adhesion of the MWNTSs to PANI
were improved using a fluorination treatment of MWNTSs. A SE of
42 dB (0.8-8.5 GHz, ASTM 4935-99) was reached with absorption
as the main shielding mechanism. Schettini et al. have recently
mixed PANI and carbon black within styrene-b-(styrene-co-
butadiene)-b-styrene) copolymer [246]. However, the presence
of the intrinsic conducting polymer reduces the effectiveness of the
carbon filler. They attribute this observation to the local de-doping
of PANI due the basic nature of the carbon black particle.

5. Complex architectures of polymer/carbon based composites
for EMI shielding

Starting from the polymer/carbon filler solid samples, more
complex structures have been designed in order to improve the
shielding performances. The main purpose is to reduce the
reflectivity of the materials while keeping acceptable shielding
properties. Indeed, the addition of carbon particles into a polymer
matrix improves the electrical conductivity and the imaginary part
of the permittivity which is beneficial for the absorption of the
microwave radiation but the real part of the permittivity is also
significantly increased which induces important reflection at the
material surface.

5.1. Nanocomposite foams

Foaming the polymer composites can offer substantial advan-
tages in shielding applications. First, the weight of the materials
can be considerably decreased which is essential in some
applications such as aircraft and telecommunication technologies.
Secondly, even if the carbon fillers is diluted in volume, the
concentration of particles within the cell walls of the foams keeps
the average distance between them almost the same which is
highly desirable when high electrical conductivity is searched for
at low carbon filler loading. Finally, the presence of air inside the
materials decreases the real part of the permittivity, consequently
reducing the reflectivity at the material surface.

Yang et al. were the first to report on such systems based on
polystyrene foams filled with carbon nanofibers [248] and carbon
nanotubes [249]. The expansion of the materials was performed
by mixing the polymer with a chemical foaming agent, i.e.
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azoisobutyronitrile in solution. After spraying the solution on a flat
plate, the film is thermally treated to induce the decomposition of
the foaming agent. With this approach, a much higher EMI
shielding can be achieved compared to copper metal sheets (33 vs.
10 dBcm?/g, 8-12 GHz). The 20dB shielding effectiveness is
achieved at much lower filler content with carbon nanotubes
compared to carbon fibers thanks to their higher aspect ratio
(7 wt% vs. 20 wt%, 8-12 GHz). However, the reflectivity of the CNTs
foams (T+A+R=1+18 +81%) is only slightly reduced compared
to solid samples (T+A+R=0.25+10.21 + 89.54%) and remains
the main shielding mechanism probably due to a too high CNT
content (7 wt%).

For polycaprolactone/CNTs nanocomposites [250] foamed by
the supercritical CO, technology, a very high shielding effective-
ness was obtained at very low CNT content (60 dB at 0.249 vol%
and 20 dB at 0.107 vol%, t = 2 cm). This superior SE performance is
the result of the excellent CNTs dispersion and of the improvement
of the electrical conductivity upon foaming as exemplified by a
foam containing 0.107 vol% MWNTs that presents the same
conductivity as an unfoamed sample with 0.16 vol%s MWNTs
(Fig. 5.1a). Similarly, a foam with 0.249 vol% of MWNTSs exhibits a
conductivity twice that of an unfoamed sample filled with
0.48 vol% of MWNTs. Moreover, the introduction of air upon
foaming leads to a lower dielectric constant for a given electrical
conductivity. Indeed, the dielectric constant of foamed PCL filled
with 0.24 vol% MWNT (&, = 3.5 at 30 GHz; Fig. 5.1c) is similar to

5
(a)
45
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those of unfoamed PCL containing 0.16 and 0.48 vol% MWNTs
(3 < & < 4; Fig. 5.1¢), although the conductivity is roughly 3 to 4
times higher (Fig. 5.1b). Consequently, the foamed samples exhibit
a better shielding effectiveness/reflectivity ratio (Fig. 5.1b and d).

Fletcher et al. have observed that the foaming of fluorocarbon
elastomer/CNTs nanocomposites did not significantly decrease the
SE while allowing a decrease of the density with potential weight
savings of 23 to 30 wt% [251].

Other carbon fillers, such as carbon black within EPDM [252]
and graphene sheets within PVDF [253] PUR [254], PS [255], PDMS
[256] and PMMA [257] were used to prepare composite foams for
EMI shielding application. Thanks to its high aspect ratio,
incorporation of graphene sheets provide a 15 dB SE to PMMA
foams at very low content (1.8 vol%, 8-12 GHz, t = 2.4 mm) with
absorption as the main mechanism [257]. A lower percolation (in
vol%) was achieved with the foamed samples compared to the solid
ones, confirming the advantage of foaming. Yan et al. used the salt-
leaching process to prepare PS foams with high content of
graphene (30wt%) to achieve a SE of 29dB (8-12 GHz,
t=2.5mm) [255] which corresponds to a specific shielding
effectiveness of 64.4 dB/cm>. Recently, Chen et al. used a nickel
template to deposit graphene sheets by chemical vapor deposition.
After coating the graphene layer with PDMS and etching away the
template, highly flexible foams of low density (0.06 g/cm?) were
obtained and presented high specific EMI shielding effectiveness
performances (500 dB/cm?®, 8-12 GHz, t =1 mm) [256].
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Fig. 5.1. Electromagnetic properties of foamed and unfoamed MWNT/PCL nanocomposites (a) conductivity o’ (b) shielding efficiency SE, (c) dielectric constant &, (d)
Reflectivity R [250]. Reprinted from [250]. Copyright (2008), with permission from The Royal Society of Chemistry.
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Fig. 5.2. Principle of multi-reflection in a multilayered structure.

5.2. Multilayers

Another way to further improve the shielding effectiveness/
reflectivity ratio is to prepare multilayered structures. Two
different cases must be distinguished. The first one simply consists
to stack different layers of polymer composites with the same
concentration of carbon particles. The improvement results here
from an increase of the multi-reflection mechanism as depicted in
Fig. 5.2. While the presence of multi-reflection increases the total
reflection, the impact on the apparent absorption is dominant
which results in higher SE/reflectivity ratio. This strategy has been
proved efficient for PMMA [258,259] and epoxy [136] nanocom-
posites.

The second method relies on the use of a multi-layered
structure in which the carbon filler content is gradually
increased from one layer to the next one. The main objective
is to avoid the presence of an interface between two media with
large difference in dielectric constant &, and thus to limit the
reflectivity at each interface [260,261]. This technique was
combined with the foam strategy [261] (see Section 5.1) through
face-to-face assembly of three slices of foams of increasing CNTs
concentrations and different thicknesses: 0.5 wt% (11 mm)/
1 wt%(2 mm)/2 wt%(17 mm) (see Fig. 5.3). The average CNTs
concentration in this three-layered foam was 1.38 wt%. The

Shielding Effectiveness SE

(a ) 80 T T T T T )
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Frequency (GHz)

thickness of the first layer (low CNT concentration and dielectric
constant) is about one third of the total thickness t to ensure a
smooth penetration of the signal into the composite, while the
thin second layer of intermediate concentration aims to match
the low dielectric constant of first layer to the higher dielectric
constant of the third layer. The thickness of the latter is
maximized (about 2/3 of total thickness) in order to optimize the
power dissipation in its highly conductive structure.

The bold solid curve in Fig. 5.4a shows that the shielding
effectiveness of the three-layered foam is comparable to that of a
monolayer with the same thickness and a similar CNTs concentra-
tion (1 wt%, dashed curve). In contrast, the total reflection by the
multilayer was decreased by at least 5 dB, thus by approximately
70%, compared to the same monolayer (1 wt%, dashed curve, Fig.
5.4b). Moreover, the graded concentration also ensures that the
decrease of reflection is observed over a broad frequency range
(restricted to 28 GHz in this study, due to measurement
constraints), and not only at discrete frequencies as for Salisbury
screens that present a reflection lower than —10 dB over less than
2 GHz bandwidth [262].

For the sake of completeness, another hybrid multi-layered
structure, widely used as radar absorbing material (RAM) and
popularized under the name “Salisbury screen”, has to be briefly
discussed. It consists in stacking a metallic backing plane, a
dielectric insulating layer of thickness t (usually called “spacer”),
and a thin covering conductive layer. Depending on the operating
frequency, i.e. when the thickness t is an odd multiple of quarter
wavelengths, signals respectively entering the structure and
reflected back by the metal plane compensate themselves in such
a manner that only the equivalent resistance of the conductive
sheet is seen by the incoming wave. Adjusting this resistance to the
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Fig. 5.4. (a) Shielding effectiveness and (b) reflection of CNTs/PCL foams (30 mm thick) of a single CNTs concentration: 1 wt% (dashed), compared to a three layered sample
with a graded CNTs concentration (bold lines): 0.5 wt% (11 mm)/1 wt% (2 mm)/2 wt% (17 mm).
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Fig. 5.5. Multimaterial and multiscale strategy developed to reach high EM absorption levels in the GHz range starting from (a) CNT dispersed in a polymer matrix which is (b)
foamed and (c) inserted in a metallic honeycomb. Reprinted from [49]. Copyright (2012), with permission from IEEE.

377 Ohms impedance of air cancels any reflection from a target
behind the metal plane. Two comments must be added. Firstly, this
sandwich structure is only efficient at discrete frequencies
corresponding to multiple quarter wavelengths, meaning that
the choice of the dielectric constant of the spacer material will fix
these frequencies. Variant of Salisbury screens, called Jaumann
absorbers, use a stack of layers with varying permittivity enabling
to enlarge somewhat the bandwidth, at the price of an increase of
the total thickness. Secondly, any kind of conductive particle is
admissible for the resistive/conductive cover sheet: carbon black,
carbon fiber, or carbon nanotubes as recently tested [263].

5.3. Honeycombs

As explained in the previous sections, foamed conductive
composites are good candidates for making microwave absorbers.
Monolayer or multilayered foamed structures have been devel-
oped with various shapes as radar absorbing materials [264]. The
most popular one is the pyramidal shape, widely used in anechoic
chambers. This particular progressive profile minimizes reflection
for any incoming angle of the wave over a large frequency range
depending on the geometry of the pyramid. Another shape of
interest for wide incidence angle is the hollow foamed honeycomb,
i.e. a honeycomb lattice grid using a conductive dielectric as cell
walls. But the honeycomb geometry is also known in EMI
applications for two other properties: as mechanical stiffening
constituents in sandwich or in multilayered absorbing panels, or as
shields exploiting the waveguiding properties of metallic honey-
comb cells below or above cut-off. The use of a foam filled
honeycomb inside a sandwich configuration for enhanced
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mechanical performances has already been studied in the
literature [265-267]. David et al., proposed Salisbury and Jauman
absorbers with as dielectric slab a unfilled honeycomb reinforcing
dielectric structure [268]. Fan et al. [269] considered a carbon black
loaded foamed slab reinforced by a Glass Fiber Reinforced Concrete
(GFRC) honeycomb-like lattice grid. Reflectivity measurements
showed that the insertion of the lattice in the conductive foamed
layer does not damage the absorbing performances of the resulting
structure. On the other hand, the shielding operation of metallic air
vents made of honeycomb arrays is well known: they are used as
substitutes to fully reflective metal plates for blocking transmis-
sion of EM signals [270] while allowing air flow, heat convection/
radiation, etc. Their particular operation is governed by the
existence of a cut-off frequency which is a function of the aperture
size of the honeycomb cell. The following expression has been
derived [49] and validated by experiment for the equivalent
dielectric constant and conductivity of a hybrid slab made of a
foamed conductive slab inserted into a honeycomb with metallic
surfaces, see Fig. 5.5:

5 (ﬂCo)2 _ Josn

Eet = &rfil — g (7 e (5.1)
0

where w is the radiant pulsation 27f, ¢, is the velocity of light in air,
X is the honeycomb cell size, g is the permittivity of vacuum, &gy is
the relative permittivity, and ogy; is the electrical conductivity (real
part) of the material filling the honeycomb cells, respectively. As
explained in details in [49,271], the presence of the honeycomb acts
as a waveguide providing a synergy effect with the response of the
interior material, that can be air (as in EMI shielding air vents) or
any other material, absorbing or not. Expression (5.1) and Fig. 5.6a
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Fig. 5.6. Measured (solid lines) and predicted (dashed lines) (a) effective dielectric constant provided by expression (5.1) and (b) absorption provided by expression (2.11)
versus frequency for 7 mm thick PC-CNT 1 wt% foam and the corresponding hybrids with X = 4.76 mm and 1.58 mm. Reprinted from [49]. Copyright (2012), with permission

from IEEE.
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show that effective permittivity values lower than zero can be
attained for operating frequencies lower than a cut-off frequency
equal to fo= (5/16)co/X/\/&mn: the cut off frequency decreases
proportional to the increase of cell size X. Negative values mean that
the equivalent medium formed by the hybrid has a purely
imaginary wave impedance ./u/¢ and purely real complex
propagation constant as defined in Section 2; the propagation is
stopped and the honeycomb structure acts, below cut-off, as a fully
reflective shield.

As explained in Sections 3 and 4, the different strategies of
architecturing the composite by foaming and/or by producing a
gradient of microstructure in multilayers is a first route toward
lowering the permittivity. An optimum absorption performance
should be attained when the dielectric constant of the medium is
close to 1, since, in that case, the reflection and the reflectivity
should be minimum. Fig. 5.6a and equation (5.1) further reveal that
the equivalent dielectric constant seen by the wave passing
through the waveguide structure (R, , being negative below
the cut-off frequency, recovers to poesiv{lve values above it, but
remains always lower than the dielectric constant &4 of the filling
material. Considering that the hybrid structure (nanocomposite
foam + honeycomb) is surrounded by air having permittivity equal
to unity, it can be predicted that the power reflected by the hybrid
structure should, above the cut-off, always be lower than the
power reflected by the same composite without honeycomb,
meaning that the absorption will be superior in the presence of a
waveguide by virtue of the power balance (2.10-2.11). Fig. 5.6b
gives an example of the variation of the absorbed power (2.11) as a
function of the frequency for a polycarbonate foam with 1% CNT
with or without a honeycomb structure. As expected, the presence
of the honeycomb improves the absorption above the cut off
frequency, here located at about 10 and 30 GHz for 4.76 and
1.58 mm cell sizes X, respectively. A variety of these hybrid
materials have indeed been processed, made of CNT reinforced
polymers foams in aluminum honeycomb, involving different
matrices, amount of CNT and honeycomb cell and thickness
dimensions, as well as different processing routes [49,271,272].
Foaming can be performed inside the honeycomb by using
supercritical CO, as physical foaming agent or by chemical
foaming. Another technique consists in inserting mechanically
the foam inside the honeycomb with a press and by heating up the
system for rheological reasons. Fig. 5.6 also shows that experi-
mental results for the absorption A are in excellent agreement with
the theoretical formalism detailed in Section 2, provided that
expression (5.1) is used for the complex permittivity of the
composite involved in the formulas. This analytical formalism
provides the mathematical foundation for further optimizing the
EM absorption of the hybrid using honeycomb with varying cell
sizes for applications involving the protection to a wide range of
frequencies, as further illustrated in [49,271].

The use of a honeycomb filled with a polymer foam has other
advantages in addition to enhancing the EM absorbing perfor-
mances. First, some applications, such as in power electronics
shielding, require thermal management. The heat must be
evacuated. A polymer foam is a good thermal insulator. A few %
of CNT do not appreciably raise the thermal conductivity [273]. A
metallic honeycomb, the most obvious being made of aluminum,
can significantly increase the effective thermal conductivity and
therefore the dissipation inside the material [271]. On the contrary,
when high thermal insulation is targeted, a composite or polymer
honeycomb (like Nomex) can be used with metallized surfaces.
Secondly, the filled honeycomb hybrid material provides interest-
ing stiffness characteristics that can be efficiently used only in the
context of sandwich panels, as explained before and illustrated in
[272] where structures similar to Fig. 5.5c are used as the core of a
sandwich structure.

6. Conclusions

The different strategies developed to prepare EMI shielding
materials based on polymer/carbon particles composites have
been reviewed. In order to make an efficient screen, the materials
must exhibit moderately high electrical conductivity (typically o’
near 1S/m) and/or high dielectric constant. These requirements
are reached when the carbon particles are appropriately dispersed
inside the polymer with the establishment of a 3D network and a
close contact between the particles. Consequently, the aspect ratio
of the fillers is a key parameter and is determinant for the relative
efficiency of the different fillers that can be ranked as: carbon
black < carbon fiber < carbon nanotube < graphene sheet. The
dispersion method is another important factor and must preserve
the high aspect ratio of the fillers as much as possible while
ensuring an adequate distribution of the carbon particles within
the polymer matrix. A solution processing is then generally more
efficient compared to melt-mixing characterized by high shears
that are damageable for the fillers length. When melt-mixing is
concerned, the process parameters like temperature, mixing time
and screw speed have to be optimized to provide a good
compromise between an ideal dispersion and the preservation
of the aspect ratio of the carbon particles. Since the most efficient
filler and the best dispersion method are also the most expensive, a
compromise between shielding effectiveness and cost should also
be taken into account for designing useful applications. The most
appropriate candidates will depend on the requirement of each
specific application. However, it must be pointed out that choosing
cheap carbon particles will most often result in the need of very
high filler contents that may damage other materials properties.

Different strategies have been envisioned in order to improve
the performances of carbon particles/polymer composites. They
include the metallic coating of the carbon particles, the co-addition
of metallic nanoparticles or intrinsic conductive polymer and the
development of complex structures. The most advanced material
architectures for EM absorption comprise foams, multilayered,
woven structures and incorporation of the polymer composite
within a metallic honeycomb.
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